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PREFACE TO FIRST EDITION 


In November of 1908 the undersigned laid out a rough plan for the contents 
of a new Civil Engineers’ Pocket Book and invited several highly qualified 
men to act as Associate Editors. In January of 1909 preliminary outlines of 
each of the sections were arranged by correspondence. In April of 1909 these 
outlines were perfected, and a preliminary table of contents of the entire book 
was sent to each editor together with instructions relating to the plan of treat- 
ment, the details of arrangement and typography, and the preparation of 
manuscripts and drawings. In September of 1909 the first copy was sent 
to the engraver and printer. Now, after more than two years of arduous work 
in corresponding, compiling, writing, editing, proof reading, and indexing, the 
plates are about to be put on the press. 

The Editor-in-Chief is responsible for the division of the book into Beraons 
and, in most cases, for the arrangement of chapters and articles. To every 
sheet of manuscript, every drawing, every galley proof, and every page of type 
and plate proof/he has given careful attention. He and the printer are respon- 
sible for the typography of the volume: 

Each Associate Editor. is responsible for the subject-matter of his section 
and has read and corrected the page proofs of the same. Thanks are due ta 
each and all for hearty cooperation and cheerful compliance with the instruc- 
tions and wishes of the Editor-in-Chief. 

From: the instructions issued to Associate Editors in April of 1909 the fol- 
lowing sentences are cited as explanatory of the plan of this yolume: 


Pocket books are consulted by engineers because tacts, formulas, tables, and methods 
can be found more quickly than by referring to text books or treatises. A pocket 
book must be prepared from this pointof view. It should cover the ground with great, 
conciseness and clearness, and be thoroughly up to date. 

The work is to be on a higher plane than former American Pocket Books. While 
Taschenbuch Hiitte may generally be taken as a model regarding the presentation of 

' mathematical matter, it is certain that this new Pocket Book should be very much 
~ better in respect to practical subjects. "The reader is supposed to have a good knowl- 
edge of elementary mathematics, so that it is unnecessary to express formulas in words. 

Demonstrations are not required, but methods which cannot be expressed by formu- 
las should be clearly explained and usually be illustrated by numerical examples. 

Logical order is not so important as in text-books, and there should be-no hesitation 
in deviating from it when deemed desirable. This is a reference book only. 

The fundamental principles to be kept in mind in preparing the copy are these: 
(x) Select those topics to which civil engineers desire to refer. (2) Condense the 
matter so that the greatest amount may be put in’the assigned space and at the same 
time be clearly presented. (3) This Civil Engineers’ Pocket Book must be better 
and fuller than any heretofore published in the English language. ; 
The thirteen sections of the book contain 75 chapters, 620 articles, 495 

tables, and 944 numbered figures which are equivalent to about 1200 ordinary 
cuts since in many cases several similar figures are grouped together. The . 


q . 
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number of tables is so large that it is impracticable to mention them in the 
table of contents, for the mere list of their titles would. occupy over eight pages 
of fine type, but references to all will be found in the index. Sections 2 to 
11 inclusive deal with civil engineering proper, while Section 1 gives tables 
for approximate mathematical computations and Sections 12 and 13 treat of 
mathematics, mechanics, physics, meteorology, and weights and measures. 
These thirteen sections fill 1314 pages, and they are followed by a detailed 
alphabetic index which occupies 66 pages. 

Regarding typography it has been the aim to render this Pocket ee more 
legible and artistic than any heretofore published. The page is longer and 
wider than usual, all type is leaded, there are no tables reading lengthwise 
of the page, and there are no short pages except at the beginning and end of a 
section. The effort has been made to economize space at every step where 
this did not conflict with the rules of good typography. ; 

It is not claimed that this first edition is perfect. There are some duplica- 
tions in mmor topics and a few have been overlooked, while full unity of 
treatment has not been secured. Completeness, unity, and perfect accuracy 
are difficult of attainment in a first edition, and it can only here be affirmed 
that earnest efforts have been made to secure these desirable qualities. It is 
believed, moreover, that all whose names appear on the title-page have a pride 
in their connection with the volume and_feel that it is a contribution to engineer- 
ing literature which will promote sound engineering practise. 

In conclusion it seems advisable to call the attention of readers of this book 
to the words of caution written by John B. Henck in 184: “It may be re- 
marked that it was no part of the purpose of this volume to furnish a collection 
of mere rules, professing to require only.an ability to read for their successful 
application. Rules can seldom be safely applied without a clear understand- 


ing of the principles on which they rest.” 
MANSFIELD MERRIMAN 
New York, December, 1910 r 


NOTE TO FOURTH EDITION 


This edition has been* thoroughly revised and so much enlarged that it is 
now properly called Handbook instead of Pocket-book. To Section 1 is added. 
an Appendix on colored paper which gives the excellent mathematical tables 
of Searles for the use of computors. Section-3a is entirely devoted to Electric 
Railroads. - The new Section 17 treats of Irrigation and Drainage. All other 
Sections have been revised and brought up to date, being in some cases re- 
written and much enlarged. The third edition had 1580 pages; this edition 
has 1955 pages. 

The editorial staff has been changed. by the withdrawal of Walter L. Webb, 
Rudolph P. Miller, and Frank P. McKibben, whose places have been filled by 
Fred. A. Barnes, Herbert F. Moore, and Frank H. Constant. The new Sec- 
tions 8a and 17 were written by William A. Del Mar and Horace W. King. 
It is believed that the result of the work of the eighteen associate editors 


* renders this Handbook, more than ever before, a valuable and authoritative 


book of reference to all engaged in civil engineering. ey I 
: 4 ep | 
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10 Logarithmic Tables. ‘ Sect. t 


1. Common Logarithms 
Explanation on p. 37 


n ° I 2 3 4 5 6 7 8 9 


10 |00000 | 00432 | 00860 | 01284 | 01703 | O211g | 02531 | 02938 | 03342 | 03743 
II }04139|04532 | 04922 | 05308] 05690 | 06070 | 06446 | 06819 07188] 07555 
12 |07918|08279| 08636 | 08991 | 09342 | 09691 | 10037 | 10380 | 10721] T1059 
13 | 11394|11727| 12057| 12385 | 12710] 13033] 13354 | 13672 | 13988 | 14301 
14 | 14613 | 14922| 15229] 15534 |15836| 16137 | 16435 | 16732] 17026|17319 
15 |17609|17898| 18184 | 18469 | 18752 | 19033 | 19312 | 19590 | 19866 | 20140 
16 | 20412 | 20683 | 20952 | 21219| 21484] 21748| 22011 | 22272] 22531 | 22789 
17 | 23045 | 23300 | 23553 | 23805 | 24055 | 24304 | 24551 | 24797 | 25042 | 25285 
18 |25527|25768| 26007 | 26245 | 26482 | 26717 | 26951 | 27184 | 27416 | 27646 
19 | 27875 | 28103 | 28330 | 28556| 28780 | 29003 | 29226 | 29447 | 29667 | 29885 


20 | 30103 | 30320] 30535 | 30750 | 30963 | 31175 | 31387 | 31597 | 31806 | 32015 
21 | 32222) 32428 | 32634) 32838 | 33041! 33244| 33445 | 33646! 33846 | 34044 
22 | 34242] 34439 | 34635 | 34830 | 35025| 35218 | 35411 | 35603 | 35793 | 35984 
23 | 36173) 3636 | 36549 | 36736 | 36922 | 37107| 37291 | 37475 | 37658] 37840 
24 | 38021] 38202 | 38382 | 38561 | 38739 | 38917 | 39094 | 39270] 39445 | 39620 
25 |39794| 39967 | 40140 | 40312 | 40483 | 40654 | 40824 | 40993 | 41162 | 41330 
26 | 41497 | 41664 | 41830] 41996 | 42160) 42325 | 42488 | 42651 | 42813 | 42975 
27 | 43136)|43297| 43457 |43616| 43775 | 43933 | 44091 | 44248 | 44404) 44560 
28 | 44716] 44871] 45025 | 45179 | 45332 |.45484 | 45637 | 45788 | 45939 | 46090 
29 | 46240) 46389 | 46538] 46687 | 46835 | 46982 | 47129 | 47276 | 47422 | 47567 
30 | 47712) 47857 | 48001 | 48144] 48287 | 48430) 48572 | 48714) 48855 | 48996 
31 | 49136} 49276 | 49415 | 49554 | 49693 | 49831 | 49969} 50106 | 50243 | 50379 
32 |50515| 50651] 50786] 50920] 51055 | 51188] 51322) 51455] 51587 | 51720 
33 | 51851 | 51983 | 52114 | 52244] 52375 | 52504 | 52634 | 52763 | 52892) 53020 
34 |53248| 53275 | 53403 |53529| 53656] 53782] 53908] 54033 | 54158] 54283 
35 |54407| 54531154654) 54777] 54900] 55023 55145 | 55267 | 55388 | 55509 
36 | 55630} 55751] 55871) 55992 | 56110] 56229 | 56348] 56467 | 56585 | 56703 
37 | 56820] 56937 | 57054 | 57172 | 57287 | 57403 | 57519 | 57634] 57749 | 57864 
38 | 57978] 58092 | 58206 | 58320 | 58433] 58546 | 58659 | 58772 | 58883 | 58995 
39 | 59106 | 59218] 59329 | 59439 | 59550] 59660 | 59770| 59879 | 59988) 60097 
40 | 60206 | 60314 | 60423 | 60531 |. 60638 | 60746 | 60853 | 60959 | 61066 61172 
.41 |61278|61384| 61490) 61595 | 61700] 61805 | 61909 | 62014 | 62118 | 6222T 
42 |62325 | 62428] 62531] 62634 | 62737 | 62839| 62941 63043 | 63144| 63246 
43 | 63347 | 63448 | 63548 | 63649 | 63749 | 63849 | 63949 | 64048 | 64147 | 64246 
44 |64345|64444|64542| 64640] 64738] 64836 | 64933 | 65031 | 65128 | 65225 
45, |65321| 65418] 65514] 65610] 65706] 65807 | 65896 | 65992 | 66087 | 66181 

46 | 66276] 66370] 66464 | 66558 | 66652 | 66745 | 66839 | 66932 | 67025 | 67117 
47 |67210|67302|67394| 67486 | 67578 | 67669| 67761 | 67852 | 67943 | 68034 
48 |68124| 68215 | 68305 | 68395 | 68485 | 68574 | 68664 | 68753 | 68842 | 68931 
49 | 69020] 69108 | 69197 | 69285 | 69373 | 69461 | 69548 | 69636 | 69723 | 69810 
50 | 69897 | 69984 | 70070} 70157 | 70243 | 70329] 70415 | 70501 70586 | 70672 
5r | 7°757| 70842 | 70927 | 71012 | 71096 | 71181] 71265 |.71349| 71433 | 72517 | 
52 | 71600] 71684) 71767| 71850] 71933 | 72016 | 72099|-72181 | 72263 | 72346 
72428) 72509) 72591 | 72673 | 72754 | 72835 | 72916 | 72997 | 73078] 73159 
73320 | 73400 | 73480 | 73560 |73640 | 73719] 73799 | 73878 | 73957 


Art. 1 


9 Numbers from 000 to 999 


UTES Ean na 


74273 
75051 
75815 
76567 
773°5 
78032 
78746 
79449 
80140 
80821 


81491 
82151 
82802 
83442 
84073 
84696 
85309 
85914 
86510 
87099 
87679 
88252 
88818 
89376 
89927 


gr0og 
91540 
92065 
92583 
93095 
93605 
94101 
94596 
95085 


95569 
96047 
96520 
96988 
97451 


97909 
98363 
98811 
99255 
99695 


90472 | 


Common Logarithms 


6 


“F 


8 


il 


9 


74429 
75205 
75967 
76716 
77452 
78176 
78888 
79588 
80277 
80956 


81624 
82282 
82930 
83569 
84198 
84819 
85431 
86034 
86629 
87216 


87795 
88366 
88930 
89487 
90037 
90580 
giri6 
91645 
92169 
92686 


93197 
93702 
94201 
94694 
95182 


95665, 


96142 
96614 
97081 
97543 
98000 
98453 
98900 
99344 
99782 


745°7 
75282 
76042 
76790 
77525 
78247 
78958 
79857 
80346 
81023 


81690 
82347 
82995 
83632 
84261 
84880 
85491 
86094 
86688 
87274 
87852 
88423 
88986 
89542 
googr 
90634 
gr169 
91698 
92221 


92737 


93247 
93752 
94250 
94743 
95232 
95713 
96190 
96661 
97128 
97589 
98046 
98498 
98945 
99388 
99826 


5 


6 


74586 


75358 
76118 


76864 
77597 
78319 
79929 
719727 
80414 
810go0 


81757 
82413 
83059 
83696 
84323 
84942 
85552 
86153 
86747 
87332 
87910 
88480 


89042 
89597 
90146 
90687 
gi222 


9I751. 


92273 
92788 
93298 
93802 
94300 
94792 
95279 


95761 
96237 
96708 
97174 
97635 
98091 
98543 
98989 
99432 
99870 


ake 5 


7A47Az 
75511 


| 76268 


77012 
77743 
78462 
79169 
79865 
80550 
81224 


81889 
82543 
83187 
83822 
84448 
85065 
85673 
86273 
86864 
87448 
88024 
88593 
89154 
89708 
90255 
99795 
91328 
91855 
92376 
92891 
93399 
93902 
94399 
94890 
95376 
95856 
96332 
96802 
97267 
97727 
98182 
98632 
99078 
99520 
99957 


9 


12 


Logarithmic Tables 


2. Logarithms 


Angle|Log Arc 


° 


+2419 
+5429 
. 7190 
8439 
+9408 
0200 
0870 
1450 
1961 
2419 
2833 
3211 
3558 
3880 
4180 


-4460 
+4723 
-4971 
- 5206 
25429 
~5641 
5843 
6036 
6221 
6398 
- 6569 
. 6732 
- 6890 
7042 
«7190 
+7332 
- 7479 
. 7604 
+7734 
» 7859 
+7982 
. 8101 
8217 
8329 
8439 
8547 
8651 
8753 
8853 
. 8951 


BLED LO OLE EE STS 


Log Tan 


of Trigonometric Functions 


Log Sec 


Log Csc 


- 
ie} 

oq 
QD 
Lo) 
a 


Sect. 1 


tO] SI SI BI NI 


ei] ie) ee el de) dO) |e) | OD 


2419 
- 5431 
7194 
8446 
+9420 
.0216 
o891 
.1478 
-1997 
2463 
2887 
3275 
3634 
3968 
.4281 


+4575 
4853 
- 5118 
+5379 
~ 5611 


- 5842 
6064 
. 6279 
- 6486 
- 6687 


- 6882 
. 7072 
7257 
7438 
7614 
«7788 
7958 
.8125 
8290 
8452 
8613 
.8771 
8928 
9084 
9238 
9392 
9544 
9697 
9848 
- 0000 


HLL RE RL RDO IR AL SN 


Co it! tee) lian) etn! Mn) 


O RL HI AE AL AL LH) AL OLE SL 


‘Explanation on p, 38 


20000 0000000000 00000 00000 990000 99900 990000 


ooo90 0 


Prolelep s 


0003 


.0006 


ooll 
o0o17 


0024 
0032 
0042 


-0054 
.0066 


0081 
.0096 


O13 
O131 
O15. 
or72 
O194 
0218 
0243 
0270 
0298 
0328 


.0360 
+0393 
-0427 
+0463 
.O501 
.O541 
+0582 
+0625 
.0669 
.0716 
.0764 
.0814 
.0866 


0920 
9977 
I035 
1095 
1157 


I222 


-1289 
+1359 
- 1431 
. 1505 


Log Cot|Log Csc 


» 7582 
-4572 
.2812 
.1564 
+9597 
9808 
QI4t 
8564 
8057 
7603 
+7194 
- 6821 
6479 
. 6163 
5870 
5597 
5341 
5100 
4874 
4659 
4457 
4264 
4081 
3907 
+3741 
+3582 
+3430 
+3284 
+3144 
«3010 
. 2882 
2758 
. 2639 
2524 
2414 
2308 
. 2205 
2107 
2011 
. 1919 
1831 
+1745 
. 1662 
. 1582 
. 1505 


| 


0-0 9.0.0 0°00 "0 0. 40;.0-0500 500 .0-0.0 =0.0 0 .0°0 oooo00 oo09000 9909000 
990000 000000009000 0009090 00909090 9999 9 99000 990000 


Log Sec|Log Tan 


el | | | | TAL ALL AE AP LE AL ALTE ELT 


HIE AL AE A EL 


Al HI Ho) HI HL 


9999 
9997 
9994 
9989 
9983 
9976 
9968 
9958 
9946 
9934 
9919 
9904 
9887 
9869 
-9849 
-9828 
.9806 
.9782 
9757 
973° 


g702 
9672 
9640 
.9607 
+9573 
+9537 
+9499 
9459. 
9418 
9375 


9331 
9284 
-9236 
-9186 
+9134 
. 9080 
+9023 
- 8965 
- 8905 
. 8843 
-8778 
. 8711 
8641 
8569 
8495 


HL HI HI OH OH 


© {0560.60 0, 0.00 40..6-0:.0°0 {0 611040 60 


ALAA HEM) BEHLHL AL AE HERL LOO 00000 00000 


-1913 
. 1864 
. 1814, 
. 1764 
-1713 
.1662 
. 1610 
+1557 
1504 
1450 


1395 
1340 
1284 
1227 
1169 


I1IL 
1052 
.0992 
+0931 
.0870 
.0807 
+0744 
.0680 
0614 
.0548 
0481 
O4i2 
2343 
0272 
0200 


O127 
0053 
9978 
ggor 
9822 


9743 
+9662 
9579 
9494 
9408 


932r 
9231 
9140 
-9046 
8951 


Log Sin|Log Arc|An 


- Art. 3 -Trigonometric Functions 


13 


‘3. Natural Trigonometric Functions 


Sec 


Cosec 


°. I,0002| 57.299 
0,0349|0.0349| 1.0006] 28,654 
©.0523|0.0524| 1.0014/ 19, 107 
0,0698| 0,0699| 1;0024| 14.336 
0,0872|0.0875| 1.0038] 11.474 
0.10450, 1051/1.0055}9.5668 
0.1219 /0,1228/1.0075/8.2055 
0.1392|0.1405| 1.0098] 7.1853 
0.1564/0.1584/1.0125|6, 3925 
0.1736/0.1763/1£.0154/5.7588 
©.1908]0.1944|1.0187]5, 2408 
0. 2079]0. 2126] 1.0223|4.8097 
©. 2250|0, 2309|1.0263| 4.4454 
0.2419 /0,2493/1.0306/ 4.1336 
©. 2588} 0. 2679| 1.0353 | 3.8637 
0.2756]0. 2867|1.0403 | 3.6280 
©.2924]0.3057/1.0457] 3.4203 
©. 3090]0.3249]1.0515] 3.2361 
0.3256 }0.3443|/1.0576/3.0716 
0.3420]0. 3640|1.0642/ 2.9238 
0.3584|0.3839)|1.0711| 2.7904 
©.3746|0.4040}1.0785| 2.6695 
0.3907|0.4245|1.0864) 2.5593 
©.4067/0.4452/1.0946 | 2.4586 
©. 4226/0. 4663|1.1034)|2.3662 
0.4384] 0.4877] 1.11262. 2812 
0.4540]0.5095|1.1223}2.2027 
0.4695 |0.5317/1.1326|2.1301 
0, 4848]0.5543| 1.1434 |2.0627 
©, 5000/0,5774/1.1547 | 2.0000 
©. 5150/0. 6009/1, 1666} 1.9476 
©, 5299/0.6249]1.1792}1.8871 
©.5446)/0.6494|1.1924/1.8361 
0.5592|0.6745|1. 2062/1. 7883 
©.5736/0, 7002/1, 2208/1. 7434 
0. 5878]0. 7265/1. 2361]1. 7013 
0. 6018] 0, 7536) 1. 2521/1. 6616 
0.6157/0. 7813/1. 2690/1.6243 
6.6293] 0.8098| 1.2868) 1.5890 
0.6428 |0.8391/1.3054)1.5557 
0, 6561/0. 8693} 1, 3250)1. 5243 
©.6691|0.9004|1.3456|1. 4945 
©.6820/0.9325,|1. 3673/1. 4663 
0,6947|0,.9657|1.3902|1.4396 
©. 7071 |I.0000| 1. 4142 |1, 4142 


28, 636 
19.081 
34,301 
I1I.430 


MAM WOW 


HNwWnw ahh NON OHO 


HHHH SD NHHHKDH 


HHH eH 


HH HH 


“5144 
- 1443 
-1I54 
- 3138 
-6713 


1446 
7046 
3315 
o108 


«7321 
4874 
-2709 
0777 
-9042 


7475 
6051 
4751 
3559 


- 2460 


1445 


-0503 


9626 
8807 
8040 


+7322 
- 6643 
. 6003 
+5399 


4826 
4281 


3764 
3270 
+2799 
+ 2349 
,1918 


+1504 


1106 


+0724 
+0355 
. 0000 


Cosec |. Sec 


Explanation on p.. 


as 
9994] 1.5359] 88 
9986|1.5184| 87 
9976/1, 5010|- 86 
9962/ 1.4835]. 85° 
9945|1.4661] 84 
9925) 1.4486} 83 
9903 | 1.4312} 82 
9877 |1.4137|) 8 
9848] 1.3963| 80° 
9816] 1..3788]..79 
9781 |1.3614| 78 
9744| 1.3439) 77 
9703/1.3265|, 76 
9659|1.3090| 75° 
9613|1.2915] 74 
9563|1.2741| 73 
9511/1. 2566] 72 
9455 | 1+2392|° 71 
9397 |'1.2217]070° 
9336] 1.2043] 69 
927211. 1868]. 68 
9205 |r. 1694|- 67 
9135|1.1519| 66 
9063) 1.1345] 65° 
8988/1. 1770] 64 
8910| 1.0996| 63 
8829] 1.0821 |» 62 
8746|1.0647| 61x 
8660/1,0472] 60° 
8572|1.0297| 59 
8480) 1.0123} 58 
8387 |0.9948| 57 
8290|0,9774| 56 
8192/0.9599| 55° 
8090}0.9425| 54 
7986.|0.9250| 53 
7880|0.9076]| 52 
9771 |0. 8901) 5x 
7660|0,8727| 50° 
7547} 0.8552] 49 
7431|0,8378| 48 
7314|0.8203| 47 
7193|0,8029| 46 
7971 /0.7854| 45° 


° va 
14 Reciprocals ‘Seta 


Explanation on p. 38 


it © I 


0.10 |10,00/g9.901r 


0.11 |9.091|g9.009 
0.12 333 | 8.264 
0.13 692|7.634 
0.14 143|7.092 


0.15 
0.16 
0.17 
0.18 
0.19 


667 |6.623 
250/6, 211 
. 882) 5.848 
559) 5.525 
263 | 5.236 


0.20 
0.21 
0.22 
0.23 
0.24 


000| 4.975 
762|4.739 
545 | 4-525 
348) 4.329 
167) 4.149 
000) 3.984 
846) 3.831 
704 | 3.690 
572 13-559 
448) 3.436 
+333) 3-322 
-226/ 3.215 
-125|3.115 
-030| 3,021 
+941 | 2.933 


.857| 2.849 
778| 2.770 
703|2.695 
632/ 2.625 
-564|2.558 


. §00| 2.494 
+439 | 2.433 
» 38/2. 375 
-326|2.320 
-273|2.268 


RWOwWBH WHWwWwW PRR AR UN 


0.25 
0.26. 
0.27 
0.28 
0.29 


0.30 
0.31 
0.32 
0.33 
0-34 
0.35 
0.36 
0.37 
0.38 
0.39 
0.40 
0.41 
0.42 
0-43 
0.44 
0-45 
0.46 

| 0-47 
0.48 
0.49 


NRWOKHWW WWWwWwW PEP HL ANN AAT IY wwWo 
ROWWwBW WWwWaw HHH HR UNNADAAT Ay wOKOw 


i] 
© 
to 

Nv 


RRR NH NWW Ww WD BHWAHWwW*A SPH APNM ANN AD w~ ww 


NRPN NR HHH ND ND DHNWWH WW & WW FPP Hs Aan AD A™~ @oMmWw 


RRA HAH KHAN HN DN 


222|2,217 
174|2.169 
128/ 2.123 
-083| 2.079 
-041| 2,037 
000/1.996 
-961/ 1.957 
-923|1.919 
887) 1.883 
852] 1.848 


a MH HH HH HN RD YNN KNW NNNNDHD 
RK DHA HD 
bw RRA DH 


SHH AHH HDHD KH KH BYNKANDHKDHD 


~s eee 


ix.808! r.S03/r.S02/ x. 799 tyes r.Te2 ze 
=: 786} 1-783 .779 5.776 E.973! ¥-970| F~7O7 | 704 | z.762] z_ 757 
E794, 5.75+ 2.748) 1.745 2.742) ¥.739|-738| 1.733 | 2-730 z- 
E. 724) 2.722 $oy78) F725) 2-772 4.709} 2.706 | x. 7Os/ 2. 7Oz/ 1698 
2.695 | F692 1.689) 7.655 r.682/ 5.68: 1.678 x.675 2.672 2.660 
by | F664 | r.662| z.6535 eight niges a eae 2.647 | 2.645 rG42 

| 2.634) 5.632 £.629/ 5.626) 3.623 ¢.625 | x.618/x_6x6 
E.613 F.6r0/ x08) r.605| r.603| 1.600) r_ 597|r-595| 1-502 E590 
. 387} £.585) 2-582 1.380] 2.577) 2.575| 1-572] 2-372|.367) 1-565 
.562) 1.560 eal be £. 550) 8.548) ¥_546| 3.543) 5-542 
#2538] 52536) x.534| 2.532] 2-529] 5-527 |e. 524) 5.522] 2-s20lz_sr7 
‘ BeSIs 2.524) x. 508] 1.508) ¥. 504) 5.502] 2-499) 1-497 r-495 
¥.490| 1-488) 2.486) 2.482) 2.451| 2.479 2.477 | 
2.483 1.466 5.464) 3.462 1.460 1.458 E. 438 / 5.453 
cand abies #443) 8-447) 1.439] ~437 | 2-435 5-433 
a.a27|-425| 1.422 | 1-420] 1-40 -416!) 2.454) 8412 

FE. 403 / E.40F/ 1.399 ~397 | 2-395] £-393 
2.387 £385 | 4.383 F.38 E.379/¥~377) ¥-375/ £.374 
3.368 1.366 4.364) 3.302 ¥. 361) ¥-358) 1.357] 5.355 
£.350/ 4.48) 1.340) 1.344 sel lees eens 2.337 


¥2332/ 2.330 reget hs. a6 1.325 | 5.333 E322} 2.339 
2.3E4| B.ZIR| E-ZIE! BE. 309) E.FOT | E. 305) B.3OH) TE GOe 
B.2Q7|t.295| F.294/ F292) 1.290) 2.289) z.287) 2.285 
£. 230} x. 279) ¥-277 | E-276 | B.274/ ¥. 272 | 2.277 | E-2Q 
266) 2.264) 1.263) 262) 4.259) F258) F256) 2.255) 2-253 


Er2gS| v2g7) x 245) X. 244) F. 242) FE. 2gE | 2-239] B-2: 

¥.233| 2.232} B. 230) . 229) F.227 | E.225) 2. 22g/t. 222 
y.238|El2ryz} B.215| FE. 224) 2.222) 2.282] zr 20g] 2.208 
¥.203| 8-202) zr. 200) F. 199) zr. 2QS/ E_196) z_ 195 E-7193 


E-EPE) E.2FO| £. 163) 2.267) z_ 266 


EL EPS | E-2P4] EL ET? 
E.E5T 4.256) 3.255] 2.253] 1-152 


2.260) 45.59 
E.E47 | E.E45 
4.334) 2.135 
ER. t2r) Ee. 120 


EL 49) E. 343) 2.342) 2.34055. 759 
EL23E | BL EGO| EL E2Q) E227) T7286 
EL FEQ/ELEEP E.rré rrr ELrEg 


¥.TO6/ r.1O5 |B. FOg) F_ FOZ! TICE 
T.09¢/ ¥.093 | F092} 1091 / ¥_03g 
r.0S2} z.03r/ r.cS r.e73| r.078 
E.OFE (T.o7@ r.068 2.06} /1.068 
2,059] r.058| 1.057] 3.056] 2055 
gq) 2.048) 2.047 B.Og8 TO45) TOR 
E.Q37 | 3.036 | B.035 | B03%) 2-033 
¥_Q27/ r_026/ 8.025 / ¥_024/ 2.022 
1.O%6 | B.08S | r.0F¢/ z.08Z/ F022 
E_008 | F_OO$, F_0Og| T_COgZ_T_COT 


8. 38q| 2.288 = 4.383} 2.282) 2-282) 2.279 


E475 5-473) - 


16 Powers and»Roots ~  wect, 2 


' §. Squares of Num- 


Explanation on p. 38 


Art. 5 Squares 1% 


bers from 1.00 to 9.99 


deal 


18 Powers and Roots Sect. 1 


6. Square Roots of 


Explanation on p. 38 


Hee HH 
HH HAH 
HHH OM 


HH HHH 
HHA WH 
4H 6 aH HH 
HoH ON ROR 


HH eM HW 
HHHA HR 
HHA HH 
HoH RW OH HW 


HH eM WOW 
Oe Oe Oe 
HW HOM 
Home ee 


woe RH OW 
Hee Hw 
AH HWW 
MAH WOM 


HHH HH 
Ho Oe Om 


RB NN NH RH HH HHH 
NNN RD HH HW OH 


boy NN HD 


bHKRNYHK HHNHDKDHNDHD 


NH NN AW 


RH HRHH HN HHH HNN NWN DND 


NRAH HH NWN KN DN 
HNN NN NNYH NN 


NNR NAN 
boN NN NH 


Art. 6 Square Roots 19 


Yumbers from 1.00 to 99.9 ; 
‘ Continued on p. 20 


rr 
: 2. 3 4 5 6 i 8 9 

2.349 | 2.352]2. 354] 2.356/2.358|2.360| 2. 362/ 2.364 
2.371 | 2.373) 2-375 |2.377|2-379| 2-381 | 2.383] 2.385 
2.392 | 2.394) 2.396| 2.398) 2.400|2.402| 2.404] 2.406 
2.412/2.415|2.417/2.419| 2.421 | 2.423|2.425|2.427 
2-433 | 2.435 | 2-437| 2.439 | 2.441] 2.443 |2.445| 2.447 
2.454] 2.456 | 2-458] 2.460] 2.462| 2.464| 2.466] 2.468 
2.474) 2.476] 2.478) 2, 480| 2.482] 2. 484|2.486| 2.488 
24494] 2.496) 2.498].2. 500| 2.502] 2.504] 2.506] 2. 508 
2.514) 2.516) 2.518] 2.520|2.522|2.524/2.526/2.528 
2-534) 2.536 | 2.538) 2.540) 2.542|2.544|2.546|2.548 
2.553] 2-555|2-557|2.559| 2.562] 2.563) 2:565 | 2.567 
2.573|2.575|2-577|2.579|2.581| 2-583 ewe 
2.592/2.594/2.596| 2. 598] 2.600] 2.602] 2.604] 2.606 
2.612| 2.613/2.615|]2.617|2.619| 2.621] 2.623|2.625 
2.631 | 2.632] 2.634|2.636|2.638|2.640]2.642| 2.644 
2.6501 2.651|2.653!2.655|2.65712.659|2.661} 2.663 
2.668) 2. 670| 2.672) 2.674|2.676/|2.678| 2.680] 2.681 
2.687] 2.689 | 2.691| 2. 693| 2.694| 2.696| 2.698] 2. 700 
2.706 | 2.707) 2.709| 2.4711 | 2.713| 2.715 | 2.917 | 2-718 
2.724| 2.726) 2.728) 2,729] 2.731 | 2-733| 2-735 | 2-737 
2.742| 2.744) 2.746) 2.748) 2.750] 2.751] 2.753] 2.755 
2.760) 2.762) 2.764) 2.766) 2.768] 2.769] 2.771| 2.773 
2.778) 2.780} 2.782|2,784| 2. 786|2.787| 2.789] 2.791 
2.796) 2.798) 2.800} 2. 802| 2.804] 2.805 | 2.807] 2.809 
2.814/2,816| 2.818] 2. 820|2.821| 2,823|2.825| 2.827 
2.832| 2.834) 2.835 | 2.837) 2.839|2.84r| 2.843] 2.844 
2.850| 2.851] 2.853] 2.855 | 2.857] 2.858] 2.860] 2.862 
2.867 | 2.869] 2.871] 2.872) 2.874|2.876| 2.877] 2.879 
2.884] 2.886) 2.888 | 2.890 2.89% 2.893] 2.895 | 2.897 
2.902 | 2.903 | 2.905 | 2.907| 2.909] 2.910|2.912| 2.914 
2.919] 2.921 | 2.922)/2,924| 2.926] 2.927] 2.929] 2.931 
2.936 | 2.938 |2.939|2.941|2.943|2.944| 2.946] 2.948 
2.953|2.955|2.956| 2.958] 2.960] 2.961 | 2.963 | 2.965 
2.970| 2.972] 2.973] 2.975|2-977|2-978| 2.980] 2.982 
2,987 | 2.988] 2.990] 2.992) 2.993] 2.995 |2-997| 2.998 
3-003] 3.005] 3.007| 3.008} 3.010| 3.012 | 3.013]3.015 
3-020 3-022) 3.023 3-025 3-027 3.028 3.030 / 3.032 
3-036) 3.038) 3.040] 3.041] 3.043| 3.045 | 3.046]3.048 
3-953] 3-955] 3-056| 3.058 | 3.059] 3.061] 3.063 | 3.064 
3-069 | 3.071 | 3.072] 3.074] 3:076] 3.077] 3.079] 3.081 
3-085 | 3.087] 3.089] 3.090] 3.092) 3.094| 3.095} 3.097 
3.102) 3.103] 3.105] 3.106) 3. 108] 3.110| 3.121] 3.123 
3-118) 3.119| 3.121/3.122|3.124|3.126|3.127|3.129 
3-134) 3-135| 3-137 | 3.138] 3-140] 3.142/3.143/3.145 
3-150] 3-251] 3-153]3-154|3.156/3.1§8|3.159| 3.161 


2 3 4 5 6 7 
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Continued from p. 19 


Square Roots’ of 


<0 ‘ 7 8 


Be 

3.162 
3-317 
3-464 
3.606 
3-742 
3-873 
4.000 
4.123 
4.243 
4-359 


4-472 
4.583 
4.690 
4.796 
4.899 
5.000 
5.099 
5-196 
5.292 
5-385 
5-477 
5.568 
5-657 


5-745 
5.831 


5.916 
6.000 
6.083 
6.164 
6.245 
6.325 
6.403 
6.481 
6.557 
6.633 
6.708 
6.782 
6.856 
6.928 
7.000 


7-072| 7.078 
7.141| 7.148 


7.211) 7.218 
7,280] 7.287 
7.348) 7.355 


0 o> a 


A353 


411 
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- 716 
+790 
863 


+935 
.007 
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WrtiGty Square Roots _ ‘A 


Yumbers from 1.00 to 99.9- sas 


n 0 ay Fi a -4 5 6 7 8 19 
55 |7-416) 7.423|7.430|7.436]7.443|7.450|.7-457| 7.463] 7.470] 7:477 
56 |7.483|7.490| 7.497] 7.503) 7-510/7.517| 7-523] 7-53°| 7-537] 7-543 
57 |7-55°|7.556| 7.563) 7.579| 7.576] 7.583] 7.589]7.596]7.603|7.609 
58 | 7.616) 7.622/7.629/7.635)7.642|7.649| 7.655 | 7.662] 7.668] 7.675 
59 |7-681| 7.688) 7.694) 7.701} 7.707) 7.714] 7.72017. 727| 7-733 | 7-740 
60 | 72740) 7.752) 7-759| 7-765) 7-772| 7-778) 7-785 | 7-791) 7-797 | 7-804 
61 | 7.810] 7.817/ 7.823) 7.829] 7.836] 7.842|7.849| 7.855] 7.861] 7.868 
62 |7.874|7.880} 7.887) 7.893! 7.899] 7.906} 7.912] 7.91817.925|7.931 
63 |7-937|7-944|7-95°|7.956|7-962|7.969|7.975|7-981| 7-987|7.994 
64 |8,000]8,006| 8.012) 8,019/8.025|8.031) 8.037] 8.044) 8.050] 8.056 
65 *|8.062/8.068) 8.075) 8,081 | 8.087} 8.093 |8.099|8.106| 8.112) 8.118 
66 |8.124|8.130]8.136|8.142|8.149|8.155|8.161|8.167| 8.173|8.179 
67 |8.185|8.191/8.198) 8.204/8.210| 8.216] 8.222/8,228| 8.234] 8.240 
68 |8.246)8.252|8.258|8.264|8.270|8.276|8..283|8.289| 8.295 | 8,301 
69 |8.307|8.313|8.319/8.325|8.331|8.337|8.543 | 8.349] 8.355 | 81361 
yo |8.367) 8. 373|8.379|8.385|8.390|8.396| 8. 402|8.408|8.414/ 82420 
71 |8.426)/8.432|8.438/8.444)8.450/8.456|8.462/8. 468) 8.473) 8.479 
72 |8.485|8.491/8.497|8.503| 8.509/8.515/8.521| 8.526) 8.532) 8.538 
73 |8-544)8.550/8.556|8.562/8.567|8.573|8.579)/8.585|8.591/ 8.597 
74 |8:602/8.608/8.614|8.620|8.626/8.631|8.637)8.643| 8.649] 8.654 
75 |8.660/8.666/8.672|8.678/8.683]|8.689|8.695|8.70r| 8. 706|8.712 
976 |8.718)8.724|8.729/8.735|8.741|8.746/8.752|8.758) 8.764) 8.769 
977 |8.775|8.781|8.786/8, 792| 8.798] 8.803 | 8.809]8.81r5| 8.820) 8.826 
78 |8.832|8.837/8.843|8.849|8.854|8.860|8.866|8.871|8.877|8. 883 
79 |8.888)|8.894/8.899|8:905/8.911| 8.916] 8.922) 8.927|8.933/8.939 
Bo |8.944]8.950|8.955| 8.961] 8.967/8.972| 8.978) 8.983) 8.989| 8.994 
81 |9.000|9.006]9.011|9.017|9.022|9.028/9.033 |9.039]9.044|9.050 
82 |9.055]9.061|9.066]9,072/9.077|9.083|9.088|9,094|9.099]9.105 
83 |9.110/9.116|9.121/9.127]9.132|9.138/9.143|9.149|9.154|9.160 
84 |9.165|9.171]9.176|9.182]9.187|9.192|9.198|9.203]9.209|9.214 
85 |9.220|9,225|9.230/9.236|9.241|9.247|9.252|9.257|9.263/9.268 
B86 |9.274|9.279/9.284)9.290]/9.295|9.301|9.306/9.311|9.317/9.322 
: 9.333 [9-338 /9-343|9.349|9-354|9.359|9.365|9-370|9-375 
9 9- 9 9 9. 9. 9. 9. 9. 
9 9. i 9 9- 9. 9. 9. 9- 
9 9. 9 9 9. 9. 9. 9. 9. 
9 9. 9 5 9. 9. 9. 9- 9. 
9 9. C) 9 9. 9. 9. 9. 9. 
9 9- 9 9 ‘9. 9.675/9. 9. 9. 
9 9. ) 9 9. 9. 9. 9. 9. 
9 9. 9 9 9. 9. 9. 9. 9: 
gy 9. 9 9 9. 9. 9. 9. 9. 
9 9. 9 9 9. 9. 9. 9. 9. 
9 9. 9 9 9. 9. 9. 9. 9. 
9 9. 9 9 9. 9. 9. 9. 9. 
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; . es of Num- 
Explanation on p. 38 ia: Cubes 0 um 


I be I. < De I. Te Dy Te Tie 
1eI |1.332|1.368)1.405|1.443| 12 482|1.521|1.561|1.602)1.643 1.685 
y.2 |1.728|1.772|1.816| 1.862) 1.907| 1.953) 2-000 2,048] 2.097|2.147 
1.3 |2.197| 2.248) 2.300|2.353|2 406|2.460]2.515|2.572| 2.628 2.686 
1.4 |2.744|2.803|2.863|2.924|2 986) 3.049|3-112|3.177|3- 242 3.308 
x65 13.375 |3-443|3-522|3-582|3-652|3-724| 3.796 3.870] 3.944) 4.020 
1.6 |4.096| 4.173 |4.252|4.332|4-421|4.492| 4.574) 4.657) 4.742 4.827 
1.7 |4.913|5.000|5.088|5.178|5.268}5.359]5 452) 5-545 5-64015.735 
1.8 |5.832|5.930/6.029 6.128|6.230|6.332|6.435|6.539|6.645|6. 751 
1.9 |6.859|6.968| 7.078| 7.189|7-302|7-415|7-53° 7.645 | 7-762] 7.881 
2.0 18.000) 8.121 | 8.242|8.365|8.490|8. 615 8.742|8.870|8.999]9.129 
a.t |9.261/9.394 9.528|9.664| 9.800 9.938] 10.08] ro, 22] To 36|10.50 
2.2 |10.65|10.79|10.94| 11.09] I4.24) 11.39/11 54|11.70|11.85| 12.0% 
2.3 |12.17|12.33|12.49|12.65|12 8r| 12.98] 13.14|13.32|13-48|13 65 
2.4 -|13.82|14.00|14.17|14.35|14-53|14- 71] 14-89] 15.07) 15.25 15.44 
aig |t5.62|15.81|16,00]16.19| 16.39 16.58|16.78|16.97|17.17|17-37 
2.6 |17.58|17.78| 17-98) 18.19 18.40|18.61| 18,82] 19.03|19.25|19.47 
2.7 | 19.68] 19.90] 20.12) 20.35 | 20.57) 20 80] 21.02| 21.25] 21.48| 21.72 
2.8 |21.95|22.19|22.43|22.67|22.91| 23.15) 23.39) 23 64| 23.89] 24.14 
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. 8. Cube Roots of Numbers 
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9. Three-Halves Powers of Numbers 
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Explanation on page 38 
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10. Fifth Powers and Roots; Five-Halves Powers and Roots 
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Circles 


11. Circumferences of Circles 


Diameters in Units and Tenths 
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12. Circumferences 
Diameters in Units and Eighths 
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Explanation on p. 39 
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Explanation on p. 39 
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Explanation on p. 39 
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30 2 f Circles = Sect. 1 


44. Areas of Circles for Diam- 
Explanation on p. 39 = 


2 3 4 5 6 7 8 9 
° ° ° ) 
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5.0 |19,.63/19.71|19.79 19.87|19.95| 20.03] 20.11 20,19| 20.27) 20. 
5.1 | 20.43|20.51| 20.59] 20.67] 20.75 20,83|20.91| 20.99] 21.07 21.16 
5.2 |2r.24|21.32| 21.40) 21.48) 21-57 21,65|21.73| 22-81} 21.90 2r.98|. 
5-3 |22,06) 22.15) 22.23 22,31|22.40|22.48 22,56|22.65| 22.73 22,82 
5.4 |22.90|22.99|23-07| 23-16] 23.24) 23.33 23.41| 23-50|23.59| 23-07 
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Art. 14 Areas of Circles : ’ BI 


eters in Units and Hundredths 


82 Circles Sect. 1 


415. Areas of Circles 


Diameters in Units and EHighths 
ia 3/3 V2 


0.0123 | 9.0491 | 0, 1104 0.1963 
0.7854 6.9940 y.2272|1,4849 1.7471 

3.5466 | 3.9761 | 4.430% 4.9087 
7.0686 | 7.6699 8.2958 | 8.9462 g. 6211 
12-566 | $3. 304 | 14-186 | 15-033 15.904 


woe 
wo was au pwrnrR oOo 
» 
oo 
i) 
= 
> 
to 
oS = 
eS 
D> 
On 
we 
[o) 
a 
oo 
fe) 
w 
a 
cre) 
4 
© 
wy 
w 
Lal 
co 
w 


oe 113.10 118.47 | 117-86 120.28 | 122.72 


20 | 314.16 318.10 322.06 | 326.05 330.06 
ar | 346.36 | 350-50 | 354-66 358-84 | 363-95 
22 | 380.13 384. 46 388.82 393-20) 307-6 
23 415.48 | 420.00 424.56 | 429.13 

24 | 452-39) 457-71 461.86'| 466.64) 471-44 


as | 490.87 | 495.79 | 520-74 505,71 | 510-71 
26 | 530-93 | 536-05 | 544-19 546-35) 557-55 
a7 | 72-50 | 577-87 | 583-22 588.57 | 593+9° 
28 | 615.75 $21.26 | 626.80 632.36 | 037-94 
29 | 660.52 666.23 | 671.96 | 677-74 683.49 
30 | 706.86 a12.76 | 718.69 724.64 | 73°- 
| 3% 784.77 | 760-87 | 786.99 773-14 | 779- 
32 | 804.25 8ro. 54| 816.86 823.21 | 829. 
33 | 855-30) 861-79 868.31 | 874.85 | 88r- 
+34 | 997-92 914.63 | 922-32 928.06 934-82 
35 | 962.11 969.00 | 975-9 982.84 989.80 


36 | 1017-9 1025.0| 1032.1 1039.2 1046.3 

37 | 1075-2 1082.5 | 1089.8 | 1097-t 1104.5 

38 | 1134.2) 1747 6| 1149.1 1156.6 1164.2 

3g | 1194.6 | 1202.3 1219.0 | 1217.7 | 1225-4 

4o | 1256.6 1264.5] 1272.4 r280.3 | 1288.2 1296. > 

4x | 2320-3 1328.3 | 1336-4 | 1344-5 1352-7 | 1360-8 1369-0 | 1377+? 

42 1383.4 | 1393-7 1492.0] 1410.3 1418.6 | 1427.9 1435-4 1443.8 
1452.2) 1460.7 1469.1 1477.6 | 1486.2 3494-7 | 1§93;3| 15SP2+9 
520.5 2 g | 1546.6! 1555-3 | 1564-0 1§72-8| 1582-6 
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“Explanation on page 39 
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j 16. Volumes of Spheres 


+ Diameters in Units and Tenths 


a 


9.000] 0.001|/9.004|0.014| 0,034/0.065|0.113|0. 180} 0. 268] 0.382] . 
©.524|0.697/0.905)1.150|1.437/1.767| 2.145 |-2.572|3.054| 3.591], 
4.189| 4.849]5.575|6.371) 7.238] 8.181] 9. 203| 10.31] 11.49] 12.77 
14.14/15.60/17.16) 18.82} 20.58] 22.45] 24.43| 26.52| 28.73] 31.06 
33: §2| 36.09] 38. 79/ 41.63] 44.60] 47.71| 50.97] 54.36] 57.91| 61.60 


65.45] 69.46] 73.62/77.95/82.45|87.11/ 91.95|96.97| 102.2 
I%3.1/ 118.8} 124, 8] 130.9) 237.3| 143.8) 150.5/157.5| 164.6 
179.6) 187.4 7 2 9| 229.8] 239.0] 248.5 
268.1| 278.3) 288. 7| 299.4] 310.3] 321.6] 333-0} 344.8] 356.8] 369. 
381.7) 394.6) 407.7|421.2|434.9|448.9| 463.21477.9| 492.8 
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§23.6/539.5|555.6|572.2| 589. 623.6) 641.4) 659 
696.9} 716.1] 735.6|755.5)775.7| 796-3| 817-3 | 838. 6| 860, 3 | 882.3 
904.8/927.6/950.8/974.3]998.3] 1023 | 1047 | 1073 | 1098 | 1124 
Tro | 1177 | 1204 | 1232.| 1260 | 1288 | 1317 | 1346] 1376 | 1406 
1437 | 1468 | 1499 | 1531 | 1563 | 1596 | 1630 | 1663 | 1697 | 1732 
/1767 | 1803 | 1839 | 1875 | 1912 | T950 | 1988 | 2026 | 2065 | 2105 
2145 | 2185 | 2226 | 2268 | 2310 | 2352 | 2395 | 2439.] 2483 | 2527 
2572 | 2618 | 2664 | 2711 |.2758 | 2806 | 2855 | 2903 | 2953 
3054 | 3205 | 3157 | 3209 | 3262 3479 
359 | 3648 | 3706 | 3764 | 3823 4064 
Pe ¥xplanation on p. 39 


17. Volumes of Spheres 


Diameters in Units and Eighths 


a 


0.0654. 
1.7672 | 2.2468 
8, 1812 | 9.4708 
22.449 | 24.942 
47.723 | 51.800 


3-4515 
12.443 
30.466 
60.663. 


£ 

I 

2 

3 

4 

5 87.114 | 93.189 | 106.17 
6 143.79 | 152.25 170.14 
7 220,89 | 232.12 255.71 
8 324.56 | 335.95 366.02 
9 448.92 | 466.88 504.21 
10 584.74 | 606.13 | 628.04 673.42 

ky 770.64 | 796.33 | 822.58 876.80 
12 992.28 | 1022.7 | 1053.6 ETE 
13 1252,8 | 1288.2 | 1324.4 1398.6 
14 1555-3 | 1596.3 | 1637.9 1723.3 
| 1903.0 | 1949.8 | 1997.4 2094.8 
a 2299.0 | 2352.1 | 2405.9 2516.1 
17 2746.5 | 2806.2 2990.5 
18 3315.2 

af] 


3662.7 3882.4 4033.7 


\ Explanation on p. 89 
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34 Miscellaneous. Tables 
18. Natural Hyperbolic Functions 

u Sinh « | Cosh u | Tanh 2 ub Sinh « | Cosh # 
0.00 | 0.0000 | 1.0000 | 0.0000 || 2.25 | 4.6912 | 4.7966 
0.05 | 0.0500 | 1.0013 | 0.0500 2.30 | 4.9370 | 5.0372 
0.10 | 0.1002 | I.0050 | 0.0997 2-35 | 5.1951 | 5.2905 
0.15 | 0.1506 | 1.0113 | 0.1489 || 2.40 | 5.4662 | 5.5569 
0.20 | 0.2013 | t.0201 | 9.1974 || 2.45 | 5.7510 | 5.8373 
0.25 | 0.2526 | 1.0314 | 0.2449 || 2.50 | 6.0502 | 6.1323 
0.30 | 0.3045 | 1.0453 | 0.2913 2.55 | 6.3645 | 6.4426 
0.35 | 0.3572 | 1.0619 | 0.3364 || 2.60 | 6.6947 | 6.7690 
0.40 | 0.4108 | 1.0811 | 0.3800 || 2.65 | 7.0417 | 7.1123 
0.45 | 0.4653 | 1.1030 | 0.4219 || 2.70 | 7.4063. 7.4735 
0.50 | 0.5211 | 1.1276 | 0.4621 2.95 | 7.7894 | 7-8533 
0.55 | 0.5782 | 1.1531 | 0.5005 2.80 | 8.1919 | 8.2527 
0.60 | 0.6367 | 1.1855.| 0.5370 || 2.85 | 8.6150 | 8.6728 
0.65 | 0.6967 | 1.2188 | 0.5717 || 2.90 | 9.0596 | 9.1146 
0.70 | 0.7586 | 1.2552 | 0.6044 || 2.95 | 9.5268 | 9.5791 
0.75: | 0.8223 | 1 2947 | 0.6352 || 3.00 | 10.018 | 10.068 
0.80 | 0.8881 | 1.3374 | 0.6640 || 3.05 | 10.534 | 10.581 
0.85 | 0.9561 | 1.3835 |-0.69rr 3.10 | 11.076 | If. 122 
0.90 | 1.0265 | 1.4331 | 0.7163 || 3-15 | 11.647 |. T1.690 
0.95 | I.0995 | 1.4862 | 0.7398 || 3.20 | 12.246 | 12,287 
r.00 | 1.1752 | 1.5431 | 0.7616 || 3.25 | 12.876 | 12.915 
1.05 | 1.2539 | 1.6038 | 0.7818 || 3.30 | 13.538 | 13.575 
r.r0 | 1.3356 | 1.6685 | 0.8005 |} 3.35 | 14.234 | 14.269 | 
1.15 | 1.4208 | 1.7374 | 0.8178 || 3.40 | 14.965 | 14.999 
1.20 | 1.5095 | 1.8107 | 0.8337 || 3-45 | 15-734 | 15-766 
1.25 | 1.6019 | 1.8884 | 0.8483 || 3.50 | 16.543 | 16.573 
1.30 | 1.6984 | 1.9709 | 0.8617 || 3.55 | 17.392 | 17.421 
1.35 | 1.7991 | 2.0583 | 0.8741 || 3.60 | 18.285 | 18.313 
1.40 | 1.9043 | 2.1509 | 0.8854 || 3.65 | 19.224 | 19.250° 
1.45 | 2.0143 22488 0.8957 3.70 | 20.211 | 20,236 
1.50 | 2.1293 | 2.3524 | 0.9052 || 3.75 | 21.249 | 21.272 
1.55 | 2.2496 | 2.4619 | 0.9138 3.80 | 22.339 | 22.362 
1.60 | 2.3756 | 2.5775 | 0.9217 || 3.85 | 23.486 | 23.507 
1.65 | 2.5075 | 2.6995 | 0.9289 || 3-90 | 24.691 | 24.712 
1.70 | 2.6456 | 2.8283 | 0.9354 || 3-95 | 25.958 | 25.977 
1.75 | 2.7904 | 2.9642 | 0.9414 || 4.0 27.290 | 27.308. 
1.80 | 2.9422 | 3.1075 | 0.9468 || 4.1 30.162 | 30.178 
1.85 | 3.1013 | 3.2585 | 0.9518 || 4.2 33.330 | Saran 
1.90 | 3.2682 | 3.4177 | 0.9562 || 4.3 36.843.| 36.857 
I.95'| 3.4432 | 3.5855 | 0.9603 || 4.4 40.719 | 40.732 
2.00 | 3.6269 | 3.7622 | 0.9640 || 4.5 45.003 | 45.014 
2.05 | 3.8196 | 3.9483 | 0.9674 || 4.6 | 49.737 | 49.747 
2.10 | 4.0219 | 4.1443 | 0.9705 }| 4.7 54.969 | 54.978 
2.15 | 4.2342 | 4.3507 | 9.9732 || 4.8 60.751 | 60.759 
2.20 | 4.4571 | 4.5679 | 9.9757 || 4.9 | 67.14% | 67.149 


Explanation on page 39 
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9853 
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9879 
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9945 
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+9963 
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19. Naperian Logarithms of Numbers from 1 to 119 


ROOM FOUR WNHO 


HH 


Explanation on page 39 
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20. Multipliers for Transferring Logarithms 
Common to Naperian Naperian to Common 


2. 302585093 Example. + 434294482 


| 4-605170186] Find Nap log of 105 - 868588964] Find number correspond: 
6..907755279) 302883446 


Com log 105 =2.02T19 


+040061373, MAE Sh, 
.474355855|Com log = 3.8297 
- 908650337 Number =o. 6756 


wrwr OU WNHH 


Degrees Minutes Seconds 


©.017453293 | 0.000290888 .000004848 |. Example. 
| 0.034906585 | 0.000581776 000009696 Find length of arc for a central 
0.900872665 - 000014544 angle of 48° 45’ in circle of 
; ‘ 12 ft. radius. 
0.001163553 = 000019393 40° 0.698132 
0.087266463 | 0.001454441 -©00024241 8° =. 139626 
©.104719755 | 0.001745329 - 000029089 40" .OT1636 
7 % 22173048 6217 i ago 
| 0. 1221730. ©.00203621 0000339. eer ae 
Blo. BioaaGsao ©.002327106 es oor 


9) o7 0.00261 0.00004 36; —_—_—— 
57079633 7994 43633 Wonetiesstoa tee 
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22. Mathematical Constants 


Symbol Number Logatithm |} Symbol Number Logatithm 
Feo) SARE Sasha | eae eee 
37 9.4247780 | 0.9742711 Va ©. 5647896 PST52 425% 
47 12.5663706 | r.0992099 || a3 4.4428829 | 6.6476645 
57 I5.7079633 | 1.1961200 Van 2.5066282 | 0.3990899 
67 a A05 559 1.275301 || /z/2 | 1,2333141 | 0.0980509 
7% 21.ggtt4 1.3422479 a di : 
8x 25.1327412 | 1.4002399 Vala 0..7978844 | I.go19401 
97 28.2743339 | 1.4513924 é 2.7182818 |/0. 4342945 

2 r 

47/3 4.1887902 | 6.6220886 ay aed a 
fa 1.5707963 | 0.196119 ia ae 78794 at Ne 
mld 07853982 | 1. 8980899 Fh MONtS 53808 ope See a ES 
mH ©.5235988 | 1.7189986 Le ©.4342945 | 1.6377843 
7/30 ©.1047198 | ¥.0200286 T/fh | 2.3025851 | 6.3622157 
7/180 ©.0174533 | 2.2418774 sin 1° 0.0174524 | 3,2418553 
t/a 0.3183099 | T.so28sor || Sint’ | o.c002g09 | 4. 4637261 

5 5 sea iy e 
2/7 0.6366198 | F.803880r || sin 1” | 0.0000048 | 6.6855749 

180 /7 57-2957795 | 1.7581226 2 2. ©, 3010300 

10800/z | 3437-74677 | 3.5362739 Rye : 

648000/z | 206264,806 | 5.3144251 || 2_ | 1.4142136 | 0, 1505150 
1/2 | 0, 7071068 | ¥.8494850 

me 9. 8696044 4 0.9942997 ; 
1/7 ©.1013212 | I.0057003 3. 3s 064971213 
x 31.0062767 | 1.49t44096 V3 I.7320508 | 0,2385606 
1/78 6.0322516 | 2, 5085504 x/i/3 0.5773503 | ¥.7614304 


Explanation on page 39 . 


23. Decimal Equivalents of Common Fractions: 


Decimal | Logarithm||Fract.| Decimal Decimal 
NM Lg 
3/g 
5/g 
7/8 


1/42 
5/12 
7/12 
ti/j2 
1/36 
3/16 
5/16 
7/16 
8/16 
11/16 
13/16 
15/16 


.125 
375 
625 
875 
08333 
41667 
58333 
9i667 


0.03125 
0.09375 
0.15625 
0, 21875 
0. 28125 
O- 34375 
©. 40625 
0.46875 


On53z45 
9.59375 
0.65625 | Ff 
0.71875 
0.78125 
0.84375) i 
0.90625 

0.96875 


0625 
1875 
8225 
4375 


5625 
6875 
8125 


9375 
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24. Explanation and Use of the Mathematical Tables 


Arguments and Functions are the two kinds of numbers that appear in a ~ 
table, the former being the numbers for which the values of the functions 
have been computed; thus, in sin@, values of @ are arguments and those of 
sin@ are functions, In this book arguments are generally in bold-face type 
and functions in common type. An argument js at the side of the table and 
sometimes part of it is at the side and part at the top or foot; thus, when the 
veciprocal of 0.192 is sought, 0.19 is found at left-hand side and .oo2 at top, 
then 5.208 is found at the intersection of the horizontal row and the vertical 
column. InreRROLATION is the process of finding the function for an argument 
that falls between two tabular arguments. This js generally done by regarding 
the function as varying uniformly between the two adjacent tabular values. 
Hence if the given argument a is half-way between two tabular arguments a1 
and a, the required function f is the mean of the two corresponding tabular 
functions fj and fe. In general when a2 > ai and f2 > fi, the value et f for an 
argument a which lies between a and ay is 


eee 
a 


“(fp —f) or f =f —2—*(% —f) 
— a == Oy 
the first formula being preferable when a < 14 (a1 + gy), altho both are appli- 
cable for any a. Thus by Table 14 the area of a circle for diameter 2.533 is 
found to be 5.039. When the functions decrease as the arguments increase, 
jo —/fi is negativ; thus log cot 42° 17’ is found from Table 2 to be 0.0413. 


When a functiop is given and it is required to find the argument, the same process 
applies if a1,:, a2 ag be regarded as the functions and fi, J, fo as the arguments. For example, 
when a cotangent is given as 1.8501 and the angle is required, the function is seen from 
Table 3 to fall between 1.8807 and 1.8040 which correspond to the arguments 28° and 
29°; here the difference of the tabular functions is .o767 for a difference of 60’ in the 
arguments, while the difference 1.8807 — 1.8501 is 0.0306; then 306/767 = .4 and .4 X 

6o = 24, whence the required angle is 28° 24’, closely. 

_ An error of one or two units usually occurs in the last figure of a function obtained by 
interpolation, since the tabular values do not really vary in the manner supposed. An 
‘interpolated argument is liable to a similar error, and hence care should be taken not to 

extend the figures too far; in the last numerical example, however, it happens that the last 

figures should be 231. 


' Logarithms of Numbers (Tables 1 and 26). The word logarithm and its 
abbreviation log, when used without qualification, refer to a common loga- 
rithm which is defined by the equation rologn = 7. Table 1 gives the decimal 
part, or mantissa of a logarithm, while the integral part or characteristic is to 
be supplied according to the following rules. When the number is greater . 
than 1, the characteristic of its log is positiv and is one less than abe’ number 

of figures preceding the decimal point; thus, 


log 6.54 =0.81558 log 65.4=1,81558 log 654 =2.81558 log 6540 =3.81558 
When the number is less thai. 1, the characteristic of its log is negativ and is 
numerically one greater than the number of ciphers immediately following 
the decimal point, thus the four-place log of 6 is 0.7782, and 

log 0.6=%.7782 logo.o6 =2.7782 log 0.006 = 3.7782 log 0.0006 = 4.7782 


Here the mantissa is positiy, so that 3.7782 is the same as — 2 + 0.7782. 

When the given number is an integral power of ro, the mantissa is zero, so 
tlog 1000 = 3, log 100 = 2, log 10 =1, log r =o, log Q1=-1, log Rag tier ig, 
0.001 = —3, or in general log 10% Me 


. 


38 Mathematical Tables Séct.1 


Multiplication and Division of abe may be performed by the help of logarithms 
and the use of the following rules: 
To multiply a by 5, log a + log 5 = log ab 
To divide a by b, log a — log b = log a/b 
Here log a and log b are obtained from Table 1 or 26 and the above rules for the character- 
istic; then the numbers corresponding to log ab and log a/b are found from the Table. 
For example, to multiply 68.31 by 0.2754, the sum of the logs is 1.27444 and its corre- 
sponding number is 18.812, the last decimal being one unit in error. 
Powers and Roots of numbers afe most conveniently computed by logarithms and 
the use of the following rules: 


To raise a to the nth power, n log a = log a® 
: I 


: I * 
To extract the th root of a, oe log a = loga 


For example to raise 0.6831 to the 1.53 power: 1.53 X 1.83448 = —1.53 + 1.27675 = 
2.47 + 1.27675 = 3.74675 which is log of 0.55815. To find the fifth root of 0.6831: 
one-fifth of 1.83448 is 1/5 (— 5 ++ 4.83448) = 1.96690 which is log of 0.9262; or it is per- 
haps better to multiply by 0.2 instead of dividing by 5, thus 0.2 (£.83448) = 9.2 (—a 
+ 0.83448) = —0.2 + 0.16690 = —1 + 0.8 + 0.16690 = 1.96690. 

Table 2 contains logarithms of trigonometric functions to four decimal places at 
intervals of 1°, the characteristics being given. When the angle is less than 45° look for 
it on the left side and for the name of the function at the top; when greater than 45° 
look for it on the right side and for the function at the foot. In many books these 
functions are called logarithmic sines, logarithmic tangents, etc., while the charac- 
teristics are written 8 and 9 instead of 2 and i, thus requiring some multiple of ro to be 
subtracted later. Here the final logarithm of a computation is correct without such sub- 
traction; thus to compute (cos 18°) write log (cos 18°)3 = 3 log cos 18° = 7.9346, which 
is log of 0.8601. If any one wishes to use the old but illogical method, he can, in taking 
a log from a table, write 9. instead of I. and 8. instead of 2. as in Table 27. 

Table 2 gives four-place logs of trigonometric functions. The columns for Jog are 
refer to the angles exprest in radians or to the arc of the circle exprest in terms of radius 
unity. Thus for 10°, the are is 0.1745 and log arc to 10° is 1.2419; the arc of 57°.3 
is 1.0000 and log arc 57° -3 is 0.0000. The above remarks regarding characteristics should 
be noted. ‘ : 


Natural Trigonometric Functions (Arts. 3 and 28-29). Table 3 gives 
four-place functions for every degree and Tables 28-29 give five-place for 
functions for intervals of 1’ in angle. For explanation of the term arc, see 
preceding paragraph. Far rules regarding the signs of functions greater than 
go° see Sect. 12. The secant of an angle is the reciprocal of its cosine and 
cosecant is the reciprocal of sine. The logarithms of the functions in Table 3 
are given in Table 2, and those of the functions in Tables 28 and 29 are in 
Table 27. Log sec = — log cos, and log cosec = — log sin. 2 

Reciprocals, Powers, and Roots (Arts. 4-10, pp. 14-26). The arrange- 
ment of most of these is like that of a logarithmic table, the last figure of the 
argument being given at the top and foot. By properly moving the decimal 
point in both argument and function, Tables 4-8 may be used for other num- 
bers than those given. For example, reciprocals of 0.0504, 0.504, 5.04, 50.4 __ 
are 19.84, 1.984, 0.1984 0.01984 to four significant figures; square roots of — 
3.04 and 304 are 1.744 and 17.44, while those of 30.4 and 3040 are 5.514 and 
55.14. When the decimal point is moved one place in a number it is*moved 
two places in the square and three places in the cube. 


’ The Three-halves Powers in Table 9 have been taken from Horton’s Weir Experi- 
ments, Coefficients and Formulas (Water Supply and Irrigation Paper No. 200 of U. S. 
Geologicai Survey, 1907) and are here given to four decimal places only. All those which 
end in 5 in Horton’s table have been’ recomputed. : 
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Table 10 has been computed for this Handbook, the work being done in duplicate. 
To find (x0 #)5, (x0 ) WA 5) (10 n)'/: 2, and (10 n)?/ § multiply the tabular values by. roo000, 


1.5849, 316.23, and 2.5119. To find (0.1 )5, (0.1 n)'/6, (0.x n)°/2, and (0.1 n)°/> multinly 
the tabular values by 0.00001, 0.63096, 0,0031623, and 0.39811. 


Circles and Spheres (Arts. 11-17, pp. 27-33). Tables 11, 14, 16 give 
circumferences of circles, areas of circles, and volumes of spheres for diam- 
eters in units and tenths. When the decimal point is moved one place in a 
diameter, it is to be moved one place in a circumference, two places in an area, 
and three places ina volume. Thus, for diameters 1.53. and 15.3 ft, the areas 
of the circles are 1.839 and 183.9 sqft, and the volumes of the spheres are 1.875 
and 1875 cu ft. When the diameters are given in units and eighths Tables 
12, 15, 17 are to be used. : 


Table 18, which gives properties of circular segments, has been taken from Taschen- 
buch Verein Hiitte, 1905. Lengths of the arc of the segment are given in Table 3 up to 
go° and for larger angles may be found from Table 21. Example: for central angles of 
35° and 105° and a radius’r, the arcs are 0.6109 r and 1.8326 r, the chords are 0.60147 and 
1.5867 r, the rises are 0.0463 rand 0.3912 r, and the areas are 0.01864 7? and 0.4 333372. 


Areas of Spheres may be found by multiplying the circular areas in Tables 14 and 
15 by 4, since the area of a sphere is equal to that of four great circles. Thus, area of 
a sphere for diameter 1.53 is 7.356, the last figure being one unit in error. 


Miscellaneous Tables (Arts. 18-23, pp. 34-36). Table 18 gives hyper- 
bolic sines, cosines and tangents for arguments-up to 4.9. The hyperbolic. 
cotangent, coth u, may be found by taking the reciprocal of tanh w. Powers 
of the Naperian base, ¢€ = 2.71828, may be obtained by taking the sum of 
cosh % and sinh ~ when 4» is positiv and their difference when wu is negativ; 
thus, ?*® = 12.1825 and e—"5 = 0.0821. 


Naperian Logarithms, often called hyperbolic logs or natural logs, are given 
in Table 19 for numbers from zr to 119. The abbreviation Nap log desig- 
nates these, and they are defined by the equation «Nop log — y, where ¢ is 
the Naperian base 2.71828. Extended tables of Naperian logs are unneces- 
sary since they may be easily computed from common logs as shown by the 
example in Table 20. : 


! Table 21 gives multiples for computing lengths of circular arcs for any given central - 
angle. In Table 22, the symbol z represents the ratio of the circumference of a circle to 
its diameter, ¢ the base of the Naperian system of logarithms, and » the modulus of the 
common system of logarithms; 1/y is the Nap log of ro. ‘ 
Circumferences and areas of circles may be computed with accuracy to six or seven 


Significant figures by the help of the multiples of x given in Table 22 using circumference 
= md and area = mr? where d is the diameter and r the radius. 


25. Precision of Results Computed from Tables 


fs Numbers in Tables are not generally precise in the last figure, and hence 
@ lack of precision occurs in the final result of a computation. It is impor- 
tant that a computor should use the tables so as to obtain the most precise 
result and also that he should not attribute to the result a precision that does 
mot exist. In general no more than four reliable significant figures can be 
obtained from a four-place table; indeed the fourth significant figure is liable 
to an error of one-quarter of one unit. Hence the Tables 28-29 cannot 
be used for cases where six or more significant figurés are required to be 
accurately determined, but their use is limited to cases where only four or 
\ 
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five are needed. The greater part of the computations in engineering require 
only three or four significant figures to be determined with accuracy. 


The values given in tables may havea maximum error of one-half a unit in the last 
figure. Thus in Table 3 the value of sin 18° is given as 0.3090, this meaning that the 
true value lies between 0.30895 and 0.30905; in Table 28 it is given as 0.30902, this mean- 
ing that the true valué lies between o.g0g0r5 and 0.309025. When a quantity like 576.48 
sin 18° is to be computed by the four-place natural sine, the multiplication gives 178.13232, 
but the last four figures have no precision; since all that can be coneluded by the use of 
the number 0.3090 is that the result lies between 178.103498 and 178.161142. Hence the 
result of this multiplication should be written 178.1, and it should be recognized that 
the last figure may have an error of one-half a unit. When a five-place sine is used 
the numerical value of a sin 0 is liable to an error of half a unit in the fifth significant 
figure when sin 6 is taken from Table 28 without interpolation. 


An interpolated value may have double the error of a tabular value, since it is obtained 
by using the difference of two tabular values one of which may have a positiy error 
while the other may have a negativ error. Thus sin 8° 18’.5 is found from Table 28 to 
be o. 14450, this meaning that the true value lies between 0.14449 and 0.14451. Hence 
the quantity a sin @ when obtained by the multiplication of a by a sine interpolated from 
a five-place table may have an error of one unit in the fifth significant figure. All figures _ 
beyond the fifth have no precision whatever and are entirely misleading. 


The Probable Error of a number taken from a table is that error which is 
as likely as not to be exceeded. When the number is directly taken from 
the table its probable error is one-fourth of a unit in the last figure; when it is. 
obtained by interpolation its probable error is one-half of a unit in the last 

place. An interpolated value has really a probable error slightly greatet 
than that just stated; since the function does not vary uniformly between 
two tabular values as the method of interpolation implies. 


When the product of two quantities fi and fz is to be obtained by using tabular values, 
‘the product fifo may have a maximum error (fi-++/2)r and its probable error is 44(fi-++fo)r 
where 7 is half a unit in the last place when the numbers are directly taken from the table 
and ‘one unit when interpolation is made. Thus, the four-place product of 4.12? and 
7.432, when obtained by multiplying the four-place squares given in Table 5, is 936.7; 
the probable error of which.is 0.18; the last figure is here really three units in error but an 
error.so large will occur only about one time in a hundred. For cases of this kind loga+ 
rithms give more precise results; thus by four-place logs the product of 4.12?-and 7.43? 
is 937.2 where the last figure is only one unit in error; 


The quotient fi/f2 also has the probabe error 14/f1 +f2)r.. When several quantities 

’ taken from tables are combined either by direct multiplication or division, the probable 
étror of the result is 44(f +\fo+fo+ .. .)r and its maximum error may be twice as 
‘great. When logarithms are used, the probable and maximum errors are much smaller. 


Inexperienced computors sometimes, in making interpolations, use all the figures 
“obtained in the multiplication of differences, and thus carry tne work several plates 
further than the tabular values warrant. This procedure not only entails additional 
work and gives extra figures which are wholly inaccurate, but it leads the computor to 
suppose that his results have a far higher degree of precision than is actually the case, 
hence vitiating his judgment and perhaps leading to the deceit of others as well as of 
himself. The above indicates that no more significant figures should appear in inter- 
mediate work or final results than are given in the tables which are used. 


In this discussion the data of the computation are regarded as free fromi error. When 
the data are obtained by measurement, these are affected by the errors and uncertainties 
of the measurements and hence the probable errors of the computed results are greater — 
than those noted above, See Sect. 12, Art, 14, 
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INSTRUMENTS AND MAPS 
_1. Chains and Tapes "s 


The eipinedite Chain has roo links, each one foot long. Gunter’s chain, 
formerly much used in land surveys, is 66 ft in length and has roo links, each 
7-92 inches long. ‘The metric chain is 20 meters in length and has 100 links, 
each 20 centimeters long. 

Each end link is provided with a handle, the outside edge of which is the zero point. 
Every tenth link counting from either end is marked by a brass tag having one, two, three 
or four points on the tag corresponding to the number of tens of links it marks ; the middle 
of the chain is marked by a round tag. The long links are connected by two short links 
for flexibility. This introduces about 600 wearing surfaces which causes the chain to ~ 
lengthen with use. All chains should therefore be frequently compared with a Standard; 
the length is adjusted by means of a screw and nut in one handle which allows the length 
of the end link to be changed, thus putting all of the error in length into the end link. 
Chains are gradually being displaced by the heavy steel tapes which will stind rough 
usage and are not subject to change of length from wearing. 

Cloth, Metallic, and Steel Tapes are in common use. Cloth tapes stretch 
so readily that they are useless for surveying. Metallic tapes are cloth tapes 
with fine brass wires woven into them to prevent stretching. They are 
usually graduated into feet, tenths, and half-tenths and are made in lengths 
of from 25 ft to 100 ft. It is not uncommon for metallic tapes when subjected 
to rough usage and to alternate wetting and drying to become o.2 to 0.5 ft in 
error in a length of 50 ft. Metallic tapes should not be used except for 
measurement of short lines where great precision is not required. . 


Steel Tapes may be obtained in lengths up to 500 ft but the most common 
lengths are 50 ft, 100 ft and 300 ft. The shorter tapes are usually made of 
thin ribbons of steel; while the longer tapes are made heavier in cross-section _ 
so that they will withstand rougher usage and will not become kinked so readily. 
The light tapes are graduated thruout their length into feet, tenths, and 
hundredths, while the heavier tapes are generally marked only at every foot, the 
last foot on each end being divided into'tenths. In most tapes the zero point 
is at the Outer edge of the ring attached to the end of the ribbon of steel, but 
this is not always the case; some tapes are graduated so that the zero point 
comes on the tape o.2 or 0.3 ft from the end ring. Light tapes are not con- - 
yeniently handled in rough work; they become easily kinked and broken, but 
can be mended by riveting to the back of the tape a piece of an old tape of the 
same width. A new tape is wsually of standard length at 62° F. with a pull of 
12 pounds and supported thruout its length. While the steel tape varies in 
length slightly with variations in temperature and pull, still in much of the 
work of surveying it is accurate enough to use it without regard to its change 
in length, and for surveys which require great accuracy the change in length 
can be determined-and proper corrections applied to measured distances. 

Special steel tapes fitted with a thermometer and with a spring-balance handle for 
registering the amount of pull can be obtained from the manufacturers, also tapes grad- 
uated in feet and inches for, use in building construction. Pocket Steel Tapes from 3 ft 
up are very useful in the field. 

Steel tapes are broken usually by jerking them when they are looped or kinked or by 
stepping on them or allowing a vehicle to pass over them in soft ground. A tape properly 
cared for to prevent rusting and kept intact will last until the graduations are worn off. 

' To change measurements recorded in tenths and hundredths of a foot into inches and 
fractions, the following equivalents may be used: 


Decimal of Foot = ox 08 17 25 +50 75 
, Gaches = ¥%- I= a+ 3 6 9 
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Tf these ela are memorized, decimals of a foot may be quickly transposed into inches . 
as follows: 0.44 ft = 0.50 ft — 0.06 ft = 6 in — % in = 5% in. 

The Odometer is an instrument attached to a wheel of a vehicle which records the num- 
ber of revolutions the wheel makes in traversing between two given points. If the cir- 
cumference of the wheel is known the approximate distance can be computed. 

The Pedometer is an instrument which records the number of steps of a walker 
carrying it. A modern form records the distance traversed by a person carrying the 
ata it being adjusted for the length of pace of the walker. 


2. Verniers 


The Vernier is a device for determining the subdivision of the smallest 
division of a scale more accurately than can be done by simply estimating the © 
fractional part. Its accuracy depends upon the fact that one can judge more 
accurately when two lines coincide than he can estimate a fractional part of a 
space. The simplest form of vernier (Fig. 1) is used on some kinds of level- 
ing rods. It is constructed by making the entire length of the vernier equal to 
the length of 9 divisions on the scale, and subdividing this vernier length into 

' go equal parts. In this way one division on the vernier equals 
%o of a division on the scale, so that ab is %o and cd is %o of a 

' scale division. If the vernier is raised until a comes opposite b 
then the reading will be 7o1; if raised until c comes opposite d the 
reading is 702. ‘The number of the line on the vernier that coin- 
cides with some line on the scale is the number of tenths of the 
smallest division on the scale that the index point lies above the 
scale division just below it. 


Transit Verniers are usually made double, one on oe) side of 
each index, so that angles can be read in either direction. For 
transits reading to minutes the vernier scale is made by dividing 
a space equal to 29 half-degrees of arc into 30 parts, so that the 
difference in length of one division of the circle and one division 
of the vernier is equal to one minute of arc. If the vernier is 
placed so that its zero point (or the index) coincides with the 
o° mark on the circle, then the first lines on either side of the zero 
of the vernier will fail to coincide with the corresponding lines on 
the circle by just one minute, the second lines on each side of 
the zero of the vernier will fail to coincide with their correspond- 
ing marks on the circle by just 2 minutes, and so on. If the 
vernier is moved along the circle so that the first line next to 
the zero of the vernier exactly coincides with its corresponding line on the 

* circle the reading will be o° o1’; and if the vernier is moved one minute more 
the second lines will coincide and the reading will be o° 02’. Therefore in 


Fig, iL 


30 Vernier ay 


Cirele 
Fig. 2. Transit Circle with Double Vernier — 


. 


reading an angle on a transit, read the position of the vernier index on the 
circle, reading the angle in the same direction that the telescope has moved 
and estimate roughly the number of minutes the index has passed over from 


Pe. ‘ z A 
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_ the graduation next back of it on the circle, then follow along the vernier in 
the same direction and find the vernier line which coincides with some line 
on the circle and add the number of this line to the circle reading. Thus, 
Fig! 2 represents a one-minute transit circle with double yernier which reads, 
if the telescope (which always moves with the vernier) has moved clockwise, 
274° 23’. If it has moved anticlockwise it reads 85° 37’. For a one-minute 
instrument the circle is diyided into 30’ spaces and there are 30 divisions on 
the vernier; a 30-second instrument has the circle divided into 20’ spaces ~ 
with 4o divisions on the vernier; a 20-second instrument has the circle divided 
usually into 20’ spaces with 60 divisions onthe vernier; and a 10-second instru- 
ment has the circle divided into 10’ spaces with 60 divisions on the vernier. 

Single Verniers which are to be read in either direction must be numbered 
from both ends, and the index at-either one end or the other is set at 0° on 
the circle depending upon which direction the angle is to he measured. These 
single verniers are used on transits reading to 10 seconds or 20 seconds where 

a double yernier would be so long as to interfere with the:standards. Another 
type of single vernier called the FOLDED vernier is sometimes used on the 
vertical circle of transits and on alidades of plane tables. It is like any single 
vernier except that the index is the middle division of the véernier. In reading 
it, if a coincidence is not reached by passing along the vernier in the proper 
direction, it is necessary to pass to the other end of the vernier and continue 
tn the same direction, toward the center, until the coincidence is found. 

A type of yernier which reads in hundredths of a degree is used to a limited extent. 

It is claimed by some that this is particularly useful in laying out railroad curves, but its 
advantage is so slight that it is outweighed by the disadvantage of breaking away from the 


American practice of recording angles in degrees and minutes and the inconvenience in 
the use of the ordinary tables. 

Retrograde Vernier. The verniers described above are all ptRECT verniers in which 
the smallest division of the vernier is smaller than the smallest division of the cirde. The 
RETROGRADE yernier is one in which the smallest division of the vernier is larger thar the 
smallest division of the circle. It is seldom used on suryeying instruments. 


3. The Compass 

The Suryeyor’s Compass is an instrument for determining the difference 
in direction between any horizontal line and a magnetic needle. The needle 
is balanced on a pivot jn the center of a compass-box so that it can swing freely 
in a horizontal plane, the pivot being the center of a circle which is graduated 
usually to half-degrees and numbered from e° to go° in both directions from 
the N and S end,of the compass-box. The piyot and the circle are secured 
to a brass frame on which are two yertical sights placed on the line passing” 
thru the pivot and the N and § points of the compass-box. When not in use 
the needle should be kept raised from the pivot by the screw and lever pro- 
vided for that purpose so as not to dull ‘the pivot-point. The compass is. 
connected to the tripod by a ball-and-socket joint which is clamped in position” 
after the instrument has been leveled by means of two spirit leyels attached’ 

_to the frame at right angles to each. other. The frame has a spindle which 
fits into the ball-and-socket joint so that after the instrument has been leveled 
it can be swung, around in a horizontal plane. Since in*the northern hemi- 
sphere the N end of the needle if not counterbalanced would dip downward, 
a little counterweight is attached to the S end of the needle. 

To Use the Compass it is first set up over the propér point and leveled, 
and then sighted along the line whose direction is desired. Since the needle 
stands still and the box turns under it, the letters E and W on the box have 
been’ reversed from their natural position so that the reading of the needle will _ 
give the proper quadrant. To obtain the BEARING of the line in the direction 
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it is sighted it is important to follow this rule: When the N point of the com- 
pass-box is toward the station whose bearing is desired, read the N end of the 
needle (the end to which the counterbalance is not attached in northern 
hemisphere). When the § point of the box is toward the station, read the 
south end of the needle. . The term “station” as here used means any point 
on the survey line. Bearings are usually read to the nearest quarter of ‘a 
degree. The bearing looking in the opposite direction along the line is 
called the REVERSE BEARING. To avoid a parallax error the needle should be 
read by looking along the needle, not across it. t 

Precautions. Before the bearing is read-the glass should be tapped lightly over 
end of the needle to be sure that it is not touching the under cee the lass. If va 
needle appears to cling to the glass it probably indicates that the glass has become elec- 
trified, and this difficulty can be removed by placing the moistened finger on the glass. 
; Ih the use of the compass great care shquld be taken that no iron or steel is near the 
instrument to attract the needle from jts true position. The chain, pins, ax, pocket knife, 
iron wire in a stiff hat are fruitful sources of errors. Electric currents affect the needle 
so seriously that it is of little use in cities for obtaining even an approximate magnetic 
meridian. It is customary to take the forward and reverse bearing of lines so that any 
local attraction of the needle may be detected. If the bearing of AB taken from Station 
A and the bearing of BA from Station B do not agree it indicates that at either A or B 
there is local attraction. To determine at which station it exists, take the bearing of 
BC with the compass at B, and then with the compass at C determine the bearing of CB. 
If these agree it indicates that there is no local attraction at B, yen ; 

Adjustments of the Compass. (1) The bubbles are adjusted like those on the hori- 
zontal plate of a transit (Art. 4). (2) Straightening needle and centering pivot-point: 
Bent needle may be detecied by reading both N and S ends when N end is held opposite 
a given graduation, and then by reading both ends again when S end is held opposite same 
graduation; take needle out and bend it with pliers at the middle until the end reads 
the same in either position, Pivot may be centered by finding (by trial) position of maxi- 
mum difference between end readings on different parts of the circle, and then bending 
ae so that end readings agree. (3) Remagnetizing needle; ruh with a bar magnet 

1 center toward ends, using N end of magnet for S end of needle, and vice versa. 

The Pocket Compass is a hand instrument for obtaining roughly the bearing of a Hne. 
There are two kinds, the PLAIN and the prismatic. ‘The former is much like the surveyor’s 
compass, except that it has no sights. In the prismatic compass the graduations, instead 
of being on the compass-box, are on a card whiclris fastened to the needle (like a mariner’s 
compass) and which moyes with it. This compass is generally provided with sights. The 
bearing can be read, by means of a prism, at the same instant that the compass is sighted 
along the line. : 

4. The Transit and its Adjustments 


The Engineer’s Transit, a yiew of which is shqwn in Fig. 3, has two 
spindles, one inside the other, to each of which is att zched a horizontal cir- 
cular plate, the outer spindle being attached to the lower plate and the inner 
one to the upper plate. Attached to this upper plate are two standards sup- 
porting the horizontal axis of the telescope. The motion of this horizontal 
axis and of the two spindles is controlled by clamps N and M and slow-- 
Motion (tangent) screws m and m. . On the upper plate are two spirit-levels, 
which are used in leveling the instrument.. Most transits have four leveling 
screws; but those made for triangulation work usually have only three. 
When the instrument is provided with a telescope bubble and a vertical arc it 
is called an ENGINEER’S (or SURVEYOR’S) TRANSIT; if it does not have these 
attachments it is called a PLATN TRANSIT. : 

, The Telescope has two lenses cemented together for its objective, and 
@n eyepiece composed of four lenses if the instrument is an erecting transit, 

i es if inverting. An inverting instrument gives a much more illumi- 
Dated hal. Between the objectiye and the eyepiece is the cross-hair ring, 


. 


j 
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The line of sight, or line of coLtrMaTroN, is the straight line drawn thru the. 
optical center of the objective and the point of intersection of the cross-hairs. 
The adjustment of the eyepiece and of the objective So that the cross-hairs 
and image of the object can be clearly seen at the same time is called focusing. 
The MAGNIFYING POWER of a telescope is the amount by which an object is 
increased in apparent size. It is equal to tan 4% A/tan 14a (or nearly A/a), 
A being the angle subtended by the object’as seen thru the telescope and a 
the angle as seen by the unaided eye. It may be found approximately as 
follows: Hold a rod a short distance from the instrument and view it thru 
the telescope with one eye; at the same time 
look at it directly with the other eye. It 
will be noticed that one space as viewed 
thru the telescope will appear to cover 
several spaces as seen with the naked eye. 
This number is approximately the magni- 
fying power of the telescope. 

In Fig. 3 the Engincer’s Transit is shown sepa- 
rated into three parts. A is the inner spindle; B, 
outer spindle; NV, upper clamp; #, tangent screw 
for upper clamp; Jf, lower clamp; m, tangent 
screw for lower clamp;-Z, telescope vertical motion 
clamp; e, tangent screw for vertical motion; F, 
yernier; G, graduated circle; H, focusing screw 
for objective; V, vertical arc. 

Common Special Attachments are; 
(t) Diagonal or prismatic eyepiece for 
sighting high altitudes. (2) A reflector 
attached to the telescope for illuminating 
the cross-hairs when working in the dark. 
(3) A gradienter screw for measuring rates 
of grades directly. (4) Stadia hairs, which 
are two extra horizontal cross-hairs used 
in measuring distances by stadia. (5) Solar 
attachment, for determining a meridian by 
observation on the sun. i : 

By Observing a Few Important Precautions 
much of the wear of instruments and accidents to 
them can be avoided. Neither the tripod legs 
nor the shoes should be allowed to become loose. 
In taking the instrument out of its box always lift 
it by placing the hands beneath the leveling base. 
When about to move the transit from one point 
to another be sure that the four leveling screws 
are properly bearing, that the needle is lifted, and 


j ; _ any slight shock will allow motion. A water- 
proof bag should be carried at all times to cover the instrument if it rains or when the 
instrument is exposed to dust. When the transit must stand out in the rain the cap should 


that the clamps are set just firmly enough so that _ 


be put over the object glass; if water should get into the telescope, take out the eyepiece, 
cover the open end of telescope tube with cloth, and allow it todry out. Any parts of the — 


instrument that have been wet should be wiped dry, especially the vertical arc, but be care- 
ful not to touch the edges of the arcs. One should always avoid placing the hands on 


exposed graduations, as it will tarnish the metal. In cleaning the lenses use a fine | 
camel-hair #rush, and for screw threads use a stiff tooth brush and apply a very little | 


watch oil after cleaning, but do not apply oil to exposed screws. 


Important Adjustments of the Transit are: (1) to make the plane of - 


the plate bubbles perpendicular to the vertical axis of the instrument, (2) to 
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nake the line of sight perpendicular to the horizontal axis, (3) to make the 
orizontal axis perpendicular to the vertical axis of the instrument. These 
iree adjustments are made to depend on the principle of reversion, the effect 
f an error being doubled by a reversal of the instrument. Each adjustment 
hould be repeated to test its accuracy. 


(1) Adjustment of the Bubble Tubes. Bring plate bubbles in center 
f respective tubes by means of leveling screws. Turn 180° in azimuth; half 
1e apparent error in bubbles is the real error; so bring bubble half-way back 
y screws on the bubble tubes. Adjust each bubble independently. 


(2) Adjustment of the Line of Sight. First adjust the vertical cross- ~ 
air so it will lie in a plane perpendicular to the horizontal axis. Set up and 
‘vel the instrument. Leveling the instrument is not necessary for this part 
f the adjustment, but as it is an essential part of the second portion of this 
djustment it is well to level at this time. Sight the vertical hair on a well- 
efined point, clamp both plates, rotate telescope about horizontal axis. If 
joint does not appear to travel along the vertical cross-hair, loosen screws 
olding cross-hair ring, and by tapping lightly ou one screw, rotate ring until 
boye condition is fulfilled. Then tighten screws and proceed with the 
econd part of the adjustment as follows. Sight telescope at point A (200 to 
oo ft away), and clamp vertical axis; revolve telescope on horizontal axis 
nd set a point B in line of sight and same distance approximately from 
astrument as A but in the opposite direction. Points A and B should be at 
bout the same elevation. Loosen clamp, turn in azimuth and sight A again, 
lamp, revolve telescope on horizontal axis and set point C in line of sight 
yeside point B. Mark or note a point D one-fourth the distance between 
>and B measured from C. To adjust, move the cross-hair ring until D is 

thted by loosening the screw on one side of the telescope and tightening that 
posite. If the transit has an erecting eyepiece move the ring in the direction 
to C; if an inverting eyepiece, move ring in the same direction C to D. 


(3) Adjustment of the Standards. Set up and level the transit. Sight 
m some high point A and clamp vertical axis. Lower telescope and set 
joint B in line of sight about level with telescope. Reverse telescope and 
urn in azimuth 180° and sight on B and clamp. Raise telescope until point 
4 is visible and note point C in line of sight and at same height at A. If C 
loes not fall on A, loosen pivot cap screws at adjustable end of horizontal 
uxis and raise or lower the end of the axis by means of capstan-headed screw 
inder axis. The adjusting screw should be brought into position by a right- 
aand turn, otherwise the block on which the horizontal axis rests may stick 
and not follow the screw. The cap screws should then be tightened just 
enough to avoid looseness of the bearing.” 


If the instrument is badly out of adjustment it is better to bring it as a whole gradually 
into adjustment rather than to attempt to completely adjust one part at a time. In this 
way the adjustment of one part will nof disturb the preceding adjustments, the parts are 
hot subjected to strains, and the instrument will remain in adjustment longer. 


‘To Adjust the Vernier of the Vertical Circle so it will read o° when the telescope 
bble is in the center, loosen the screws holding the vernier, and tap lightly until the 
coincide. This adjustment eliminates index correction in measuring vertical angles, 
ed the line of sight is parallel to the bubble tube. 


To Adjust the Cbjective Slide so it will move parallel to the line of sight. Adjust the 
of sight as described under (2) above, but use very distant objects, then’ at this 
r using points very near by, and if in this last test there is an apparen{ 
of, it indicates that the objective slide does not move parallel to the line of sight. The 
is made by moving the adjusting screws of the objective slide so as to appats 
ease the error, one-quarter of the apparent error. Then test adjustment of lig 


\ 
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of sight again by using distant points. The adjustments of the objective slide, eenterin 
the eyepiece tube, centering the circles are usually done by the instrument makers. . 
To Eliminate Effects of Errors in Adjustment and still obtain accy 
tate results the instrument mist be used as follows. To avoid errors in th 
plate bubble, level up, turn 180° in azimuth and bring bubbles half-way bac 
by means of leveling screws. This makes the vertical axis truly vertical, an 
the bubbles should remaiti in the same parts of their respective tubes as th 
instrument is turned about vertical axis. Errors in line of sight and horizonts 
axis are avoided by using the instrument with telescope in its direct and thei 
in its reversed position and taking the mean of the results, whether the worl 
' i8 ruhning lines of measuring angles. Errors of eccentricity are eliminate: 
by taking the mean of the readings of the two opposite verniers, and errors o 
graduation of the circle até nearly eliminated by reading the angle in differen 
parts of the circle or by measurifig the angle by répetition. Where only on 
vernier is read in determining an angle always read the one that was set. 


5. The Solar Attachment 


The Solar Attachment is a small instriiment sometimes attached to. 
transit and With which a true meridian can be established by observation. ot 
the sun. -The commonest form of solar attachment (SAEGMULLER’S) consist 
of 4 small axis called the polar axis attached at right angles to the telescop 
and to its horizontal axis, and ofi Which is mounted a small telescope. Aniothe 
form of solar attachment (Burt's) has the small telescope replaced by a len 
atid a screen on which the suii’s imagé can be thrown. This instrument 
provided with a special art for setting off the stin’s declination. 

Astronomic Terms. In Fig. 4, which represents half of a celestial sphert 
the circle NWSE is the observet’s horizon, SZPN is the obsérver’s meridia 


Fig. 4. Celestial Sphere 


(a vertical circle thru the pole). The citcle EQW is the celestial equator, an 
AMB, parallel to the equator, is a parallel of declination, or the path of th 
Sin on a certain day. The sun’s DECLINATION is its angular distance nort 
or south of the equator, or arc OT; it is + when north and — when sow 

The POLAR DISTANCE of the sun is the complement of the declination, 
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arc OP; when the declination is minus (in winter) the polar distance is more 
than 90°. If the polar axis points toward the pole, the sinall telescope can be 
made to follow the sun’s daily path by giving it an inclination to the polar axis 
equal to the sun’s polar distance and then revolving it about the polar axis. . 


_ To Bind the True Meridian by an observation on the sun with a 
Saegmuller solar: (1) Make the angle between the polar axis and the solar 
telescope equal to the sun’s polar distance at the time of the observation. 
This is done by turning the solar telescope into the same plane as the main 
telescope by-sighting both oh some distant object, and then making the angle 
between the two telescopes éqtial to the sun’s declination.’ Incline the main 
telescope until the reading of the vertical circle equals the declination, arid 
clamp; then level the solar telescope by means of the attached level. Thé 
angle between the polar axis and the solar telescope is then 90° plus or minus 
the reading of the vertical circle. ; 

(2) By means of the vertical circle of the transit incline the polar axis to 
the vertical by an angle equal to the colatitude of the place, which is 90° 
minus the latitude. The polar axis will then have the same angle of elevation . 
as the celestial pole. 

(3) If the observation is in the foretioon, place the solar telescope on the 
left of the main telescope (on the-right if in the afternoon); then, by moving 
the whole instriimerit about the vertical axis and the solar telescope about the 
polar axis, point the solar telescope at the sun. The sun’s image is brought 
to the center of the square which is formed by four cross-hairs in the solar 
telescope. The final setting is made by the tangent screw controlling the hori- 

_ zontal motion of the transit and the one controlling the motion of the solar 
about the polar axis, Only one position can be found where the solar tele- 
scope will point to the sun. In this position the vertical axis points to the 
genith, the polar axis to the pole, and the solar telescope to the suns Since 
the solar telescope is pointing to the sun the main telescope must be in -the 
plane of the meridian. [If all of the work has been correctly done it will be 
observed that the sun’s image will remain between the cross-hairs set parallcl 
to the equator, and therefore the sun can be followed in its path by a motion 
of the solar telescope alone revolving about the polar axis. If it is necessary 
to move the instrument about the vertical axis to point the solar telescope 

_ again at the sun, this shows that the main telescope was not truly in the 

* meridian. For good results observations should not be made near noon, 
or near sunrise or sunset when the altitude is less than 10°. 

‘The Sun’s Polar Distance may be obtained from the ‘tAmerican Ephemeris and 
Nautica! Almanac,” published by the Government. ‘The polar distance is not given 
directly, but its complement, the sun’s apparent declination, is given for each day and 
for e instant of Greenwich Mcan Noon, as well as the rate of change of the declination, ar 

ifference for 1 hour. In order to use this for any given locality, it is first necessary to 
find the local or the standard time corresponding to mean noon of Greenwich. In the 
United States, where stanparp true is used, the relation to Greenwich time is very 
simple. In the Eastern time belt the time is exactly 5 hours earliér than at Greenwich; 
in the Central, 6 houts earlier; in the Mountain, 7 hours earlier; in the Pacific, 8 houts 
#. Ifa cértdin declination corresponds to’ Grteriwich mean noon, then the samé 

- @eclination corresponds to 7 A.M. in the Eastern belt or 6 Aas. in the Central belt, etc, 
The declination for any subsequent hour of the day may be found by adding (algebra- 
ically) the difference for x hour multiplied by the number of hours elapsed, Declinations 
“m: 1 North must be regarded as positiv and those matked South as negativ. An 
examination of the values of the declination for successive days will show which way the 
Correction is to bé applied. It will be tiseful also tq remembet that the declination is o? 
‘about March at, and increases until about June 22, when it is approximately 23°27’ North; 

iit then decreases, passing the o° point about September 22, until about December az, 

4 when it is approximately 23° 27’ South; it then goes North and is o° on March ar. 


i ? 
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Atmospheric Refraction. After the correct declination is found it has still to be cor- 
rected for refraction of the atmosphere. The effect of refraction is to make the sun appear 
higher up in the sky than it actually is. In the northern hemisphere, when the declination” 
is North this correction must be added, when South, subtracted; or algebraically it is 
always added. The amount of refraction can readily be found by ComstocK’s METHOD 
as follows. Set the vertical hair on one edge (or limb) of the sun and note the instant by 
a watch. Set the vernier of plate ro’ ahead and note the time when the same edge meets 
the cross-hair. If # is the number of seconds of time between the observations and h is. 
the altitude in degrees, then the refraction in minutes equals 2000//im approximately. 

The Colatitude which must be set off on the vertical circle may be obtained from a 
map, or may be determined by an observation as follows. Set off the sun’s declination 
for noon, as for any other observation, the two telescopes being in the same vertical plane, 
and point the small telescope at the sun. By varying the angle of elevation of the main 
telescope, keep the solar telescope pointing at the sun until the maximum altitude is reached. 
The angle read on the vertical circle is the colatitude. This observation necessarily 
comes near noon, but in order to be sure of the maximum altitude it is necessary to begin 
the observation some time before noon, for the maximum does not occur at exactly apparent 
noon because the declination is continually changing, the interval between apparent and 

_ Standard noon may not be known, and the watch may not be exactly right. 


6. The Level and its Adjustments 


A Level Instrument is a telescope with a delicate spirit-level attached 
to it so that when the bubble is in the center the line of sight is horizontal, 
or tangent to a level surface, which is a curve every point_of which is per- 
pendicular to the direction of gravity. The two common types are the WYE 
and the pumpy levels. In both of these instruments the telescope i is mounted 
on a vertical axis about which the telescope can swing, and is leveled by | 
means of four leveling screws. 

In the Wye Level the spirit-level is attached to the telescope which rests 
in two Y-shaped supports, which in turn are fastened to a horizontal bar to 
which the vertical axis is attached. The telescope can be taken out of the Y’s, 
turned end for end and replaced, when testing the bubble for adjustment. 

The Dumpy Level has its vertical axis, the horizontal bar and the sup- 
ports of the telescope all in one piece, to which the spirit-level is attached. 
The dumpy level will stand much rougher usage than the wye level, has fewer 
wearing parts and allows of fully as precise work. Practically the only 
advantage the wye level has over the dumpy is that the adjustment of the line 
of sight can be a little more conveniently tested. ‘The precautions in use of 
the level and its care are similar to those described for the transit in Art. 4. 

The Locke Hand Level is simply a_metal tube with plain glass covers at its ends and 
with a small spirit-level on top. When looking thru the tube the bubble is seen on one 
side of the tube in a mirror thru a Jens; on the other side the landscape is viewed. When 
the bubble is in the center of the tube the observer can note where the horizontal line 
which appears in the center of the bubble tube cuts a rod and in this way do approximate 
leveling (see Art. 28). 

Principal Adjustments of the Wye Level are: (1) to make the line of 
sight coincide with the axis of the pivots, or parallel to it, (2) to make the 
line of sight and axis of bubble tube parallel, (3) to make the axis of the bubble 
tube perpendicular to the vertical axis. As in the transit instrument, miost - 
of the adjustments depend upon the principle of reversion. 

(t) Adjustment of Line of Sight. First make the horizontal cross-hair 
truly horizontal when the instrument is level. This adjustment is tested by” 
- sighting, after leveling, on a point and noting if the cross-hair appears to 
remain on the point as the telescope is revolved about its vertical axis. If an 
adjustment is necessary it is done by rotating the cross-hair ring as described ~ 
in the case of the second adjustment of the transit. After this adjustment ig 


. 
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made loosen the clips which hold the telescope in the wyes. Sight the inter- 
section of the cross-hairs at a point and clamp. Rotate the telescope 180° in 
wyes. If the cross-hairs do not remain on the point they must be moved half- 
way back to the point by means of screws on the cross-hair ring, each cross-hair 
being adjusted separatély by means of its proper ring screws. 

(2) Adjustment of Bubble by Indirect Method. Bring the bubble in 
the center of its tube and clamp in that position. Rotate telescope in wyes a 
few degrees around its horizontal axis; if the bubble moves, correct the entire 


“error by means of the horizontal capstan screws at one end of the bubble tube. © 


Then clamp the telescope over a pair of leveling screws and bring the bubble 
into the center of the tube, lift the telescope from the wyes, turn it end for 
end, and replace in the wyes without jarring the instrument. Correct half 
the apparent error by the vertical adjusting screw of the bubble tube. 

(3) Adjustment of the Wyes. Level the instrument, then bring the 
bubble exactly to the middle over a pair of leveling screws. Then turn the 
telescope 180° about its vertical axis and correct half the apparent error by 
means of the adjusting screw of the wye support. Since the bubble is brought 


to the center of the tube at cach rod-reading this last adjustment in no way | 


affects the accuracy of the leveling work but is a convenience. 

The Adjustments of the Dumpy Level are the same in purpose as for the 
wye level, but are, owing to the construction of the instrument, done in a 
different order and by a different procedure in some cases. They are: (1) to 
make the horizontal cross-hair truly ‘horizontal when the instrument is level, 
(2) to make the axis of the bubble tube perpendicular to the vertical axis, 
(3) to make the line of sight parallel to the axis of the bubble. 

(t) The Adjustment of the Cross-Hairs is done as described under the 
first adjustment of the wye level. : 

(2) Adjustment of Bubble Tube. Level the instrument and carefully 


center the bubble over a pair of leveling screws. Turn the telescope 180° in © 


azimuth and correct half the apparent error in the bubble by means of the 
adjusting screws of the level tube. 
(3) Adjustment of Line of Sight by Direct or ‘Peg’ Method. 


Select points A and B 200 ft or more apart. Set-up the level beside A so . 


that when a rod is held on A the eyepiece will swing and just clear the rod. 
Look through the telescope wrong end to at the rod and find the reading 
opposite the center of the field. Turn ‘the telescope toward B and take a rod- 
reading in the usual manner, being sure that the bubble is in the middle of 
the tube. Then set up the level at B and repeat the above operation. These 
‘two sets of observations give two independent determinations of the difference 
in elevation between the two points. The true difference in elevation is the 
‘mean of these two results. Leaving the instrument at B, set the rod at A 
‘so that it will read the height the instrument is above B. plus or minus the 
true difference in elevation between A and B. Then if the level is sighted 
on the target of the rod it will define a level line. While the bubble is in the 
center of its tube the line of sight should be brought to coincide with the 
target by moving the cross-hair ring by means of its adjusting screws. The 
Wing example illustrates the method: : 


Anstrument at Sta. 4 : Instrument at Sta. B. 
Rod-reading on Sta. 4 = 3.971 Rod-reading on Sta. B = 5.064 
Rod-reading on Sta. B = 4.937 Rod-reading on Sta. A = 4.036 
_ Diff. in elev. of A and B = 0.966 Diff. in elev. of Band A = 1.028 


Mean of two dif.in elev. = 14 (0.966 + 1.028) = 0.997, true diff. in elev. 
Mnstrument is now 5.064 above Sta. B. 
” Rod-reading on Sta. A should be 5,064 — 0.997 = 4.067 to give a level sight. 


= 


§2 ; Instruments and Maps — Sect. 2 


This “ peg!? adjustment may be used for adjusting the line of sight of fia wye level 
except that in the wye level after the target at A has been’ set at the correct’ elevation to 
defiue a level line the line of sight is made to coincide with the target by means of the 

_ leveling screws and then the bubble i is brought to its mid position by means of its adjusting 
screws. This ‘‘peg’’ adjustment is also used for the hand level. In using the “ “peg” 
method for transits the adjustment may be made either by moving the cross-hair ring or 
by moving one end of the level tube. If the cross-hair is moyed the adjustment of the line 
of collimation must be tested; if the bubble tube is moved the vertical arc must be adjusted. . 

To eliminate the effect of errors in adjustment of the line of sight, of the bubble tube or, 
the wyes the observer must be sure that the bubble is in the center of the tube at the instant 
that the rod is read, and the length of the backsights and foresights should be made equal. 


7. Leveling Rods 


Two General Types of Rods, TARGET and SELF-READING, are in common 
use. ‘The target rods are read only by the rodman, while the self-reading rods 
are read directly by the levelman. The commonest forms of target rod are . 
the Boston, the New York and the Philadelphia Tods ; the latter may be used 

also asa a¢li-reading rod. 


The Boston Rod is an extension target rad made of two strips one of 
which slides in a groove in the other, and provided with clamps to hold the 
two parts in any desired position. ‘There is a scale on each side of the rod 
graduated to hundredths of a foot, each scale being provided with a vernier 
for reading to thousandths of a foot. The target is fastened to one of the- 
strips, the other one is held on the ground and the target strip raised to the 
proper reading, the highest reading being ’5.8 ft; these are called “short red- 
readings.” For “long rod-readings”’ the rod is turned end for end and the 
target strip is raised, its-highest reading being 11.4 ft, A serious objection 
to this kind of rod is that in reversing it any error in the position of the target 
with reference to the zero of the scale is doubled. 

The New York Rod has two strips arranged similarly to those of the Boston 
rod, but the circular target is movable, and for short rod the target is moyed 
up and down on the rod, the seale graduated to hundredths being in the face of 
the rod; it is read by means of a vernier on the target, The scale for long 
rod is on the side of one of the strips and the yernier is on the other strip, 
When used as a long rod the target is clamped to the face of the rod at the 
reading corresponding to the lowest reading on the side scale; then fhs target 
is raised just as in the Boston rode 


- The Philadelphia Rod is marked on, its face thruout its entire length 
(extended) with red numbers to designate the feet and black numbers for the 
tenths so that it can be used as a self-reading rod. The red figures are o.1 ft 

- high and the black figures 0,06 ft. When it is used as a target rod, it is 
operated just as’ the New York rod; the only difference being that the short 
scales at the center of the meta’ target.and on the back of the rod (for long 
rod- -readings) are not verniers, but these scales are graduated to o 1005 ft pad 
are used in estimating the readings to thousandths of a foot, 

Special Designs of self-reading rods are in use, the figures on the face being asa rule 
made of some définite height (0.06 or 0.08 ft) and of a thickness of o.or or 0.02 ft to aid 
inestimating the readings. Some of these rods are in three parts, giving an extended length , 
of 16 ft, In nearly eyery respect self-reading rods are preferable to target rods. 

The Tape-rod is a wooden rod made in one piece with a metal roller near each end 
around which is a continuous moyable steel band 20 ft long and about o.1 ft wide, on the 
outside of which the scale i is painted so that it can be used as a self-reading rod; the ae 
has a clamp to fasten it to the rod at any desired position. Unlike the ordinary 
scale reads down instead of up. In using this rod the band is set so that the level sit 
the reading of the elevation of the bench-mark, For example, if the B.M. clevatio 
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£42.36 the band is moved and claniped So that the level sights 12.36 on the scale, When 
the rod is held at dny other point the rod-reading plus 130 gives the elevation of the point. 
Such a rod is of zreat convenience in cross-section work. 

Self-reading Rods for Precise Leveling are used hy the U.S. Coast and Geodetic 
Survey and are made of single pieces of wood soaked in paraffin to prevent changes in 
length due to moisture; metal plugs are inserted at equal distances to detect any changes 
in length. The rod is divided into centimeters painted alternately black and white. The - 
U.S. Geological Survey and other government surveys use similar rods for precise leveling 
(Art. 25). For plumbing the rod in precise work special devices are used such as spitit- 
Jevels attached to brass angles or watch levels held on the corner of the rod. 


‘8. Drafting Instruments and their Uses 


It is Assumed that the reader is familiar with thé ofdinary drafting es eae only 
a few of the more uncommon will be described. 

The Pantograph is a jointed framework of several pieces (or arms) of 
wood or metal so joined as to form a parallelogram; and used for enlarging 
or reducing maps. It-résts upon three points, one of which, A, is fixt and the 
other two, B and C, are movable. There are other bearing points but they 
simply support the instrument and are not essential to its principle. The 
two movable points B and C are in such positions that they will trace exactly 
Similar figures, so that the instrument is used for copying plans either to the 
same or different scales, which latter is accomplished by varying the positions 
of the points B and C on the arms. Thus two points B and C can be attached 
fo their respective arms at any desired position, but the essential condition 
4s that A, B, and C shall lie in a straight line and each of the three points must 
be attached to one of three different sides (or sides produced) of the parallelo- 
@ram. Any one of the three points can be the fixt poiht: These instruments 
are usually provided with scales on the arms indicating the proper settings 
a various reductions or enlargerments. Because of lost motion in the 

fits Very accurate results cannot as a tule be reached, but the best metal 
pantographs are sufficiently accurate for most topographical maps. - 

' The Pi.nimeter is an instrument for determining the area of a figure by 
moving the traci:.g point, of the instrument around the perimeter of the plottéd 
area however irregular ifs shape. ‘The most common form is the AMSLER 
POLAR PLANIMETER, which has two arms, one fixt in length, at the end of 
ich is the anchor point which has a needle point to attach the instrument 

to the paper. The length of the other arin, the tracing arm, can be changed 
to give results in different units, At the end of the trdcing arm is a point 
which is moved along the outline of the area to be meastited. This ari 
passes thru a collar to which the fixt arm is attached by a pivot. Connected 
with this collar is a gradtiated wheel which, together with a little disk which 
records the revolution of the wheel, gives the area in units depending upon 
the length of the movable arm. The planimeter rests on three points, the 
anchor, the tracing pot and the periphery of the wheel. To measure an 
area, press the anchor point into the paper at a position outside of the perim+ 
éter of the figure, if it is not too large, and start the ttacer from a definite 
joint on the periphery of the atea, preferably stich as will briny the two arms 
xi tely at right angles to ‘each offier.’ Read the disk, wheel and its 

f, giving four figures. The tracing point is then moved carefully 
around the outline of the area until the starting point is again reached, when 
» disk and wheel are again read. The difference of the two readings gives 
area ih the unit depending upon the length of the movable arm: The 
fing of the scale marked on the movable atm for different tits is given by 
‘maket. Tf the area is so large that the anchor poiiit cannot be set outside 
limits it can be divided into smaller parcels and the area of each deter- 
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mined separately; or the anchor can be placed inside the area provided the 
area of a CORRECTION CIRCLE is added to the result, which value is also given 
by the maker. Results correct to within one biped! may be easily obtained 
with this instrument. 

The Rolling Planimeter is not anchored to he drawing. It has a tracing point at the 
end of an adjustable pivoted arm which is fastened to a frame supported on two rollers. 
The whole instrument is rolled forward and backward in a straight line while the tracing 
Point traverses the outline of the area. Results correct té a tenth of one percent are 
easily reached with this instrument. The rolling planimeter is much more expensive 
than the polar planimeter. : 

The Three-armed Protractor is used to solve the “three-point problem”’ graphically, 
It is similar to the ordinary protractor except that it has three arms, the middle one fixed 
at o° of the circle and the other two movable. On either side of the o° point angles can 
be laid off. - lf a point is located by two angles taken between signals A and B and between 
B and C this point sought can be located by laying off the two angles one on either side 
of the zero point of the protractor and then moving the instrument about on the plan until 
the plotted points A, B, and C lie on the beveled edges of their respective arms. When 
this position is found the center of the protractor locates the point sought. 


9. Drawing Papers and Blueprinting 


Drawing Papers for Working Plans are of all grades from manila 
detail paper, which costs about 10 cents per yard; to weli-seasoned mounted 
paper, which will not change greatly with changes in moisture, and which 
costs from $0.75 to $2.00 per yd, depending upon the width and quality. 
Mounted paper comes in 10, 20 and 30-yd rolls and in widths of 36, 42, 58, 62 
and 72 inches. The best grades of drawing papers can also be obtained 
in sheets, either plain or mounted; the common sizes are Demy, 15 by 203; 
Medium, 17 by 22; Royal, 19 by 24; Super Royal, 19 by 27; Imperial, 22 by 30; 
Double Elephant, 27 by 40; Antiquarian, 31 by 53 inches. 

Transparent Paper, similar to bond paper, .is used largely for studies and 
for temporary copies of plans. But for more permanent copies tracing cloth 
isused. Tracing paper comes in sheets of the same standard sizes as mounted 
paper; it also comes in ro and 20 yd rolls and in widths 21, 24, 27, 59, 36, 40, 
42, 48 and 54 inches, which cost from 5 to 25 cents per yard. 

Tracing Cloth is a very uniform quality of cotton coated with a prepara- 
tion to make it transparent. This material is manufactured in 24-yd rolls in 
widths 30, 36, 38, 42, 48 and 54 in, and costs from 35 to.85 cents per yd. 
Most tracing cloth has to\be rubbed with powdered chalk before it will take 
ink. It has a smooth and a rough side; most draftsmen prefer to work on the 
rough side because it will take pencil lines and will not show erasures as 
much as the smooth side when process prints are made from them. In mak- 
ing a tracing of another tracing place white paper under the under tracing. 
From one tracing any number of process prints can be made. 

Cross-section and Profile Papers can be procured with colored: lines, 
both on heavy paper and on transparent paper or cloth. Cross-section paper 
is printed in orange, green, red, blue and black in sheets 16 by 20 and 17 by 22 - 
in, and also on smaller sheets called “coordinate paper.” Cross-section. 
papers can be procured in zo and 50 yd rolls with the engraving 20 and 3o in 
wide, and also in metric uniis 50 cm and 75 cm wide. Profile papers are 
printed in green, orange and red in three scales, called Plates A, B, and C. 


Plate A has 4 spaces horizontally to the inch and 20 vertically; Plate B has 4 


horizontally and.3o vertically; and Plate C has 5 horizontally and 25 vertically. ~ 
This material is mostly manufactured in 20 and 50 yd rolls with the engray- 
ing 9, 10 and 20 in wide and costs from 12 to 25 cents per yd on paper = 
50 to 75 cents a we on tracing cloth, 
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Blueprint Paper is the most common of the process papers. It isa . 
‘white paper coated on one side with a solution which is sensitive to light. 
When fresh it has a yellowish green color. ‘The following is a formula for 
this-solution; solution (a) citrate of iron and ammonia 1 part (by weight) to 
'5 parts of water; solution (b) red prussiate of potash (recrystallized), x part 
(by weight) to 5 parts of water. These two solutions should be mixt in 
equal parts in the dark or in subdued light. The mixt, solution is applied 
to the papér by means of a flat brush or sponge in a dark room or in subdued 
light, care being taken to coat the paper uniformly. ‘Then the paper is hung 
in a dark room to dry and is stored there until used. The above coating will 
require an exposure of about 5 minutes in bright sunlight; for quick printing 
paper use a larger proportion of citrate of iron and ammonia. Prepared 
blueprint paper and cloth can be procured in 10 and 50 yd rolls in widths 
24, 30, 36, 42 and 54 inches. The paper costs from 15 to 25 cents and the 
cloth 30 to 60 cents per yd. In making the print expose the tracing in a 

_ printing frame (with the blueprint paper under it) to the sunlight a proper 
length of time depending upon the sensitiveness of the paper and the bril- 
_ lianey of the light. ‘Then remove the paper and wash thoroughly in water. 

Great care should be exercised so that the tracing may not become wet, for it 

is impossible to eradicate such spots on tracing cloth. 

_Vandyke Paper is a sensitized paper which is printed in the same manner as blueprint 
paper, except that the tracing is put into the frame with the ink lines adjacent to the 
Sensitive side of thé paper. After an exposure of about 5 minutes in bright sunlight the 

print is washt for about 5 minutes in clear water and then put into a solution of half an 

’ ounce of hyposulphite of soda to a quart of water. It is left in this solution about 5 minutes 

_ and then put into clear water again for 20 minutes. This process gives a negativ of the 
drawing, a dark brown paper with white transparent portions where the ink lines of the 
tracing covered the paper in printing. ‘This Vandyke print can then be used like a tracing 
to make other positiy prints on Vandyke paper, giving brown lines on white background, 
or to make blueprints with blue lines and white background. This paper can be obtained 
in to and 50 yd rolls and in widths 30, 36 and 42 inches; it costs from 20 to 30 cents a yard. 

' BLACKPRINT PAPERS are used to some extent; they require a chemical developing bath, 
and give a black-line copy of the original: 

Blueprinting Machines, equipped with a brilliant artificial light, so that the prints may 
be made at any time of day or night, are now somewhat common. In one of the best types 
several horizontal rollers are provided, with the light so arranged that.as the tracing and 
blueprint paper pass from one roller to another the exposure is made. The speed of the 
machine is controllable and the length of the tracing that can be printed is limited only 
_ bythe length of the roll of blueprint paper; thus long plans or profiles can be printed without 
_ the necessity of frequent splicing which is required with other types of printing frame; 
rmore the print is of uniform color thruout. Some machines are provided with an. 

peereratiis for weshike and drying the prints as fast as they come out. 


10. ‘Methods of Plotting Traverses 


The. Precision of Plotting depends upon the purpose of the survey. It 

_ it has been made simply to produce a map the angles may be laid off by 
ns of a protractor and the distances scaled, but it is advisable to plot the 
ulation system or the traverses on which the entire survey is based by a 
exact method, leaving the details only to be plotted with protractor and 
A traverse that is closed in the field should close on the plan; any 
r of closure in the plot indicates an error in scaling some distance or in 
‘off an angle, one or both. The bearing of each line of the traverse 
always be computed from the bearing of some one line, assumed to be 
t, and then any line can be extended till it meets the plotted meridian 
‘its direction checked independently. Such checks are absolutely neces- 
pif the traverse is not closed; an“ also the scaling of each line of the traverse 


on : 
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should be checked. But in the case of a closed traverse, if it closes on the plan, 
it is a good indication that it has been accurately plotted. 

Plotting by Rectangular Coordinates is a common method for accu- 
rate results. It consists in referring all the angle points in the traverse to a 
pair of coordinate axes; for convenience these axes are the same ones used 
in calculating the area if the latter is required. The advantages of this. 
method are that each point is plotted independently of the others, that all 
plotting is done by means of the scale only and that the plotting can be readily 
checked. First, compute the ordinate and abscissa, called TOTAL LATITUDE 
and TOTAL DEPARTURE, of each angle point of the traverse (Art. 16). Ifa 
meridian thru the most westerly point and a perpendicular thru the most 
southerly point are chosen for axes there will be no negativ ordinates or 
abscissas, for east departures and north latitudes are always regarded plus 
values. The total latitude of any point is the algebraic sum of all the lati- 
tudes of the intervening courses beginning with the most southerly point, and 
similarly for the total departure but beginning with the most westerly point. 
Construct a rectangle whose height equals the difference in latitude of the 
most northerly and southerly points and whose width equals the difference 
in departure of the most westerly and easterly points. This rectangle 
should be plotted very accurately by straight-edge and reliable triangles or 
by use of a beam compass, and checked by scaling the diagonals. To plot any 
point, lay off its total latitude on both the easterly and westerly sides of the 
rectangle from the southerly side. The point will lie on a line connecting 
these two points. Along this line scale off the total departure of the point, 
thus plotting the position of the point. Similarly all of the other points are 
plotted. To check a plot of this character scale the lengths of the traverse 
lines. This method is particularly useful in plotting closed traverses where 

' the traverse encloses a field whose area is desired, for in this case the latitude 
and departure of the courses have to be computed in determining the area; 
but in the case of traverses that do not close the Tangent Method or the 
Chord Method i is generally preferable. __ 

The Tangent Method consists in laying off the angles by constructing at each vertex a 
tight triangle whose base is ro inches, or any other unit, and whose other legis the natural 
tangent of the angle laid off in the same unit as the base. The traverse should first be 


Fig. 5 


roughly plotted with protractor and scale so as to determine its extent and shape and so 
that the first line of the plot can be laid in its proper place on the paper. ‘This first line, 
AB (Fig. 5), is then drawn to the proper scale. The forward end is extended, say xo in, 
at which point f a perpendicular is erected by using triangles. On this perpendicular the 

natural tangent jg of the deflection angle is scaled off and line Bg is drawn, This gives 
the. direction of the second line of the traverse on which the proper length BC is laid off, 
which is in turn extended ro in further to form the base of a new right triangle in which 
the acute angle Cj will be the deflection angle measured at that station. To check such 
a traverse, calculate the hearing of all the lines referred to any line as a meridian and draw 
such a meridian line accurately by plotting the bearing angle kA» from the first line by 
the tangent method. Then draw a line Cp parallel to this meridian line so that it will 
intersect the course Cj whose direction is to be checked, and measure the angle between 
this course and the meridia by laying off a 10-inch base and erecting a Perpendicular rs 
and scaling rs to determine the tangent of the angle pCj. . 
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When the angle much exceeds 45° it is more accurate to plot the complement of the 
deflection angle rather than the angle itself, in which case a right angle is erected at the 
station point and. this is used as the base of the right triangle; in such a case and thruout 
this method it is important that the triangles used shall be true. 

In the Chord Method of plotting a trayerse the angles are laid off by scaling off a chord 
across an arc so that it will subtend the required angle at the center of the arc. . In detail, 
plot the first line AB to scale (Fig. 6). With Bas a center swing an arc with radius of 
saytoin. Extend AB till it cuts the arc at f, from which point scale off the chord fg along’ 
the arc in the proper direction. Chords for different anglés have been published, but any 
natural sine table is practically as convenient, since the chord distance equals twice the 


yh ae Fig. 6 ; 
sine distance of half the angle.. The necessity for multiplying by 20 can be avoided by 
plotting the natural sine of half the angle directly with a scale of 10 ft to an inch, while 
the radius is sealed with a 20-ft scale. The direction of any course Cs may be checked by 
calculating the bearings of all ‘the lines and measuring the angle between a meridian line 
7C and the course in question Cs by drawing an arc rs as in plotting the angle, measuring 
the chord rs and finding the angle rCs corresponding. 

For Maps of Large Areas, such as a state or portion of a country, it is not sufficjently 
accurate to draw the meridians and parallels.of latitude as rectangles. The most common 
form of projection used is the POLYCONIC, in which the surface of the sphere representing 
the earth is deyeloped on a series of cones. In the U.S, Coast Survey Report for 1884, 
Appendix No, 6, p. 135, is a table giving coordinates of curyature for plotting the 
| aime of latitude and meridian lines for this projection. 


11. Finishing the Plan 


The Style of a Drawing and the data which it should give depend 
upon the use to which it is to be put. On every plan, however, there should 
be a complete title which should be a brief description of the drawing, the. 
owner’s name, the location of property, the scale, the date of the survey, the 
Surveyor’s name and address. Besides these, if the plan is a land plan, a 
meridian line should be drawn and some designation as to whether it is the 
true or magnetic meridian, the limits of abutting property and the names of 
their present owners. Notes are frequently added to give such further infor- 

\ation as is necessary for a: correct interpretation of the plan. All essential 
a. are lettered in their proper places. In the case of a land plan the 
area is usually expressed in square feet or acres and lettered in the middle of 
the parcel; the lengths of the sides are lettered in the middle of each line, and 
sometimes the bearings of each side or the angles between them are given, also 
any stone bounds, iron pipes or other physical boundaries which may exist are 
tepresented by abbreviations such as S.B. for stone bound, I.P. for iron pipe, 
om t spike, and stk. for stake. It is the practice of most surveyors to omit 


7 


m the plan the calculated bearings of the lines or the angles. ‘The bear. 

is or angles are frequently of no use to the owner, but they are of great 
value to any other surveyor who may haye occasion to rerun the lines "of the 
ty, and to fail to give them on the plan is in some instances at least 
withholding data for which the owner of the property has paid and to which . 
he is rightfully entitled.“ Oftentimes the fact that the angles have been omitted 

m a drawing necessitates a resurvey which would have been unnecessary 
had the first surveyor given these data on his plan. 


a . 
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On Working Drawings and sometimes on finished plans the traverse 
line’ is drawn, usuaily as a colored full line, the angle points being shown 
either by very small circles the center of which marks the exact point or else 
by. very short lines drawn through the angle points so as to bisect the angles. 
Triangulation stations are represented by small equilateral triangles with the 
point in the center, stadia stations by small squares, and other auxiliary 

~ stations by circles. The location of bench-marks is frequently represented 
by a small cross and figures thus, B.M. x 427-62. ‘ 

The boundaries of the property and the physical features, such as streets or buildings, 
are usually drawn a$ full black ink lines, Shore lines are represented by black or by 
Prussian blue lines, and they should as a rule be the heaviest lines on the plan unless they 
are a very unimportant part of the plan. Whenever cclors are used better results can 
always be obtained with water colors than with bottled inks. The following, burnt sienna, 
raw sienna, yellow ocher, scarlet vermilion, carmine, sepia, cadmium yellow, gamboge, 
Hooker’s green, Prussian blue and indigo, are the colors commonly used by surveyors. 
All of these except gamboge may be used on tracing linen without danger of running, but 
if sun process prints are to be made from the tracing it will be found that Prussian blue 
and indigo will not print well. Some colors which do not give good prints may be made 
to do so by adding a little of some color to give it body (such as Chinese white or cadmium 
yellow) but not in quantity enough to change the original color. 

Lettering should be plain but neat. Roman letters give the best appearance, 
but Gothic and Italic letters are oftén used on detail plans for construction, 
Lettering should be arranged to be read from the bottom or from the right-hand 
side of the sheet. Lines of titles should be centered and properly spaced. In 
large drafting rooms titles are often set up in type:and printed on the map. 

Sizes of Type. The thickness of a line of printer’s type is measured by “points,” 
one point being Y%» of an inch, so that a line of six-point type is $72 or 42 of an inch 
thick. The larger print in this book is seven-point typé, and thesmaller is six-point type. 
Following shows the sizes up to twelve-point with names frequently used for them. 


41-2 point or Brilliant . . 

41-2 point or Diamond 9 point or Bourgeois 

5 point or Pearl 3 . 

ite eg eam 10 poms or Long Primer 
6 point or Nonpareil ; Lat point or Small Pica 


7 point or Minion . wt 
8 point or Brevier 12 point or Pica 


Notes which may be required are usually lettered with a plain letter like the Reinhardt 
style. Border lines are not as a rule used on construction drawings, but on finished land 
plans a single line drawn %% in to 2 in from the edge of the drawing gives a good appearance © | 
if the line is not too heavy. “A fine line just inside of a heavier one makes a good border 
line; it is the tendency of most draftsmen to make the border lines too heavy. 

The meridian should be represented on all land plans as a full arrow if it is a true merid- 
ian and as a half arrow if it represents the magnetic meridian, the half arrow head being 
on the side toward the declination. It should be of simple design, not too conspicuous in 
size or weight of lines. It is good practice to show both the true and the magnetic meridian 
and to letter on the magnetic the declination at the place and time the survey was made. 

On Mounted Plans accurate scaling may be difficult on account of shrinkage of 
the paper. It is hence well to draw lines parallel to the borders, forming sides of 100 
or 1oco ft, so that allowance may be made in scaling after the paper shrinks, 


To Clean the Drawing use a soft pencil eraser, a sponge eraser or dry bread crumbs, 
For tracings, gasoline or benzine will remove pencil marks without affecting the ink lines, 


12. Topographic Signs” 


Conventional Signs, which have come to be used so generally that they 
are practically accepted as standard, are used on topographic maps to show 
certain physical features. A few of the most common are shown in Fig. 7. 
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Deciduous Trees. 
(Round Leaf) 


Evergreen Trees, 


Waterlining — Fresh Maa'sh. 


. Wooded Shores. 


Triangulation Station. /\ 


c Stadia Station f] 
‘ y f Ae 
; Intersection Point. © oe ><] 
” "=" ead 
mere. =a 
Railroads. 


| re > 
ND nal iaraemie =e 
——hitk — i Contours. 


es cae 
: Depression 


Contour. 


Fig. 7, Conventional Topographic Signs for Maps 
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‘They are executed with a free-hand pen except that the horizontal.Jines on the 
“salt marsh” signs arid the straight lines in “cultivated land” are ruled, also 
ferices, railroads and buildings. In all cases the symbol for grass and. marsh 
land should be parallel to the bottom of the map: Ii the grass symbol the 
little lines which represent a tuft of gfdss should all appear to radiate from 
some point below the base of the gtoup. It is usually composed of five or 
seven short lines, the tops of the lines forming a curve. They are madé 
beginning at the left-hand side with a short dash dnd incteasing in length up 
to the middle line, which is vertical, and then diminishing and ending with 
a short dash or dot at the right-hand side. In executing ‘‘water-lining” the 
first line outside the shore line should be a light full line drawn just as close 
to the shore line as possible, and should follow very carefully every irregu- 
larity. The next line should be drawn parallel to the first but with a little 
more space between them than was left between the shore line and the first 
line, Then the third line should be spaced a little farther out and so onj 
five to ten lines are sufficient. The aim should be to change the spacing of 
the lines so gradually that no one place can be observed where the spacing 
suddenly increases. Water-lining, fresh marsh and salt marsh symbols are 
often represented in Prussian blue. A distinction is generally made between 
evergreen and deciduous trees by using different symbols, and+a further 
distinction is made by using a special symbol for oak trees. The symbol for 
an eyergreen tree is made up of five or six short free-hand radial lines of 

. uniform weight, giving a star-like appearance to each individual symbol. 
They are made of different weight of lines, some much lighter than others, 
To avoid the tendency of making them in rows it is well to make itregular 
groups of the symbols in different parts of the aréa to be covered and to fill 
in between these groups with smaller or lighter symbols. In the symbol 
for deciduous trees it is attempted to represent the plan of a tree in foliage, 
with a slight shading toward the lower right-hand side. ‘hese little sym- 
bols are placed regularly over the area if they represetit cultivated trees and 
are given a smoother outline than those tepréesenting wild growth, which are 
scattered irregularly over the area. On some topographic maps, such as the 
U. §. Geological Survey maps, most of the topographic signs are represented 
in colors, while the U. S. Coast and Geodétic maps aré all produced in black. 
When colors are used the trees should be green; the grass, a light green tint 
(Hooker’s green No. 2); water, a light Prussian blue tint; eultivatod land, 
yellow ocher. 

Contour Lines are almost always drawn in burnt sienna water-color. 
Every fifth or tenth contour is usually represented by 4 Jine slightly heavier 
and a little darker in color. These may be drawn either with a Gillott’s 
No. 303 pen or with a contour pen. In numbering the contours just enough 
numbers-should be marked so that the elevation of any contour can be found 
without difficulty. The numbers on the contours should be small figures in 
burnt sienna. A common mistake is to make the contours too heavy so that 
they subordinate some of the more important features on the map, 

Hachure Lines instead of contours are sometimes used to represent the shape of the 
surface of the ground (Fig.7). Contour lines are first sketched lightly in pencil.as guides 
in drawing the hachure lines, which are drawn normal to the contours from the summit 
downward in rows, each row touching the next preceding; the steeper the slope the heavier 
and shorter the line. All of the lines are equally spaced. 

Sub-aqueoits Contours are usually represented on hydrographic maps by dot-and-dash 

. black lines, the shallowest contour having one dot between the dashes, the next contour 
in depth having two dots between the dashes and so on. In some cases contours repre- 
senting fathoms of water are shown as single dots for the first fathom, two dots and thena 

pace for the second fathom, dots in threes for the next and so on. 


Arti dS . Measurements of Length “61, 


LAND AND TOWN SURVEYING 
13. Measurements of Length 


‘Variations in Tape Measurements are due to erroneous length of tape, 
improper pull on the tape, careless plumbing, incorrect alignment, wind, 
changes in temperature, and sag of tape. The erroneous length of a tape 
can be discovered by comparing it with some standard; most cities have a 
standard which has been established with more or less care. The govern- 
ment Bureau of Standards at Washington will, for a nominal charge, stand- 
urdize tapes. The tape should be tested at intermediate points as well as 
‘or its total length; its temperature and pull should be’ noted,. and whether it 
s suspended or supported. If the tape is too long the measurements made 
vith it are recorded too short, and the proper corrections should be added., 


The Amount of Pull on a tape will have a very appreciable effect upon 
ts length; ordinary light 100-ft tapes will stretch 0.01 to 0.02 ft with an in- 
ease of ro pounds pull over the ordinary pull. _ This increase will be different 
or different tapes, so it is well to investigate it by fastening the ring end of a 
ape to a nail in the floor, and with the tape supported on the floor to exert 
lifferent amounts of tension on the tape and measure them. with a spring 
valance. In this manner the variations in length due to different tensions 
‘an readily be determined for any tape. 


Plumbing is the operation of transferring any point on a horizontal tape 
o the ground under the tape by means,of a plumb-bob...Inaccuracies due 
6 this process can only be avoided by using great care.’ It should be borne in 
nind, however, that if a line must be measured by plumbing, more accurate 
esults can be obtained by measuring downhill than uphill. Even when great 
are is taken in plumbing, so much error is introduced that for accurate 
esults it is better to measure the inclined distance from the horizontal axis 
Mf the instrument to the station mark ahead, measure with the vertical ate 
he angle of inclination of the tape, and compute the horizontal distances. 
y means of the versine of the angle of inclination; horizontal distance = 
nelined distance minus (inclined distance x versine angle). ‘This compu-+ 
ation ah ustally-be done with sufficient accuracy by mieans of a slide rule. 
This method requires a set-up of the transit at every other tape-length. | An 
‘ther way to measure these inclined distances is to tape directly from stake 
© stake in one tape-length; set the instrument up at every other stake and: 
neasure the vertical angle to a point above the two station points on either 
ide of the instrument equal to the distance the horizontal axis is above the 
take under the transit. This-will give the inclination of the tape. Still 
nother method is to measure the inclined distance from stake to stake and 
btain the difference in elevation by leveling. When much of this inclined 
vork is to be done it is more expeditious to use a 200-ft or 300-ft tape. 


Alignment Errors are not likely to ‘to be large lining in the tape by eye is. 
or most measurements exact enough. If in measuring 1oo-ft tape-lengths 
| point is x ft out of line it will introduce an error of only 0.005 ft in that 
ape-length. The error due to poor alignment may be computed by the 
ormula ¢—-a=h?/2c, where ¢ is the tape-length or fractional tape-length, 
1 is the offset from the correct I'ne, and a isrthe correct length. T ‘hus, if one 
md of the tape is on line and the other 0-8 ff off’ line the error in that one 
ape-length is 0.8?/200 = 9.0032 ft. Of course there will be a similar error 
n the next tape-length, making a total error of 0.0064 ft. The shorter the 
ape-length the greater is the error due to poor alignment, , 


\ 
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Errors due to Wind can be avoided only by making measurements in calm weather, 
because it is impossible to determine accurately the amount of these errors under. such 
variable conditions as exist when the wind is blowing. 

Temperature Changes of the ordinary roo-ft steel tapes are ‘about 0.01 
ft per 16°F. Tapes are usually made to be of standard lengths at 62° F. 
‘The coefficient of expansion of steel is about 0.0000063 for 1° F. Special 
tapes are made of alloys whose coefficient of expansion is very small; * Invar” 
tapes of nickel steel have been used by the U. S. Coast Survey, the coefficient 
of expansion being about 145th that of ordinary steel tapes. By their use the 
temperature correction is eliminated except for very exact measurements. 

. When ordinary steel tapes are used the temperature of the tape must be 
obtained and the temperature correction applied if exact results are desired. 
Small tape-thermometers are made for this purpose, but unless the ther- 
mometer is in contact with the tape and protected from the direct sunlight it 
will not register the tape temperature. Such an attachment is at best awk- 
ward. If the tape can be compared with a standard in sunlight and also in 
shade and the air temperature taken in the shade at both tests, then the cor- 
rection to be made in measurements on account of temperature change can be 
readily determined if the air temperature in the shade is observed when the 
measurements are taken, for we have an empirical relation between the air 
temperatures and tape corrections. ‘This is on the assumption, however, that 
the ratio between the tape temperature when lying in the sunlight ead the 
air temperature in the shade is a constant. 


Sag. Unless the tape is supported thruout its length, which is bitten it im- 
practicable, a correction must be applied for the sag of the tape due to its 
own weight, or, what is more commonly done, the pull is increased so as to 
stretch the tape an amount equal to the shortening due to sag. If sup- 
ported at’ both ends it will hang in a curve of the form of a catenary, and the 
ends of the tape will therefore be less than its length apart, the amount of 
error depending upon the weight of the tape, the distance apart of the points 
of suspension, and the pull. With a 12-lb pull on a roo-ft ribbon steel tape 
supported at its ends the effect of sag will be about .o.or ft. This may be 
found for any particular tape by the formula, Shortening due to Sag =| 
(L/24) (wl /t), where w = weight of tape | in pounds per foot of length, 
¢= tension in pounds, 7 = length of tape in feet between supports, and L.= 
total length of tape‘in feet. The result will be i:. feet. 

If a tape can be compared ih a suspended condition with a standard the shortening due 
to different amounts of sag may be determined, and then the proper approximate correc- 
tions applied to any measurements by judging the amount of sag. 

With a steel tape, if ordinary care is taken in plumbing and in alignment and with rough 
corrections made for temperature, an accuracy of 1 in sooo can easily be obtained. For 
accuracy greater than 1 in 10'000 it is necessary to apply corrections for pull, temperature, 
alignment, and sag. 

In all measurements it is of utmost importance to distinguish between errcrs which tend 
to balance and those which continually accumulate, the latter being far more important. 
For those which tend'to balance, the number of errors which will probably remain uncom- 
pensated, according to the Method of Least Squares, will be the square root of the total 
number of opportunities for error. For example, if a 100-ft tape is 0.02 ft too long an 
accumulative error of about 1 ft will be made in measuring a linea mile long. If, on the 
other hand, the tape-lengths are not marked closer than 0.05 ft. the {otal error made by. 
this compensating error of 0.05 will only be V52 X 0.05 = 0.36 ft. 


14. Magnetic Variations 


~ Suryeys with Compass and Chain cannot be relied upon to be closer sia 
( about r part in 500, since the bearings are read only to the nearest quarter of 


ta degree. This method is hence adapted only to rough surveys of woodlands 


‘ 
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’ where the land is cheap and where there is little danger trom local attraction 


of the needle. 

For Transit and Tape Surveys it is desirable in some instances to determine 
the direction of the true meridian by observations on the sun or on Polaris 
(the “north star’’), as described in Art. 44.. In many cases exact bearings 
of the lines are not needed and it is sufficiently accurate to determine the 
magnetic bearings by reading the needle. . The approximate true bearings 
may then be determined by applying the DECLINATION of the needle to the 
observed bearings; but in most transit and tape surveys in cities the mag- 
netic bearings are so unreliable that when taken at all they are used merely 
for the purpose of plotting a needle on the map to show approximately the 

“points of the compass.” 

The Declination of the-needle is the angle which it makes with. the true 
meridian. ‘The needle rarely points in the true meridian; if it points east of 
the true meridian it is called an east declination. The declination of the 


needle at places east of Ohio and the Carolinas is West (in 1915), being’a - 


maximum of 2214° in Maine; in the western part of the country it is East, being 
a maximum of 24° in the state of Washington. The average declination in 
Alaska is 34° E, Porto Rico 214° W, Canal Zone 414° EB, Hawaiian Islands 
toy,° E, Philippine Islands 34° E. The declination continually changes; ace 
changes are called vaRIATIONS. 

The Secular Variation is a long slow swing, periodic in its character, and covering any 
years. In the United States all east declinations are now (915) gradually decreasing and 
all west declinations are increasing at the rate of about 3 min per year. 

The Daily Variation consists of a swing from the extreme easterly position at about 
8 As. to its most westerly position at about 1.30 P.M. It is in its mean position at about 
moAM.and 5PM. This daily variation is from 5 to 15 min-of arc. 


The Annual Variation (about one minute per year) is so small that it need not be con- 


sidered in surveying work. 

Irregular Variations, due to so-called magnetic storms, are uncertain i in character and 
cannot be predicted. These variations are sometimes large. 

Isogonic Lines are lines drawn on a map so as to connéct all places where 
the declination of the needle is the same at a given time. The U. S. Coast 
Survey has constructed isogonic charts of the United States and these can’ be 
obtained from Washington. These charts do not-give results with great 
precision, but are useful in finding approximate values of the declination. 
They are prepared by plotting upon the map the observed declination at 
magnetic stations located thruout the country and interpolating results at 


-intermediate places. .Observed declinations at these interpolated places fre- 


quently show results quite different from those given on these isogonic charts, 
so that it is necessary whenever the declination of the needle is desired with~ 
precision to make observations for finding the true meridian. 

Changes in Declination make it necessary in rerunning old lines to’ modify the given 
bearings an amount equal_to the change in declination which has taken place since the 
lines were first run. To determine the declination for some past-date, records of the 
U.S. Coast Survey are of assistance provided they had a magnetic station in the vicinity 
of the place in question. A better way of finding the difference in declination is to take 


the magnetic bearing of any well-defined line of the old survey, such as between two 


identified stone heaps, and compare the present bearing of this line with its original bearing. 
An Isogonic Chart for Jan. 1, 1915. copied from one issued by the U. $* 


Coast and Geodetic Survey, will.be found on the next page. The full lines ~ 
are the isogonic lines. or lines of equal magnetic declination, the heavy one® 


marked 0° passing through the places in the U. S. where the north end of the 
magnetic needle points to the true north. East of the o° line the north end 
of the magnetic needle points west of true north, west of that line it points east 
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lof trué north. Thus, at Bostoty Mass., the déclination in 1915 was abotit™ 
'14° W, aid at Helena, Mont., it was about 21° E. 


‘These i isogonic lines are constantly shifting; the o° line is moving westward at a rate 
between 1’ and 2’ per year. On the chart two parallel lines are seen marked ‘Annual 
Change 0’; at all places on that double line there was no change in declination in rgrs, 
atall places east of it the west declination was increasing, at all plates west of it the east 
deélination Was decreasing. Thus, near’ Denver, Colo. the east declination decreased 
about 3’ in 1915. 

In 1915 the U. S. Coast and Geodetic Survey published ‘D.stribution of the Magietic 
Declination in the U. S.’ which gives 12 tables showing the magnetic declination as ob- 
served for many places since 1750. The following is one of these tables which gives the 
secular change of the magnetic declination for eight places: ; 


Secular Changes of Magnetic Declination 


New New New | North | North | North | North | North’, 
York, | York, | York, |Carolina,|Carolina,|Carolina,| Dakota, | Dakota, 


east. | middle. | west. east. | middle. | west. | east. | middle. 
, : Greens- | Ashe- | James- | Bis- 
Albany | Elmira | Buffalo |Newbern Wers ville tora | mafek 
ey or Cg “i , o 7 re oa ° , 
741 W| 440 W| a... o18 W| 114 E},..... Bi ihe Re wwastgco 
659 ez tae (Wasiee oo OT SIEN ee SO ss 1S claloiniale ater so 
6 23 iS ESoy pi] \siatwy eve! © 50 IZAW NT |" cia area Stiter te 
5 56 2 46 1-52 W| 127 253 Bre ia eA 


5 40 224 I 24 135 STROH CMe eee Saad 


534 213 108 I 44 8) 26st 4 06: E pssreh eareus|e «are biat 
5 49 213 I or I 44 3 29 Sy Al ee a5 
5 56 224 108 135 3 23 ph seh Srsatll Beret « 
6 23. 2 46 I 24 116 3 07 357 14 O2-BY So. 5.5 
| 659 318 152 050 2 43 335 14 12 SENBEE 


745 357 2 26 ory E| 2:12 307 -\y¥4 12 16 23 E 
831 ~|. 4.46 3 10 o19 W| 138 235 I4 02 16 18 
910 5 23 3 49 I 00 I 0° 157 13 44 16 04 
957 6 16 4 40 I 40 020E]| 117 13 15 15.38 
10 18 657 5 22 216 o17 W| o 41 12 32 14 58 


| 10 56 7 32 557 252 6 51 609 E|'t209 | | 14140" 
rir 7 5° 641 3 08 104 oo2 W| 1217 14 50 
Il 37 8212 6 32 3 25 11mg. 013 _ | 1223 “| 15 90 
|} 1205 Wi. 837 W| 653 WI. 3 42 W|. 134 Wi! 0 23 W| 12.32 Bl 15.09 EB 


These figures show that the variation in different decades is ot the satne and that 

the values of the declination ate represented by a curved line. The curve of sites 

imately represents these values for a given place; -thus for Bethlehem, Pa., the | 

west declination is closely given by D=5°.27-++3°.05 sin (1°.462++-38°2)) where is 

the number of years since Jan. 1, 1900; for that place the formula indicates that the 

‘west declination had a minimum value of 2°.2 about 1812 and will have a maximum 
“ai of 8°.3 about 1936. . 


15. Traversing with Transit and Tape 


' The Transit and Tape Meéthod is commonly-used for running wnbhlics 
instrument is set iip at every anglé point in the traverse and the ‘angle 
‘measured with the transit. The distance between the angle points ig measured 
with the tape: The distances aré sometimes measured ahd recorded as 
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‘separate distances from angle point to angle point, the angle points being 
designated by letters or by numbers. Another method is to. measure the 
entire traverse from the first point, which is called ‘“‘Station o,’’ continuously 
thruout the traverse, each roo-ft point being called a station.. If the second 
transit point is 672.43 ft from Station o it is called “Sta. 6 + 72.43,” if the 
next point is 350 ft farther it would be recorded “10 + 22.43” and so on, so 
that the station of any point is its distance from the point of beginning of the 
traverse measured along the traverse. 


The Precision with which the measurements should be taken will depend 
upon the object of the survey. If it is'a city survey of valuable property the 
. distances would be measured to the.nearest hundredth of a feot, and the angles 
to 15 seconds; while in a farm survey the angles to the nearest minute and the 
distances to a tenth of a foot or in some cases even to a foot (by the stadia 
method) is exact enough. Transits used for general surveying work read 
to minutes or to half-minutes. It is therefore necessary in accurate surveys 
to measure the angles by repetition, as explained at the end of this article, to 
obtain results consistent with the accuracy of the tape measurements. A 
proper appreciation of the relation of distances and angles may be had if it 
is borne in mind that 0.03 ft a hundred feet away subtends one minute. 


The Angles Measured may be the deflection angle (the angle between 
the last course produced and the next course), the interior angle, or the azimuth 
angle. In measuring a deflection angle the telescope has to be inverted, and 
any error in the line of collimation will therefore be introduced into the» 
deflection angle. This error may be eliminated if the angle is measured 
first with the telescope direct and then, without changing the circle reading, 
invert the telescope and “double’”’ the angle; half the final angle is the correct 
angle. To avoid this necessity of reversing the telescope and repeating the 
angles some surveyors prefer to measure the interior angles directly. © 


For Azimuth Angles the instrument is first set up at A with the circle set 
at o°, and the lower clamp loose. The telescope is turned so as to:point toward 
magnetic south or true south (whichever is desired for a reference direction) 
and lower motion clamped. .Then the upper plate is unclamped, B sighted, 
and the angle. read in a clockwise direction. ‘This gives the azimuth of the 
line AB, an azimuth angle being the total angle read in a clockwise direction 
from the south around to 360°. The instrument is then taken to B so as to 
obtain the azimuth of BC. Invert the telescope and backsight on A, the 
vernier remaining at the same reading it had when azimuth AB was read, 
clamp the lower motion, turn the telescope to its direct position, loosen the 
upper clamp and sight C. This will give the azimuth of BC referred to the 
same meridian as AB. Evidently this method does not eliminate any error 
in the line of collimation adjustment. By the azimuth method, when the 
survey’is about to be closed the azimuth of the first line AB can be obtained 
by setting up again on A and using the last course as a backsight. The 
difference between the first determination of the azimuth of AB and its final 
determination gives directly the total error in the angular work. 

As a check against large errors in the angles the magnetic bearing of each line should 
be read when practicable and compared with the calculated bearing. The calculated 
bearing of the first line is assumed to be its observed bearing; the calculated bearing of any 
‘line is obtained from the calculated bearing of the line next preceding combined with the 
measured angle between the two lines. 

Deflection Angles should be recorded as R (right) or L (left). The 
\igebraic sum of the deflection angles of a closed traverse should equal 360°. 
If the interior angles are read, the sum of all the interior angles of a closed 
traverse should be ( — 2)-x 180°, where x is the number of lines, 
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The Error of Closure of a traverse in which the angles are measured to 
the nearest minute and the distances to a tenth of a foot should not exceed 
Yo00. But where the angles are measured to 15 seconds and the distances 
to hundredths of a foot, results with an error of not more than 1 in 201000 to - 
40 000 may be obtained. 

Checks on Traverses. In traverses which enclose an area there is a mathematical 
check on the distances provided the angles are correct, as shown in Art. 16. But in trav- 
erses which do not close there is no check on the distances other than by remeasurement 
of the lines (preferably in the opposite direction from the first measurement), except by 
cut-off lines which form closed traverses of portions of the survey. The angles can be 
checked by determining the true bearing of the first line of the traverse by solar or stellar 
observation, and whenever it is destred to check the angles the true bearing of any course 
can be determined by another meridian observation. The meridian can be determined in 
this way to the nearest minute. 

To Measure an Angle by Repetition, set up the transit at A, set the verniers at 0°, sight 
B, and clamp lower clamp. Loosen upper clamp and sight C, read and record the patch L 
“Leaving the two plates clamped together, unclamp the lower clamp and sight B, unclamp » 
upper clamp and sight C,-and read and récord the angle. Half this angle should check 
the first angle read, and the result obtained is more exact than the first angle. It is evident 
that by repeating this process with a one-minute instrument for six times and dividing 
by 6anangle toten seconds can be obtained. This method of repetition might be carried 
even further, but ordinary transits are not good for results much closer than ten seconds. 

This method of repetition can be readily applied to laying off an angle. The angle is 
first laid off anda point set, and then the angle which has been laid off is measured by repe- 
tition as described in the previous, paragraph. If it is found to be in error, say 20 sec., 
the point on the stake is moved in the proper direction a distance equal to the distance 
from the point set to the instrument X tanh 20 See Biadops oot per spa? 


16. Areas of Fields 


Corrections of Field Notes are made before computation for area is begun. 
Errors in tape measurements due to erroneous length of tape are corrected. 
Errors in angles, provided they are not latge enough to indicate mistakes, are 
eliminated by “balancing the angles,” which means altering the value of 
those angles which were taken from short sights or those angles where the 
error is most likely to lie. ‘The calculated bearing of each course is com- 
puted starting from one. course whose bearing is either known or assumed. 

The Double Meridian Distance Method of computing an area is as 
follows: The data are usually tabulated as shown in the computation below. 
The LATITUDE of a course equals the distance times the cosine of the bearing; 
the DEPARTURE is the distance times the sine of the bearing. North latitudes 
and East departures are regarded as positiv values and South latitudes and 
West departures are negativ. After these have been computed the error 
in latitude and in departure is found, which is the difference between ‘the plus 
and thé minus latitudes and the plus and minus departures. If these errors 
are not large enough to indicate a mistake in the measurements or computa- 
tions then they are distributed among the latitudes and departures according 
to the following rule if it is a transit and tape survey. ‘The correction applied 

to the | ee i of any course is to the total error in j sues } as the ; 
oe or i. of that course is to the sum of all the j aa i (without 
regard to algebraic signs). Any knowledge of difficulties met in the field which 
would lead the surveyor to suspect that the error lay i in certain lines should 
take precedence over this rule. Furthermore it is more probable that on 
account of sag of the tape and small obstacles on the line the recorded dis- 
‘tances are too long rather than too short, and therefore it is not good practice 


a 
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to apply the above rule when it lengthens any of the distances. In the 
example here giyen, however, the rule is rigidly followed in balancing this 
survey simply to show its application, The algebraic sum of balanced lati- 
tudes and the departures should be zero. 


The next column to compute is the double meridian distance (D.M.D.) of each course. 
The D.M.D. of the first course equals the departure of the first course. The D.M.D. of 
any other course equals the D.M.D. of the course preceding plus the” departure of the 
preceding course plus the departure of the course itself. The D.M.D. of the last course 
should be numerically equal to the departure of the last course but should have the opposite 
algebraic sign. _‘The algebraic signs must be carefully observed not only in computing the 
D.M.D’s. but in all of this computation forarea. If the D.M.D’s. are computed beginning 
at the most westerly point in the trayerse all the D-M.D’s. will be plus. The last column 
of posifty and negativ double areas is found by multiplying each D.M.D. by its corre- 
sponding latitude. Half the algebraic sum of the double areas gives the area of the field. 


Computation for Area by Double Meridian Distance Method 


Balanced 


Bearings. 


- 16] +196. 78] +1456, 22|—116 731} 
-86)+ 91.35] +1744.35|— 62 553) 
-90]+ 91. 36] +1927.06]— 313 918) 
-547|+572.45}+2590. 87 — 807 234 


— 1034.39 
ertor+o.09 


This result should be roughly checked by determining the area by use of the planimeter 
(Art. 8) or by dividing it into triangles, scaling the bases and altitudes and computing the 
area. The agreement between the sum of the + and — latitudes and + and — departures 
is a check on the multiplication of the distance by the-cosine and sine of the bearing. The_ 
D.MD’s. are checked as shown above. But there is no check on the double areas. A 
good exact check on the area is to compute from the latitudes the double parallel distances 
(D:P.D.) just as the D.M.D’s, were computed from the departures, and then obtain double 
areas by multiplying each D.P.D. by its departure. If J is the error in latitudes and d the 


error in departures, the error of closure of the survey equals V? + @. Thus, the error 
of closure of the survey: shown above is 0,266 ft, and ‘ 


V0.09% + 0.85" 9.266 _ 


3845-56 3846 14500 

Sometimes it is not possible to follow the perimeter of the field with the traverse, in which _ 

case the fractional areas to be added to or-subtracted from the area of the trayerse are 
computed by diyiding them into triangles, rectangles or trapezoids. 

) Largemistakes made in the fieldwork will be detected in the computation by the D.M.D, 
method — If the latitudes and departures do not balance within reasonable limits, the error 
in departure divided by the error in latitude equals the tangent of the bearing of the line 
which would represent the error of closure, and if only one mistake has been made in meas- ; 
uring the distances it probably lies in a line having this angle for its bearing. 

Compass Surveys should be balanced by the following rule, because the errors are more 
likely to be due to the rough results obtained in the angles than in the distances. ‘The cor- 
rection to be applied to the latitade latitude 


departure de PERU A 
as the length of the course is to the perimeter of the field. 


= relative error of closure * 


\ of any course is to the total errorin 
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Area of a Field by Rectangular Coordinates. Where the coordinates 
of the corners of a property are known the coordinate method of computing 
its area is more direct than the D.M.D. method, Let x2, %s, %c, etc., and ya, 
42, Ve, etc., represent the abscissas and ordinates of points A, B, C, etc., of the 
Same area computed above by the D.M.D. method. By the rectangular coor- 
dinate method the area is found as follows: Every abscissa is multiplied by- 
the difference between the following and preceding ordinates, always: sub-. 
tracting the following from the preceding> The algebraic sum of these 
products divided by 2 gives the area. Exprest as a formula, this rule is 


Area = 1% {oa Qo — Yn) + 4 (Ne = Ya) + He (Ya = V6) + Ma Ye = Ye) + etc} 
Below is the computation by coordinates of the same area as that above. The 
origin of coordinates is 't00 ft W and 2000 ft S of the ‘initial point, 


eee for Area hy Coordinate Method 


Diff. bet. . Double Areas: e 
Adjagent .jrr- ata pee oe 
+ — 


100.00 ; 7 How cutsies Jaf tos Aaa 
550.66 é f ivi aie eee ial IOS 


929.72 5. 120929 
926.50 x Fs IO7 493 
rot7.85 “4 i 202 308 
I109.22 934. a 526 287 
1681.66 , E 7 1260;'645 lsh aa cinais 
844.26 fi - 4 estes snie.sosiei] CZEILOS 


hoataeyan> 


| 2.083 662 539 249 


Area = 44 (2 083 662 — 539 249) = 772 206 sq. ft. 


17. Crooked Boundaries 


Curved Boundaries, such as brooks, are often located by measuring’ the 
perpendicular offsets from the traverse line which has been run alongside of 
the brook. The curvature of the boundary may be so flat and uniform that » 
it will be feasible to take the offsets at regular intervals, while in cases where 
the boundary changes in direction abruptly it is necessary to take the offsets 
only at the points where these changes occur. ° In either case there will be the 
areas of several trapezoids to compute to find the area between the ‘traverse 
line and the boundary, but if the offsets are taken at equal intervals then fhe 
computation may be made by one of the following methods. 

By the Trapezoidal. Rule Area = 1% d(he + 2 Zh + he’), where d= 
common interval between offsets, i, and h.’ =end offsets of the series of trape- 
zoids, and > = sum of intermediate offsets. This rule oa that the 
boundary is a straight line between adjacent offsets. 

Simpson’s One-third Rule assumes that between adjacent offsets the 
boundary i is a curve (a parabola). By this rule Area = d/3 (he + 2 Zhoaa 
~¥ 4 Bheven + he’), where d = common interval between offsets, h, and 
end offsets of the series, 2 Dhoaa = twice the sum of the odd offsets except dhe 
first and last (the 3rd, sth, 7th, etc.); 4 Dieven = four times the sum of ‘the 
even offsets (the 2nd, 4th, 6th, etc.). For this rule to apply there must be an 
‘odd number of offsets; if there is an even aa compute the area of one 
end trapezoid separately 


. . 


= 
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To Straighten a Crooked Boundary is to run a straight line cutting the 
crooked boundary so as to make the lots on either side of the straight line 
have the same areas as they have with the crooked boundary for the 
division line. To do this, first run a trial line AB (Fig. 8), then measure 
proper offsets to the crooked boundary and compute the areas X, Y and Z 

_ on each side of AB between it and the crooked boundary. The sum of X 
and Z should equal Y, for X + Z is the amount taken from Lot M, and Y is the 
amount taken from Lot N. Jf.X + Z does not equal Y the difference | is the 

' amount the trial line has taken from one 
lot more. than it has taken from the other, 
so this whole difference must be returned. 

For example, suppose the original area of 

Lot M = 50 ooo. and Lot N = 40 ooo. 

When AB is run it is found that the area of 

X = 300, Y = 1000, and Z = 500, that is, 

the trial line AB has made Lot M = 50 ooo 

— 809 + 1000 = 50.200, ‘and Lot M=40 cco—1000+800=39 800. An area 

1000 — (300 + 500) = 200 must therefore be taken from Lot M and added 

to Lot N by running the final line AD so as to make the area ADB equal 

to 200. 


18. Old Lines ; a= 


In Rerunning Old Property Lines the surveyor must first determine 
where the original boundaries of the property lie and then survey those 
boundary lines. He should not attempt to correct the original lines even tho 
he may be sure that errors exist in them. He must first of all find the physical 
evidence of the location of the boundaries, and failing in this he should base 
his judgment as to their location on such evidence as occupancy or dimen- 
sions given in deeds or the word of competent witnesses. , [t must not be 
assumed that a boundary is missing because it is not at once visible. Stone 
oounds are often buried two or three feet deep; the top of a stake soon rots 
off, but evidences of the existence of the stake are often found many years 
after the top has disappeared, and the supposed location should be carefully 
dug over to find traces of the old stake. 


In Interpreting a Deed it is assumed that it was intended to convey 
property the boundaries of which will form a closed traverse. Therefore, if 
it is found that the omission of a whole chain-length or the reversing of the 
direction of a bearing will make a deed description close, this change in 
dimensions may be made, for it is assumed that the description “is of a closed 
field. Where the record of the original survey does not close, the deeds of 
adjoining property may be of assistance. Where artificial features are 
mentioned as boundaries, these always take precedence over the recorded 
measurements or angles, but these marks must be mentioned in the deed in 
order to have the force or authority of monuments. When the area does not 
agree with the boundaries as described in the deed the boundaries control. 
All distances unless otherwise specified are to be taken as straight lines; but 
distances given as so many feet along a wall or highway are supposed to 
follow these lines even if they are not straight. When a deed refers to a plan 
the dimensions on this plan become a part of the description of the property. 

Legal Boundaries. " Where property is bounded by a highway the 
abutters own to the center line, but where it is an accepted street each abutter 
yields his portion of the street for public use; if, however, the street is aban- 
doned the land reverts to the original owners. . If a street has been opened 
and used for a long period, bounded by walls or fences, and there has been no 
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protest regarding them, these lines usually hold as legal boundaries. In the 
case of a line'between private owners acquiescence in the location of the 
boundary will, in general, make it the legal line; but if there is a mistake in its 
location and it has not been brought to the attention of the interested parties 
or the question of its position raised, then occupancy for many years does not 
make it a legal line. 


Where property is bounded by a non-navigable stream it extends to the thread of the 
stream. If the property is described as running to the bank of the river it is interpreted to 
mean to the low-water mark unless otherwise stated. Where original ownership ran to 
the shore line of a navigable tiver and the water has subsequently receded, the proper sub- 
division is one that gives fo each owner along the shore his proportional share of the channel 
of the river; these lines will therefore run, in general; perpendicular to the channel of the 
stream from the original intersection of division lines and shore lines. 


‘A more complete statement of the principles mentioned above, particularly with refer- 
ence to the U. S. Public Land Surveys, will be found in an address on “The Judicial 
Functions of Surveyors,” by Chief-Justice Cooley of the Michigan Supreme Court. See 
Proceedings Mich. Association of Engineers and Surveyors, 1882, pp. 112-122. 


_ Should all eviderce of artificial boundaries of the! property be missing the surveyor will 
have to use the deed description as the best evidence. Where the directions of the lines are 
given as magnetic bearings it is necessary to.first determine the declination of the needle 
at the date of the survey. The declination should be stated in the deed or on the original 
plan, but it seldom does appear in either. If the date can be established the declination 
for that year and place may be obtained from the records of local surveyors or from past 
U.S. Coast Survey records. If one line can be identified as a boundary the difference 
between its present magnetic. bearing and its original bearing gives the difference in 
declination directly, and all the rest of the deed fines can be run out by correcting all the 
bearings by thisamount. The chain used in the original survey may have been of different 
length irom the one now used; this can be readily determined by measuring the length of 
any of the well-defined lines of the property. 


19. Obstacles and Inaccessible Distances ~ 


A Random Line is sometimes required on account of obstacles on line, 
Lf it be required to run the line AB (Fig. %), neither point being visible from 
the other, a random line AX can 


be run. Measure the perpendicular EB c 
distance BC and also AC. The Tye %, 
length of AB may then. be computed { Do B 
and any desired point may be set 

on the line AB as follows. _ Sup- Fig. 9 


pose a point D is to be set on AB 

and that a perpendicular from D meets AC at E, then AE = AD x AC/AB, 
and ED=BC x AD/AB. By this. method, then, it may not be necessary to 
run out and actually measure the line AB. The angle CAB can be found 
from CB and AC. 


Ifa straight line such as A X¥ cannot be run, a traverse. composed of several straight lines 
and angles may be made to connect A and B, and using AB as the closing side of a closed 
traverse, its length and direction may be computed (Art. 16), and also the coordinates of 
any point in the traverse may be found referred to AB so that distances may be laid oft 
the traverse which will define any desired points on AB. This traverse method, 
since it inyelves the measurement of angles, will not lend itself as readily to accurate results 
as the case first described where the random line is a straight line. In running a straight 
line where it is necessary to produce the line by reversing -the telescope it should always 
be dome by taking the mean result of a double reversal, the telescope being erect in taking 
first backsight and inverted when taking the second backsight, so as to eliminate any 
error in the line of collimation. 
Bp aliateral Triangular Traverse about an obstacle is a special case of the above 
Let the obstacle be on the line AB (Fig. 10); the instrument is set up at C, an 
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4 ant of 120° is laid off, anda stake set a sufficient distance away at D, and CD is measured, 
‘The transit is then set up at D and an interior angle of 60° laid off so as to run a line that 
will cut AB; this line is made equal to CD and stake EZ is set, With the instrument at E 
an angle DEB is laid off equal to 120° which should be sighting along AB if the work has 
been done accurately. Evidently CD = ED 
= CE. This method is weak in accuracy 
owing to its dependence upon angle measure- 
ments. A slight error in any angle will intro- 
duce an appreciable error in CE. If CD is 
short the error in CE is small, but the error 
in producing EB by an angle laid off from the 
short side ED is likely to be large. 
Running Parallel Line Past Ob- 
stacle. One of the most exactiways 
of producing a straight line past an 
obstacle of limited size; such asa house, 
is to run an offset parallel transit line 
past the obstacle as follows. The 
instrument is set up at C (Fig. 11) and a right angle ACC’ laid off with the - 
transit. CC’ is made any convenient distance which will bring the auxiliary 
line beyond the obstacle. Similarly point A’ is set opposite point A, and 
sometimes a second point B’ opposite B. These points A’ and B’ need not be 
set by means of a transit set up at A and Bif AA’ is short. The instrument 


D 
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Fig. 11. Running Parallel Line past Obstacle 


is then set up at C’ and backsighted on A’, the sight is checked on B’, the 
telescope inverted, and points D’, E’ and F” set on line. Leaving the “tele 
scope inverted, another backsight i is taken on 4’, and the process repeated to 
eliminate any error in the line of collimation. Then the transit is moved to 
point D’, and a right angle turned off, and point D set, the distance D’D being 
made equal to C’C. Then by setting up at D aiid sighting ahead on 
(FF’ = DD’), and checking on point E (EE’ = DD’), the transit line is’ 
again run forward in its original location. ‘The distance C’D’ is carefully 
measured, which gives the distance CD, and thus it appears why it is so 
necessary that the lines CC’ and D’D shall be laid off at right angles ‘by means” 
of the transit. The other offsets AA’, BB’, EE’ and FF’ are not in any way 
connected with the measurement along the ‘fine: they simply define the direc- | 
tion of the line, so that if convenient. it is often only necessary to show these | 
distances as swing offsets for the transitman to sight on. ‘The swing offset is | 
given by swinging a tape in a horizontal arc about Aasapivot. The zero point | 
of the tape is held at A, and at the distance 4A’ out on the tape a pencil is 
held yertically on which the transitman sights when the pencil appears to be 
swung out farthest from A so that his line of sight will be tangent to the are. 
The ‘offsets BB’ and EE’ are not absolutely necessary, but they serve as 
desirable checks on the work, and in first-class surveying they should not be 
omitted. For obvious reasons the offsets AA’ and FF’ should be taken a 

far back from the obstacle as is practicable. 2 

__ Should the house be in a hollow so that it is possible to.see over it with the aes 
at A, the point F, or a foresight of some sort, should be set on line beyond the house to ty 


4 


Art, 19 Obstacles and Inaccessible Distances 73 


used as a foresight when the transit is set up again on the original line. The distance 
may be obtained by an offset line around, the house. , Sometimes it is possible te place 
exactly on line on the ridgepole of the house a nail, which gives an excellent backsight When 
extending the line on the other side of the building, 


Tf the building has a flat roof and it is possible to set a point on the a exactly on Tine; 
move the instrument to this point on the roof, and prolong the line in this way. Under 
these conditions the transitman will have to be extremely. careful in the use of his instru- 
ment on account of its insecure foundation. 1f he walks around the transit he will find 
that it affects the level bubbles and the position of the line of sight; it is therefore well for 
him if possible to stand in the same tracks while he backsights and foresights. ‘Some- 
times two men, one in front and one behind the transit, can carry ‘on the work under these 

conditions more accurately and conveniently. ‘This method insures an accurate pro- 
longation of the line, but the distance through the building must be found by an offset 
method, by plumbing from the edge of the flat roof, or by inclined measurements. 

To Measure an Inaccessible Distance where the line is visible, as across 
@ pond, several methods may be employed: 

(x) Lay off from the transit line AC (Fig. 12).a line AB which passes by tie end be the 

pond so that it can be taped and set stake B; then set up the instrument at B and lay. off 
ABC = 90°, point C being obtained by intersecting the main transit line. Measure angle 
CAB and side AB, from which AC = AB/cos CAB, or better, AC = AB + AB 
exsec CAB. The measurement of the angle at C and of CB will serve as'checks. 


Fig. 12 Fig. 13 


(2) With the instrument at A (Fig. 18) and a swing offset of too ft from C (some point 
on the main traverse line on the other side of the pond) measure the angle between CA 
and a tangent AB to the swing offset. AC = 100/sin CAB. 


(3) Any line AB (Fig. 14) may be laid off along the shore of a river, anda point €'set 

on the main traverse line across the river, measure angles 4 and B, and C.as.a check, and 

_ from AB as a base compute AC by trigonometry. If AB is run perpendicular to CA and 
made some number of hundred feet long the computation is greatly simplified. 


SS 


Fig. 15 


< ae Obtain the Distance between Two Inaccessible Points A and B 

15) by observations from two accessible points C and D, measure DC 

we angles ADC, ADB, ACB and BCD. Compute CBin triangle CBD, AC 
in triangle ACD, and then in triangle ACB compute AB. ~ 

To Obtain the Inaccessible Distance AB (Fig. 15) between two access- 

ible points by observation on two inaccessible points C and D when distance | 

Disknown. Measure angles CAD, DAB, CBD and ABC, Assume AB =1.~ 

compute CD by same process as described in the aboye paragraph, 

‘This gives a ratio between AB and CD, and since CD is. known, thy arhaal 

length of AB may be computed, 


aa 


iis Land and Town Surveying Sect, 2 


20. City Surveying 


Staking Out Line and Grade for streets, curbs, sewers, and pavements 
is constantly done by a city engineering department. ‘This class of work as a 
~ rule calls for lines and grades to the nearest hundredth of a foot. For this 
Teason it is customary to use transits with the horizontal arcs graduated so as 
to read 30”, 20” or even 10”, and to use steel tapes graduated to hundredths 
of a foot. In some cases the spring balance and the thermometer should be - 
used so as to make the proper tension and temperature corrections (Art. 13). 


A Standard of Length is established as a rule by carefully transferring 
the length of some other standard by means of different tapes and under 
different weather conditions, or by means of tapes which have been stand- 
ardized by the U.S: Bureau of Standards. This standard should be placed 
where it will not be exposed'to the direct rays of the sun. When the tape is 
tested it should be stretched out at full length beside the standard and left 
there until it acquires the same temperature as the standard before the’ 
comparison is made. 


Street Lines are usually marked by monuments, but the best practise 
tequires that besides these monuments, which may become misplaced, 
accurate offsets to the underpinning of buildings along the line shall be 
measured. and recorded so that if the monuments become disturbed, due to 
building operations or paving of the sidewalks, they can readily be replaced 
in their exact location. These monuments are usually ordinary stone bounds 
3 or 4 ft long and 4 to 8 in square on top. The bound should be long 
enough so as to rest on ground below frost. A drill-hole in the center of the 
- top marks the point; a more exact method of marking is to fill this drill-hole © 
with lead and drive a very small copper tack in the lead at the exact point. A 
copper bolt, with a punch hole marking the exact point, is sometimes inserted 
in the drill-hole. 

To Set a Stone Bound in the place of a stake New a corner, first drive four tempo- 
rary stakes around the corner stake several feet from it and in such a way that aline 
stretched from two opposite stakes will pass over the tack in the head of the corner 
stake. Then tacks are carefully set in the tops of these temporary stakes in such 
positions that a stretching lite running from the tack on one stake to the tack on the 
opposite stake will pass exactly over the tack in the corner stake. Then the corner stake is 
removed and the hole dug for the stone bound. Care should be taken not to dig the hole any 
deeper than is necessary so that the bound may be set on firm earth. When the hole for 
the bound has beef dug to the proper depth the monument is dropped into the hole in such 
a manner that it will be plumb. The fill around the bound should be placed with 
considerable care, the material being properly rammed as the filling proceeds and the 
bound kept in such a position that the drill-hole in the top of it shall be exactly under 
the intersection of the strings. It is sometimes desirable to put in a foundation of con- 
crete and to fill with concrete around the monument to within a foot of the surface where 
a very substantia bound is required, or where the. ground is so soft as to furnish an inse- 
cure foundation. 

Curved Street Lines are as a rule composed of simple or compound circular 
curves and are laid out by the method of deflection angles as explained in 
Art. 56. But the lengths of these curves are the actual length of arcs; this calls 
for a slight modification in the computations and in measuring the lengths 
from that used in railroad practise. ‘The length of the curve in city practise 
equals the radius x the circular measure of the central angle. | Since the tape 
must be stretched along chords in making the measurements the station points’ 
to be set by the deflection angle method will be located by measuring the 
chord subtending the arc of say so or roo ft dependitig upon how frequently 
the points are to be located on the curve. A convenient formula for determin- 
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: 

ing the difference in length between the arc and its chord is L -C=L'/24 R’, 
‘where L is the arc, C is the chord, and R the radius, all in the same units: 
This formula is correct to the nearest hundredths of a foot, for chords of 
‘50 ft or less where the radius is 1 50 ft or greater, or for chords of 25 ft or 
less and radii 25 ft or greater. It is sufficiently exact to compute the results 
by such a formula with the ordinary slide rule. The deflection angle to any 
point on the curve equals half the total central angle multiplied by the ratio 
of its distance from the instrument to the total length of curve (see Art. 56). 

In Staking out Street Grades for setting curbs, for pavement, or 
sewer construction, self-reading rods, such as the Philadelphia rod, are the 
most practicable, altho target rods are used to some extent. The target rod 
is particularly useful in taking an individual exact reading at any considerable 
distance from the instrument, which is required in city surveying more than 
in topographic surveying. 

A target rod is also useful in “shooting in grades,” for curbs or sewers as follows. If 
itisa straight grade from Sta.o to 5 and grade stakes have been set at o and 5 the instru- 
ment is ‘set up just to one side of Sta.o, the rod held on the grade stake at Sta.o, and target « 
clamped at the height of the telescope, then the rod is held on the grade stake at Sta. 5 
and the telescope inclined so as to sight the target and clamped. The line of sight is then” 
parallel to the grade line, and any intermediate stake may be set by driving it until the 
target coincides with the horizontal hair of the telescope when the rod is held on the stake. 

It often happens that the pavement is so hard that stakes cannot be driven or that it is 
not udvisable to use stakes on account of the danger to pedestrians, in which case the 
grades are marked on fences and buildings, and frequently a convenient place is not found 
at the grade height. In such cases the grade is marked one or two feet higher or lower 
than the grade height and marked on the building thus ae Ya meaning that the correct 
grade is 2 ft lower than this mark, or ON meaning that the grade is 1 ft above this 


mark; the arrow points in the direction and the number gives the distance fo measure to 
reach the proper elevation. 

When the grades are marked in hard pavements it is customary to drive stout spikes 
flush with the ground and take the elevation of the tops of these spikes and make a record 
of the amount the several spikes are above of below grade to be given to the foreman. 

Both curb and sewer grades are laid out as a rule as above described. » The lines given 
‘for such construction are usually parallel lines, 3 to 6 ft to one side of the center line, and 
marked by stakes or spikes. 

Parabolic Vertical Curves are used to connect grades of different slope, the same system 
of computing elevations for points on the curve being used as explained in Art. 60._ 

A Rectangular coordinate system based upon plane surveying, disregarding the effect 

_ of curvature of the earth, is used in the survey of some of the large cities, such as Baltimore 
and Boston. Two arbitrary lines at right angles to each other are chosen as axes of a 
coordinate system, and all important points, such as street corners, are located with refer- 
ence to these coordinates. One of the chief advantages of this system is that any number 
‘of lost points can be easily replaced because their relation to the remaining located points 

_in the city is known. 

In laying out a system of this sort a base-line is measured and a triangulation scheme 
‘computed as a basis, secondary triangles being formed from the larger ones, and then trav- 
erses are run from these triangulation points and closed on other triangulation points. 
All of the triangles are considered to be plane triangles in the computation.. The origin 

the coordinate axes is either taken so as to lie outside of the city limits or else, if it be 
, it is given a yalue such as 20000, 20 000, so that negatiy values for coordinates 
re avoided. 

jp) 21. Special Problems 


Setting Batter-Boards for a Building. One of the most common 
3 of the surveyor is to set tHe batter-boards for the excavation and con- 
ction of the cellar of a new building. For a brick or stone building the 
s to be defined are the outside lines of the building, and the elevation 
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desired i is usually the top of the first’ floor. “In the case_of a wooden building 
‘the line usually given is the outside line of the brick or stone underpinning, 
and the elevation given is the top of this underpinning on which the sill of 
‘the house is to rest. Sometimes the outside line of the sill i is desired instead 
of the outside line of the underpinning. There should be a definite under- 
standing i in regard to these points before the work of staking out is begun. 


The first work is to stake out the location of the building by accurately setting temporary 
stakes at all of the corners of the building, in Fig. 16, at A, B,C; D, Hand F. A stake 
should be set at G also so that the entire work can be checked by measuring the diagonals 
AC and BG, and FD and EG. These checks 
should always be ,.applied where possible. 
Then the posts for the batter-boards are driven 
into, the ground 3 or 4 ft outside the line of the 
cellar so that they will not be disturbed when 
the wallsare being constructed. On these posts, 
which are usually of 2 by 4-inch scantling, 1-in 
boardsare nailed. These boards are set by the 
surveyor so that their top edges ate level with 
the grade of the top of the underpihning or for 
whatever other part of the building the grades 
are required. After the batter-boards are all 
in place they should be checked roughly by 
sighting across them; they should all appear at 
the same level.. Sometimes, however, on ac- 
count of the slope of the ground some of them 
have to be set a definite number of feet above 
or below grade. 


Then the lines are to be ee! by nails 
driven in the top of these batter-boards. The 
transit is set wp on one of the corner stakes of 
the house at B (Fig. 16), for exaiiple, and a 
sight is taken on C. This line is then marked 
on the batter-board beyond (at g) and on the 
one near the transit (at c). Then a sight is 
3 taken along BA and this line is produced both 

Fig. 18 ways and nails set on the batter-boards at / and 

d. Ina similar manner all of the lines are 

marked on the batters. These points should be marked with nails driven in the topedges 

of the batter-hoards, and there should be some lettering on the boards to make clear Which | 

lines have been given. It is well for the surveyor also to show these marks to the builder | 

or inspector and have it ave understood just what parts of the structure these lines | 
and grades govern. 

Supplying Closing Side of a Traverse. If the latitudes and departures ” 
of the several courses of a trayerse which does not close are computed the 
algebraic. sum. of the latitudes gives the latitude of the closing side and the 
algebraic sum of the departures gives the departure of the closing side (Art. 16). 
The square root of the sum of the squares of these two elements gives the 
length of the closing side, end the tangent of its bearing is its departure — 
divided by its latitude. | 

To Cut off an Area bya straight line from a point on a side: Plot the field sit the known 
point; drai 4 trial line from this point to an angle in the other side of the field §6 as to 1a) 
‘off approximately the required area. Then the sides and bearings Of all the lines excey 
the trial line across the field are known; and its length and bearing can be computed as 
explained in the previous article, and the area of the portion cut off computed by the — 
D,M.D. method (Art, 16), ‘The difference between this area and the area required is a 
triangle whose. base is, the trial line and whose altitude can be Teadily computed, from 

the distance along the side of the field from. the end of the trial Tine ' to the correct. 
t can be com) ited. Then the closing side can again be calclated and the Re cut 
off ‘combuted by the D.M.D. method, which Should this time ‘give the desired 
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To fiid aréa’ cut off by line in given direction from given point, let the cut-off Hne be 
| AC. This | problem may be readily solved by drawing a line from A in the traverse to the 

} corner # which lies nearest the other extremity C of the cut-off line. ‘The area of the 
portion Of the traverse cut off by AB is then computed (Art. 16), and to thig area is added 
or from it is subtracted the aréa of the triangle ABC. 

Athtetie Grounds, In the layout of athletic grounds the matter of 
orientation, so that the sun will not shine in the eyes of the players or in the 
eyes of the spectators, is of great importance. A baseball, football or tennis 
ground should therefore be laid out with its length running in a north and 
south direction, and with the grand stand on the west side because most 

_ games are played in the afternoon. 


Running Tracks should be as a rule onc- Ldienth or one-quarter mile in length, because 
on tracks of thése lengths a full numtber of laps (6r half laps) are reqitired for the ordinary 
dashes of 220 yards, 440 yards and 880 yards, thus bringing both the start and the finish 
of the race in front of the gramd stand: A good running track should be 15 ft wide on all 
portions except in front of the grand stand; where it should be made 20 ft wide for use ip 
1oo-yd-dashes, in which race thé contestants are usually “bunched.” For these shos, 
dashes the straightaway portion 
of the track is usually length- Grand Stand 
ened beyond the curve so as to 
allow at least 40 ft beyond the 
finish line. The curves at the 
ends of an oval field-track 
should ant be sharper than 100- 
ft radius if it is possible to ayoid 
it.. The line for measurement of 

_ the length of a running track is 
18 inches.from the pole, and ina, 
horse race-track it is 3 ft from 
the pole. A good running track 
can be made_in three layers, 8 
inches rock, 2 of cinders, and 2 inches of 3 parts screened cinders to 2 parts screened clay 

loam. A quarter-mile track with curves of 100-ft radius at its ends will allow of placing 
a football gridiron inside the ova! with 20 ft of turf between the side lines. of the football 


Pitcher’s Plate 
_—) 


| 


oe 
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Fig. 18 Fig: 19 


and the running track, which should be about the minimum distance. One of thie 
of this arrangement is the quarter-mile track at the Ohid State Uni- 
rersi jolumbus, Ohio, shown in Fig. 17. The Haryard Stadium is another example” 

this  arrengertient, but there the side lines of the football field are too near the running 
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Football Grounds should be 330 ft X 160 ft, and on level ground. Lines 5 yards apart 
and parallel to the goal lines are laid out to aid in estimating distances made in the plays. 
The goals are placed in the center of the ends of the field; the goal poles are 184% ft apart, 
and the horizontal cross-bar 10 ft above the ground. It is of importance, if a good foot- 
ball field is to be made, to screen the surface material thru a half-inch screen. 


A Baseball diamond is laid out as shown in Fig.18. The size of the field itself is limited 
only by the space available, except that the shortest distance from home plate to any fence 
between the foul lines should be 235 ft. The ground should be as near level as possible; ° 
there must not be more than 15 inches fall from the pitcher’s box to the base lines or to 
home plate, and the base lines should be level. Where possible to obtain it, there should 
be go ft behind the home plate, with a minimum of 50 ft. 

A Tennis Court is laid out as shown in Fig.19. An area of 120 ft X 50 ft is about the | 
minimum for a good tennis court. It Should have surface drainage by grading the court 
on a slight slope (about 6 inches per 100 ft) from the center toward the sides. The net 
posts are placed 3 ft outside the side lines, are 3.5 ft 
high, and the net should be 3 ft high. 

Field Hockey grounds are laid out as shown in Fig. 
20. The length is always 300 ft, but the width must 
be not less than 150 ft nor more than r8o ft. 

In Lacrosse, the field is rectangular in shape, 375 
ft long and of any desired width. The goals are in 
the center of the two ends; the goal posts are 6 ft apart 


Fig. 21" . > 


and 6 ft high. Each pair of goal posts is in the center of a rectangle which measures 
18 ft crosswise of the field and 12 ft lengthwise of the field. 

For Basket-Ball the rectangle is 50 X 75 ft, with the goals in the centers of the ends. 

A Bowling Green is 120 ft square, with each rink not less than 19 ft nor more than 2x ft. 
It should be as nearly level as it is possible to make it. 


Croquet Grounds are laid out as shown in Fig: 21; the located points within the border 
show the position of the center of each wicket. 


22. U.S. Public Lands 


The System. The United States System of Surveying the Public Lands, 
which was inaugurated in 1784, and modified since by various acts of Con- 
gress, requires that the public lands “shall be divided by north and south 
lines run according to the true meridian, and by others crossing them at right 
angles so as to form townships six miles square,” and that the corners of the 
townships thus surveyed “‘must be marked with progressive numbers from 
the beginning.” Also, that the townships shall be subdivided into thirty- 
six sections, each of which shall contain six hundred and forty acres, as nearly 
‘as may be, by a system of two sets of parallel lines, one governed by true 
meridians and the other by parallels of latitude, the latter intersecting the 
former at right angles, at intervals of a mile. Since the meridians converge 
it is evident that the requirement that the lines shall conform to true meridians 
and also that townships shall be six miles square, is mathematically impossible. 


The Subdivision Work is carried on as follows. Frrst, the establishment 
of an INITIAL POINT, 2 PRINCIPAL MERIDIAN, by astronomical observations, — 
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which is a true meridian thru the initial point, dad a BASE-LINE which i isa 
true parallel of latitude thru the initial point. These operations are per- 
formed in different localities as a basis for the surveys in that portion of the 
country. ‘The principal meridian is a straight line and the base-line a curve, 
being at every point at right angles to the meridian thru that point. The 
base-line is laid out by first running a straight ] ne and measuring from it 
offsets to locate points on the parallel of latitude. ‘Two methods are used for 
this, called ‘the Secant and the Tangent Methods. The ‘‘Manual of Sur- 
veying Instructions for the Survey of the Public Lands of the United States,” 
issued by the General Land Office, contains complete explanations of these 
methods and tables, giving the offsets as well.as general instructions. ; 


SECOND, the division of the area into tracts approximately 24 miles square 
by the establishment of STANDARD: PARALLELS, which are true parallels of 
latitude extending east and west thru 24-mile points on the principal meridian, 
and GUIDE MERIDIANS, which are true meridians thru 24-mile points on the - 
base-line and on the standard parallels and extending north to the inter- 
section of the next standard parallel or base-line. Since these guide merid- 
jans converge these tracts wal be 24 miles on their southern and less on their 
northern boundaries. 


Tuirp, the division of each 24-mile tract into TOWNSHIPS, each approxi- 
mately 6 miles square, by establishment. of MERIDIONAL LINES, Or RANGE 
LINES, which are true meridians thru standard township corners established 
at intervals of 6 miles on the base-line and on the standard parallels and 
extending north to an intersection with the next standard parallel or. base- 
line; and the establishment of LATITUDINAL LINES, or TOWNSHIP LINES, join- 
ing the township corners-previously established at intervals of 6 miles on the 
principal meridian, guide meridians, and range lines. Neglecting discrepan 
cies in fieldwork the east and west boundaries of townships will be 6 miles 
in length, but the north and south will vary in length, being a.maximum of 
6 miles at the standard parallel or base line forming the southern limit of a 
24-mile tract and a minimum at that forming its northern limit. 


Fourrs, the division of each township into sEcTIONS, each approximately 
t mile square (640 acres), by establishing srcTIoNn LINES, both meridional and 
latitudinal, parallel to and at intervals of x mile from the eastern and southern 
boundaries of the township. : 
_ The subdivisions. of séctions into “ quarters, eighties” and ““forties’’ constitutes the 
principal work ‘of local-surveyors. In establishing a point in the center of a section to 
divide it into quarters itis placed at the intersection of lines joining the quarter corners 
on the opposite sides of the section. 

Townships are designated by numbering them in order both north and south from the 
base-line and east and west from; the principal meridian. Any series of contiguous town- 
ships or sections situated north and south of each other constitute a RANGE, and such a - 
Series in an east and west direction constitutes a TIER. Thus “Township 8 south, Range 
18 east of the Sixth Principal Meridian’’ locates its position; this is. usually abbreviated 
to“T. 8S., R.18 E., 6th P.M.” 

_ ‘The Sections i ina eugehiy’ are numbered beginning with No. x at the northeast corner 
of the township and proceeding west to No. 6, then the next tier runs east to No. 12, the 
Hext tier west te No. r8, and so on, No. 36 being in the southeast corner. 
ke 
me, 23. Leveling for Profile 


In Leveling to Determine a Profile the line is first stationed, every 
{ point, or such other interval as is desired, being distinctly marked. 
level is set up.and a rod-reading called a BAcksicHr (B.S., or +S) taken 

on @ point called a BENCH-MARK (B.M.) whose elevation is known. When 

a 

“a 
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this B.S. is added to the elevation of the B.M. it gives the HEIGHT OF THE 
INSTRUMENT (H.I.). Rod-readings called rorEsicutTs (F.S., or —S) are then 
read on as. many station points on the line as can conveniently be seen from 
_ the instrument, and the elevation of the point on which the rod rests when a 

FS. is taken is found by subtracting the F.S. from the H.L Rod-readings 
are taken at all distinct changes in slope which occur on the line which is 
being profiled, whether these changes come at the full station points or not, 
and the intermediate stations are determined, by tape measurements (some- 
times by pacing) and are recorded as plus stations as shown in the sample 
notes below, 

Field Notes in maniee s a Profile’ 


Profile of Hudson St. Curb (West side). June 17, 1908. Boars 
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When it is necessary to move the level to a new position to proceed along 
the line to be profiled a rurNiNG pornt (T.P.) is selected and its elevation 
determined to use at the next set-up of the level in finding the new Hil. 
When this new H.I. is found, F.S. readings are taken at the proper stations — 
on the line as far as is consistent with the precision required and then a new | 
T.P. is established, and so on. The readings on the B.M’s. and T.P’s. should — 
be taken to one more decimal place than those taken for the profile. In the 
notes shown, for example, the readings were taken on the curb to the nearest 
6.or ft, while those’on the T.P’s. were read to o.oor ft. The B.M’s. are all 

* carefully described in the notes; as a rule T.P’s. are not described, but where 
they are taken on points easily identified it is well to describe them also, | 
The distances from the level to the rod when held on the T.P. or B.M, should 
be about equal for a backsight and its corresponding foresight, so that any 
errors in the adjustment of the line of sight or wyes may be eliminated. 

Tf possible the levels should form a circuit, returning to the original B.M. so as to check | 
the intermediate work. A common method. i is to check the work by readings on other 
_B.M’s. which are passed in progressing along - line.” When this is done those B. .M’s. 
should be used as T.P’s. | 

* The calculation of the level notes may be cede by finding the ditference bevel 
the sum of the B.S’s. and F S's. which were taken on the first B.M., on all the intermediate 
mini and the final B.M. This gives the difference in mlovetign, 
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In taking ievels for a profile it is necessary to start from some datum to which to refer 
the levels, and a B.M. whose elevation aboye some datum plane (such as mean sea level) 
is used if one isnear the locality of the work. Or a B.M. of assumed elevation may, be 
used, in which case all of the levels will refer to an assumed datum. At a later periad, if 
necessary, these levels may be connected to a sea-level datum by running an accurate 
line of levels between the assumed B.M. and some other B.M. whose elevation referred 

te 5ea level is known. 


The Proper Length of Sights will depend upon the distance at which the rod appears 


distirict and upon the precision required. Under ordinary conditions sights should not 
exceed 300 ft where elevations are required to the nearest 0.01 ft, and even at a much 
shorterdistance the boiling of the air may preyent.a precision of this degree. ; 
Curvature and Refraction Correction. Since a level line is a curved 
line which at every point is perpendicular to the direction of gravity and the 
line of sight of a level is along a tangent to this curve it is necessary to take this 
into account in the more. precise leveling work. This correction is usually 
combined with that due to the refraction of the atmosphere; and the com- 
bined correction, for sights of 300 ft, is about 0.002 ft; for 500 ft,'0.005 ft; 
for 1009 ft, 0.020 ft. These corrections are to be applied to any single rod- 


reading by yee SO from the reading; but if the rod is equally distant from = 


the instrument on the foresight and backsight the effect of curvature and 
refraction is eliminated from the result. 

To Establish a Datum from tidal obseryations, set up a vertical staff, graduated to feet 
and tenths, in such a manner that the high and low water canbe read. ead the positions 
of high and low water for each day for as long a period as practicable. ‘The mean yalue 
obtained from an equal number of high and low water obseryations will giye the approxi- 
Mate value of mean sea level. Ifthe observations extend over one lunar month the result 
will be fairly gond; to determine this accurately will require obseryations extending oyer 
about eighteen: years. 

Double Rodded Lines are frequently used when it will be impracticable to run a athens 
or when a profile is to be made thru a new country where no intermediate B.M’s. have 
been previously established. Instead of taking a foresight on a single T.P., foresights 
ate taken on two different T.P’s. near together and varyiny in elevation by’a foot at least. 
When the level is set up again a backsight is taken on both T.P’s. and. two H.1’s. .com- 
puted, which should agree within whatever limits of error are allowable for the class of 
work at*hand. This method of carrying on a check*on the leveling is particularly appli- 
-cable to such cases as running preliminary surveys for a railroad. 
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Cross-Sections for Borrow-Pits. When it is desired to determine the 
sha e of the ground with a nicety such as is required for landscape architect 
Baidiee or for computing the material taken from a borrow-pit the area may 
be divided into squares (or rectangles) and elevations taken at the’ corners of 


these squares and at as many intermediate points as are necessary to deter- 


mine the shape of the ground. These surface elevations are usually taken 
to the nearest tenth of a foot, and the squares, which are anywhere from 10 ft 
_ to 100 ft on a side, are laid out with transit and tape. The cornérs may be 
designated by a system of letters for the lines running ir one direction and 
numbers for the system perpendicular to the lettered system; for example, 
Be ip if lies at the intersection of lines D and 7, and intermediate point 


a 


+ 8,6+ 4 lies 8 ft from line E toward F and 4 ft from line 6 toward line 7, » 


The notes aré kept like profile notes’ (Art. 23) except that the stations are 

“dente as just described. The tape-rod, described in Art. 7, is of oe 
ar use in work of this sort: 

‘When cross-sections are taken to determine the amount of material taken out of a bor- 

: readings are taken as described above before the excavation is started, and then 

after the excavation is rane the same system of cross-section lines is again run out 


“ah 
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and the new elevations at corners, and intermediate points if necessary, are determined. 
The quantity of material removed is computed as explained in Art. 66. 

Road Cross-Sections are taken as a basis for estimating the quantity of 
earthwork in railroad or highway construction, but by an entirely different 
method from the borrow-pit method. From the plan of the proposed road 
its alignment is staked out and a profile is taken along the center line, which 
is subsequently plotted. On this profile the grade line is drawn, which 
corresponds to the finished surface of the road. Roads are usually first 
finished to sub-grade, which is below the completed surface by an amount 
equal to the thickness of the road covering, the pavement of a highway or the 
ballast in the case of a railroad. The width of the base of the road and the 
inclination of the side slopes are known. For ordinary gravel the slope is 
usually 114 ft horizontal to 1 ft vertical, called “‘a slope of 114 to 1.” 

For construction work the engineer sets grade stakes at every full station or oftener on 
the center line and at both sides where the finished slope intersects the surface of the ground. 
All three of these stakes are marked, giving the amount of ‘cut?’ or ‘fill’? to he made at 
these points. The cut or fill marked on the stakes where the slopes meet the original 
surface is the vertical distance from the base of the road to the surface of the ground at these 
points. The process of setting these slope stakes is described in Art. 62. 

Cross-sections for dams, for canals and other engineering structures are common 
problems for the surveyor. ‘Chis work consists of making a short profile at right angles to 
the line of the structure, at intervals of from 10 to 100 ft apart depending upon various 
conditions, and extending far enough on either side so as to include the possible location 
of the structure. These cross-section lines representing the surface are plotted for each 
station, and on them are also plotted the proposed cross-sections of the structure at the 
respective stations. This gives a complete record of the conditions before the work is 
started, and as it progresses, by the use of different colored lines, a continual graphical 
record of the work may be kept from month to month, which is the customary interval for 
making estimates for partial payments to contractors. 


25. Precise Leveling 


‘Precise Spirit-leveling is like ordinary leveling except that certain refine- 
ments are introduced into the field methods and in the construction and 
manipulation of the instrument. The characteristic features of a ‘precise 
level are an inverting telescope of high power and good definition provided 
with a vertical and three horizontal hairs, and a sensitive spirit-level of uni- 
form curvature having a mirror or set of prisms so adjusted that the observer 
can see the bubble while he is looking at the rod. The instrument rests on 
three leveling screws.. There are two spirit-levels set at right angles to each 
other for approximate leveling. and a micrometer screw by which one end of 
the telescope may be raised or lowered slightly when centering the main 
bubble. Some of these instruments are of the wye and some of the dumpy 
’ patterns; the latest (1900) U. S. Coast Survey level isa dumpy. This Coast 
Survey instrument differs from most of the previously constructed precise 
levels; its telescope is of iron-nickel alloy, which has a very low coeflicient of 
expansion; the bubble is placed as near the line of sight as possible so that the © 
parallelism of the two will not be disturbed by local temperature changes. 
A second tube is set on the left-hand side of the telescope, and carries a set of 
. prisms so arranged that the observer sees the bubble thru this tube with his 
left eye at the same time that he views the rod thru the telescope with his 
right eye. ‘The great adyantage of this instrument is in the rapidity with 
which the readings can be taken. (For a complete description see Coast 
Survey reports for 1900, p. 521, and 1903, p. 200. ) 


The Rods used in recent precise leveling work are of the non-extensible 
self-reading pattern. They are usually in sections in the form of a + or 8 
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T, and since they are always used with an inverting telescope the figures on 
the rod are made upside down. “Rods graduated in the metric scale, the 
smallest division being a centimeter, are used by the U. S. Coast Survey, while 
the U. S. Geological Survey use a rod graduated in yards, the smallest division 
being one-hundredth of a yard. The foot of this rod carries'a metal’ shoe 
rounded’so as to fit the cup-shaped cavity of the foot-piece which is driven 
into the ground. 

While being carried from one station to another the level should be protected from the 
sun’s rays, the micrometer should be unscrewed so that the telescope will not bear on the 
point of the screw, the nuts holding the.tripod legs should be loosened, the central clamp 
should be tight if the instrument is carried on the tripod. When the level is set up the 
tripod nuts are tightened and the tension on the central clamp screw released so that the 
instrument is heid on the tripod by its own weight. In using the instrument the bubbles 
of the small leveis are brought to a central position by means of the leveling screws, the tele- 
scope is turned toward the rod and the large bubble centered by the micrometer screw. 


The observations are made in such a manner as to eliminate the recognized common 
errors in leveling work, which are (x) settling of level on soft ground; (2) unequal ex- 
pansion and-contraction of different parts of instrument due to temperature changes; 
(3) irregular refraction of airnear ground; (4) unequal length of backsights and foresights; 
(s) selecting poor turning points; (6) rod not held plumb; (7) bubble not in center of tube 
at instant reading is taken. 

Errors due to settling of tripod are eliminated by taking two backsights and two foresights 
at each set-up in the following order: first the backsight is read, then the foresight, and then 
the foresight is again read and lastly the backsight again. The. mean gives the correct 
elevation of the T’.P. provided the level has settled the same amount in the time which has 
elapsed between each set of readings. Errors due to temperature changes may be partly _ 
avoided by shortening the time elapsing between the reading of the backsight and fore- 
sight. Rapidity is also of great advantage in eliminating errors due to settling of tripod. 
Tn ail cases the instrument should be shielded from sun’s rays and from wind by an um- 
brella or special shield. Errors due to refraction of the air may be partly avoided by using 
Tong-legged tripods so as to set the level high above the ground and by making the obser- 
vations in the middle of the day rather than in early morning or late afternoon. The 
distances to backsights and foresights are kept nearly equal by reading these distances 
with the stadia hairs; the notes should be kept so that they will show at a glance whether 
the sums of the foresight and backsight distances are equal:or not. Foot-plates or pins 
are driven into the ground to use for T.P’s. when a-satisfactory T.P. cannot be found 
at the proper distance from the instrument. To aid in holding the rod plumb a spirit- 
level is used permanently attached to it or held against its edge. The temperature of the 
tod is also taken occasionally during the day and proper corrections applied to readings. 

On the U. S. Coast Survey work two rods are used, each rod being held alternately for 
a foresight and a backsight, the same rod is held on a TP. for both the backsight and the 
foresight, all three cross-hairs are read, the interval between the upper and lower giving 
the stadia distance. At odd-numbered instrument stations the backsight is taken before 
the foresight and at even-numbered stations the foresight is taken first... All levels are run 

_ incircuits of a mile or two and, if possible, the return trip is made under different atmos- 
pheric conditions: The maximum length of sight allowable is 150 meters, and the 
difference of backsight and foresight distances must not become greater than 20 meters. 

The instrument adjustments are tested daily. , 

% The Allowable Errors in precise leveling work of various surveys is as ‘ 

follows: U. S..Coast Survey, 47”? \/kilometers; U. S. Lake Survey, 1077 

, 4/ kilometers; Mississippi River Survey, 57” kilometers; U. S. Geological 


Survey, o.or7ft miles. The results actually reached fall well within these 

limits. A high grade of leveling has been done on the Barge Canal Survey 

‘of New York with an ordinary wye level of good construction; in this work 

¢ allowable error of closure was only c.o2/# V miles, .. An accuracy: equal to. 

hat required by the use of a precise Jéveling instrument can be reached with 
; ordinary wye or dumpy level but probably not as economically, ° 
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TOPOGRAPHIC SURVEYING 
26. Barometric Leveling . 


"The Barometer may be used as a means of measuring differences in 
elevation, since one inch in the height of the mercury column is equivalent to 
about goo ft in altitude. The atmospheric pressure varies also with changes 
of temperature and humidity, so that it is necessary in measuring differences | 
in altitudes with the barometer to determine the amounts of these variations 
and to make proper allowance for them. The ordinary cistern mercurial 
barometer and the aneroid are used in surveying. The latter on account of 
its compactness and sensitiveness is more generally employed, but it is liable 
_ to derangements if subjected to great ranges of pressure or if roughly handled; 
‘it is also subject to errors due to temperature changes. 


Barometric Leveling is useful in making a reconnoissance or in deter- 
mining the contours for a map of very small scale. It is approximate at best, 
but with a mercurial barometer results as close as 5 ft may be obtained by 
careful handling of the instrument, and with an aneroid in good adjustment 
results correct to 5 or ro ft may be obtained but not without repeating’ the 
observations and taking great care in the use of the aneroid. The error in 
height determined by a baronieter is approximately a constant, so that the _ 
percentage error is much smaller for large differences in elevation than for 
small differences, The barometér does not give actual heights, but the 
difference in its readings will be a function of the difference in elevation of the 
two points provided the atmospheric conditions have not changed so as to 
affect the readings. 

To Read a Mercurial Barometer the screw at the bottom of the barom- 
eter is turned until the ivory point is just in contact with the mercury. The 
vernier is then raised or lowered until its lower edge is just at the height of 
the mercury column. More than one reading should be taken, and the ivory 
point should be set in contact with the mercury each time. The temperature 
of the air and of the mercury are both read when the mercury height is recorded. 
In carrying the mercurial barometer from place to place the bottom screw 
should be turned up until the mercury just fills the tube, then-the barometer 
should be inverted and carried in its case upside down. 


On the Aneroid Barometer are two scales, the inner one note aennaate 
to inches of mercury and the outer one to feet of altitude, the zero of the 
altitude scale being in most instruments at 31 inches on the mercury scale, 
The outer scale should not be movable with reference to the inner scale, for 
the number of feet of altitude corresponding to one inch of mercury is different 
in different parts of the scale. Aneroids marked ‘‘compénsated” are sup- 
posed to be adjusted so that changes in temperature of the inStrument will 
not affect the readings. The instrument should be handled carefully in 


. , order to avoid disturbing its delicate mechanism. When it is to be read, tap 


the case lightly to be sure the instrument has adjusted itself to the changed 
pressure. It should stand a few minutés before it is read sd as to allow it to 
come to the true Treading; it should not be heated by the sun’s rays or the 
body; and. it may be held in either a vertical.or horizontal position when being 
‘read, but as the readings i in these two positions are different it should be held 
in the same position at all stations. As accurate results may be obtained 
“from small as from large aneroids. . 
The Best Field Method requirés. the use of two barometers, one to 
rémain at some fixt station whose elevation is known, and a aaa 
: record, of this instruinent will give the atmospheric SHANE. It is assume 
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since the other aneroid will be in use in the same general locality, that the 
atmospheric changes will be the samme at both instruments. It is well to use a 
mercurial barometer at the fixt station. The second instrument (an aneroid) 
is read at the start at the fixt station. The difference between the Teadings 
of the two barometers at this station is an index correction to be applied ‘to 
all readings of the moving barometer. The aneroid is then carried to the 
next station whose elevation is required and read, and so on to as many 
points as are desired, making the time of travel between stations as short as 
possible. At each point the pressure, time and air temperature are read and 
recorded. Upon the return trip with the aneroid it will be well, as a check; 
to take readings again at the stations as they are past, and upon arriving at 
the fixt station the aneroid is read-again. At intervals during the day, 
every half hour, or oftener if the atmospheric conditions are rapidly chang- 
ing, the barometer at the fixt station is read and the time, air temperature, 
and mercury temperature (if a mercurial) are recorded. The interpolated 
readings of the fixt barometer are entered in the notes of the moving barome- 
ter and the index correction applied, thereby eliminating all changes in read- 
ing except those due to changes in altitude. When only one barometer is 
used a reading is taken at the first station when starting on the trip and again. 
at the end of the trip.. The difference between these two readings represents 
the total change due to weather conditions, and interpolated readings for the 
times when the barometer was read at the other stations must be made for 
the first station, as illustrated by the example below. ; 
Calculating the Altitude. Differences in elevation are calculated 
from the differences in pressure either by formula or by table, or it may be 
found with an aneroid by reading directly the altitude scale which is based 
on one of the formulas. LaPiaAcn’s FORMULA is one of the most accurate; 
it is D = 60 158.6 (log h — log H) { + (te +t2> 64°)/goo} , ‘where D= 
difference in elevation in feet, k = height of mercury at lower station in inches, 
f =height of mercury at upper station in inches; ta’ and ¢, are the observea 
air temperatures in Fahrenheit degrees. The correction due to air tem- 
perature is often a large amount. In case a mercurial barometer is.used H 
pine height of mercury at the upper station reduced to the temperature of 
the mercury at the lower station by H.= h’ { + 0.00008967 (ty: — in! )¥ | 
where ¢,, = the temperature of mercury at lower station and t,,’ = the tem- 
rature of mercury at upper station. The following table condensed from 
Guyot is based on this formula. ' : 


ExAmete using one aneroid barometer: find difference in elevation between Overlook. 
and Bald Mt. * 


Station. Time Barom. Inches Air Temp. 
Overlook 9:25 AM. 29.42 . 47°F. 
hi Bald Mt. 10.30 A.M. * 27.15 300 


* . Overlook 10.57 Aa. 29.36 43 


‘From Barometric Table, . 29.38 = 28 157 
. 27-15, = 26 095) 
; : 2062) 
jp. Corr. = 2 062 [{~ (47 + 43) + 30} — 64] /900 =+ 25 
erence in elevation = 2087 feet. 
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For Determining Difference in Elevation by Barometer 


Feet 


12 280 
I2 442 
12 604 
12 765 
12 925 
13,084 
13.242 
13 398 
13 554 
13 709 
13 864 
14 O17 
14 169 
I4 321 
14 471 
14 621 
14 77° 
14 918 
15 065 
TS 211 
15 357. 
I5 502 
15 646 
15 789 
E5 931 
16.073 
16 143 
16 214 
16 284 
16 354 
16 423 


‘16.493 


16 562 
16 632 
16 701 
16 769 
16 838 
16 907 
16975 
17 043 
PU me ees 
17 179 
17 246 
17 314 
17 381 
17 448 
17 516 
17 582 
17 648 
17715 
17 781 
17 847 
17 913 
17 979 
18 044 


Barom. 


Inches 


20,00 
20.05 
20.10 
20°15 
20.20 
20.25 
20.30 
20.35 


Feet 


18 110 
18175 
18 240 
18 305 
18 370 
18 434 
18 499 
18 563 
18 627 
18 691 
18 755 
18 818 
18 882 
18 945 
Ig 008 
19 O71 
19 134 
19 197 
1g 260 
19 322 
19 384 
19 446 
19 508 
19 $79 
19 632 
19 694 
19 755 
1g 816 
19 877 
19 938 
19 999 
20 060 
20 120 
20 18r 
20 241 
20.301 


20 361 |} 


20 421 
20 481 
20 540 
20 600 
20 659 


20 718 ||. 


20777 
20 836 
20 894 
20954 
21 @12 
21 O71 
21 129 
21 187 
21 245 
22 303 
21 360 
21 418 


Feet 


Feet 


21 466 
20533 
21 590 
21 647 
21/704 
21 761 
21 818 
21 874 
21 931 
21 987 
22044 
22 Too 
22156 
22 212 
22 267 
22 323 
22 378 
22 434 
22 489 
22,544: 
22 599 
22 654 
22 709 
22 764 
22 818 
22 873 
22 927 
22 982 
23 036 
23/090 
23144 
23 198 


“| 23 251 


23 305 
23 358 
23 412 
23 465 
23 518 
23.571 
23 624 
23677 
23 73° 
23 782 
23 835 
23 887 
23 940 
23/992 
24 044 
24 096 
24148 
24 199 
24 251 
24 303 
24 354 
24 406 


24 457 
24 508 
24559 
24 610 
24 661 
24 712 
24 762 


24 813} 


24 864 
24/904 
24 964 
25.014 
25065 
25115 
25 164 


25 214 


25 264 
25 314 
25 363 
25412 
25 462 
25 511 
25 560 
25 609 
25658 
25 797, 
25,759 
25 805 
25 853 
25 902 
25'95P 
25/999 
26 047 
26 095 
26 143 
26 191 
26 239 
26 287 
26 334 
26 382 
26 430 
26 477 
26 524 
26572 
26 619 
26 666 
26 713 
26 760 
26 807 
26 854 
26 goo 
26 947 
26 994 
27 040 
27 086 


Sect. 2 


Feet 


27 133 
a7 £79) 
27 225 
27 271 
AU BL7 
27 362 
27-499 
27 454 
27 500 
a 5as 
27: 59% 
27 637 
27 682 
2 Gel Sik 
27712 
27 817 
27 862 
20 oy 
27-952 
27 997 
28 O41 
28 086 
28 131 
28 175 
28 220 
28 264 
28 308 


| 28 352 


28 396 
28 440 
28 484. 
28 528 
28 572 
28 616 
28 659 
28 703 
28 746 
28 790 
28 833 
28 877] 
28 920 
28 963 
29 006 
29 049 
29 092] 
29: 235 
29178 
29 220 
29 263. 
29 306] 
29 348 
29392 
29 433 


|29 475 


29 518 
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27. Trigonometric Leveling 


Finding the Difference'in Elevation of two points by, means of the 
horizontal distance between them and the vertical angle is called TRIG- 
ONOMETRIC LEVELING. It is used chiefly in determining the elevation of 
triangulation stations and in obtaining the elevation of a plane-table station 
from any visible triangulation point’ of known elevation. In triangulation 
work the vertical angles are usually measured at the same time the horizontal 
angles are measured, so as to obtain the elevations of triangulation points as 
well as their horizontal positions. The vertical angle is measured to some 
definite point on the signal whose height above the center mark ‘of’ the station 
was determined when the signal was erected, and the height of the.instru- 
ment above its station should be measured and recorded. In the most exact 
work the angles are measured with a special vertical ‘circle instrument. In 
less precise work an ordinary theodolite whose vertical arc reads by verniers 
to 30” or to 20” may be used, but with such instruments only single readings 
can be made. The best results with such an instrument are obtained by 
taking the average of several independent readings half of which are taken 
with the telescope direct and the other half with the ‘telescope inverted. In 
every case the index correction, or reading of the verte arc when the tele- 
scope is level, must be recorded. 


Simultaneous Observations. The chief difficulty in aitatning accurate 
results by trigonometric leveling is due to the uncertainty of the angle of 
refraction, that is, the angular deviation of the line of sight on account of the 
refraction of thé air. ‘This varies with the locality, the temperature and the 
atmospheric pressure, so that the only way its effect can be practically elimi 
nated is by taking simultaneous observations between two stations, in which 
case 


+ hy — hy = K tant (ay — a) {0 +.(ly +n) /2R +.KY/r2 RY 


where /i, — h, = difference in ‘elevation of stations in’ feet; K = arc of the 
earth subtended between plumb lines thru the two station points, approxi* 
_ mately equal to the distance between the two stations in feet; a, and @, are 
the simultaneously observed vertical angles; R = radius of earth at latitude 
- of the stations; for most work it is close enough to use log R (in feet)’ ="7.32068. 


- Observation at One Station. If the observation is made at only one 
station the REFRACTION COEFFICIENT must be known and applied to the 
vertical angle. The refraction coefficient is m = r/c, whence r = mc, where 
_ 7 = the angle of refraction and c = the angle at the center of the earth between 


_ the two stations. Fora single observation 
4 hh, —h,=K tan [a, + 4 —m) (K/R sin 1”)] [1 + (ty $h,/aR +KY/z2 Rl] 


In this formula the letters have the same significance as in the formula for ; 

simultaneous observations above. In solving for h, — h,, approximate values 

are first obtained by omitting the last factor; the approxitisite values are then 

ibstituted in the last factor and corrected values computed, 

} ” From a large number of observations the U. S. Coast Survey has determined values of . 

i as follows: 

For lines crossing the sea......e+seeeeeees e Vice sb acteme ln Aalst ya 

Between primary points (high elevation)........6+++.+se0++ O.O7E 

For interior of the country, about........sesesieeeeescenees 0065 
‘Clarke gives in his “Geodesy” 

el akon FAYS, Crossing the Sea) sws0 de <icvin-ape sie ond s winig aieie'sid sig-g 0.050! O0BOD, 

\ For. rays not crossing the sea... <.os0000200c000sb0se5 00400900750 


~ 
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4 Rough Determination of the difference in height may be found by multiplying the 
horizontal discance by the tangent of the vertical angle and applying a single correction - 
for curvature and refraction by the formula # = A?/1.7426, where K is the distance in 
miles between the stations and / is the correction in feet. If K is exprest in units of 
sooo ft then # = 0.02 X K? (nearly). This correction is applied so as to increase the 
difference in elevation if the vertical angle is plus, and it should decrease the difference in 
elevation if the vertical angle is minus. This method is used for the stadia and plane table 
except that for ordinary sights or for rough work the curvature and refraction correction ~ 
is omitted. 

28. Contours 


A Contour Line is the intersection of a level surface with the surface of 
the ground. For example, a shore line of a pond is a contour line, and if the 
pond leyel were raised a foot its: new shore line would be the contour line 
of x ft greater elevation. Contours are used to represent the shape of the 
ground, and give a means af reading elevations directly from the map. It is 
customary to locate them a whole number of feet above the datum, such as 
the s50-ft contour, and at regular intervals; at, say, every 2 ft or every 5 ft; the 
number of the contour is its elevation above the datum. Since the contours 
are equidistant vertically their horizontal distance apart gives a measure of 
the steepness of slopes, 

Characteristics of Contours are: (1) All points on any one contour 
have the same elevation.. (2) Every contour closes on itself, either within 
or beyond the limits of the map. (G3) A contour which cones within the 
limits of the map encloses either a summit or a depression. In depressions 
there will usually be found a pond or a lake; but where there is no water the 
contours are usually marked in some way to indicate a depression. (4) Con- 
tours can never cross each other except where there is an overhanging cliff, 
in which case there must be two intersections. (5) On a uniform Slope con- 
tours are spaced equally. (6) On a plane surface they are straight and 
parallel. (7) In crossing a valley the contours run up the valley on dne side 
; and, turning at the stream, run back on the other side. Since the contours 

are always at right angles to the lines of steepest slope they are at right angles 
to the thread of the stream at the point of crossing. (8) Contours cross the 
ridge lines (divides) at right angles. 

Contours and Profiles. If a line is drawn across a contour map the - 
profile, of the surface along that line may be constructed, since the points _ 

; 4 where the contours are cut 
by the line are points of» 
known elevation and the 
horizontal distances -be- 
tween these points can be 
scaled or projected from 
TY on ik x the map. The profile 


A T jal shown in Fig. 22 is con- 

structed by first drawi win, 

_. as a basis for the profile, 
‘a 

Hh Wi t e Ate equidistant, lines, corres- 

_ where XY cuts the con- 

Figr 88 tours, lines are projected 

to the corresponding line on the profile. Conversely, if the profiles of a 


ponding to the contour 

interval, and_ parallel to 
sufficient number of lines on the map are given it is possible to plot these lines 
on the map, mark the elevations, and then to sketch the contours. — 


XY. From the points 
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Locating Contours. Since the topography of much of the county is 
due to stream erosion the position and fall of streams gives much inforiia- 
tion regarding the location of contours. These, together with a few ridge 
elevations, give information from which contours may be réadily sketched. 
It should be borne in mind in sketching contours that they cross the stfeam 
at right angles and curve around from the hill on either side so as to represent 
the valley; they are usually farther apart at the top and bottom of a natural 
eroded slope (where no wave action is present) than in the middle; a.stream 
is usually steeper near its source than in its lower portion. 

Where the contour interval is small and much detail is desired the ground may be cross- 
sectioned (Art. 24) and from the élevations detetmifed the contours may-be sketched. 
Or the contours may be actually traced out and located by stadia. In this case the rodman 
moves up or down the slope until a level rod-reading shows that the foot of his rod is on 
acontour. The position of the rod is then located by distance and azimuth. 

The hand level is used to a considerable extent on failroad preliminary surveys to locate 
contours, and is satisfactory for such work because the contours are located only a shart 
distance from the transit line so that the inaccuracies of hand-level work tannot become 
yery great. In using a hand Jevel for locating contours, first meastire the distance. from 
the ground to the levelman’s eye, which may be, say, 5.2 ft. Then from a re: uding of the 
rod held on a point of known elevation the ‘elevation of the eye of the levelman is deter- 
mined. ‘The leveler then difects the rddman uphill or downhill until the rod-reading is 
such as will correspond to the foot of the rod being on a contour. When this point is 
found it is located by tape or by pacing. -Then, if the contours are being located ona side- 
hill, the levelman moves uphill past the located point on which the rodman stands, until 
the levelman reads the contour interval plus 5.2 on the rod. When this poiitt is réachied 
the levelman is standing on a contour which ts then located. The levelman statids on this 
point and the rodinan travels uphill until the levelman reads §.2 minus the contour ititerval 
on the rod, when the rod is resting on the next higher contour. In going downhill the rod- 
man holds his rod.on a contour-and the levelman will back down the hill until lie reads 
5.2 minus the contour interval on the rod, at which point the levelman will be standing 
on the contour next below the rodman; then the rodman passes the levelman and backs 
down the hill until the rod-reading is 5.2 plus the interval, which determines the next lower 
contour. Sometimes profiles ate run and the elevations plottéd on the plan give a basis 
for sketching the contours. Profiles of, valleys and ridges as a rule give the best data. 


29. The Stadia 


The Stadia Method is one in which distances are measured by observing 
thru the telescope of a transit the space, on a graduated rod, included between 
two horizontal hairs called srApIA HAIRS. If the rod is held at different 
jistances from the instrument different interyals on the rod are included 
between the stadia hairs, the spaces on the rod being proportional to the — 
distances from the instrument to the rod, so that the intercepted space is a 
meanure 0 of the distance to the rod. This method -furnishes a rapid meats 

measuring: ‘distances in filling in details of topographic,and hydrographic 
surveys. It is used either with a transit or a plane table which is provided 
with the two additjonal: horizontal cross-hairs. It has the great advantage. 

lat the intervening country does not have to be traveled, provides a means 
measuring inaccessible distances such as across water surfacesy the errors 
asurements are compensating rather than cumulative, and it affords an 
iccuracy sufficient for many kinds of work, being applicable even to surveying 
for area of such lands as wood lots or farms, for an accuracy of one part in 

50 may be attained with the stadia. The rop used may be of any desired 
ttern of self-reading rod, the Philadelphia rod being a good type for short 
ces. It is well to use a rod with the graduations tepresented by some 
am which can be seen distinctly a long distaiice,; 1000 to 2000 ft away. 

is of two of these rods are shown in Fig. 23, with the waite of the 

cross-hairs marked in ate figure. ee 
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The Fundamental Principle of the stadia is the simple geometric propo- 
sition that in two similar triangles homologous sides are proportional. The 
vertex of these triangles is not the center of the 
transit but is at a point in front of the objective a 
distance equal to F, the focal length of the objec- 
tive, so that the distance from. the center of the 
instrument to the rod = (//2) s + (fF +.c), where 
7 is the distance between the upper and lower stadia 
hairs, s is the intercepted space on the rod and ¢ 
is the distance from the. center of the instrument 
to the objective. Evidently (F + c) is practically 
a constant for any given instrument; for transits it 
varies from 0.75 to about 1.35 depending upon the 
style of instrument. For ‘all ordinary purposes, it 
may be taken as x ft for transits and 2 ft for plane- 
table alidades. The other function (F/7) 5 is a 
variable, but as it is almost always customary to 
have the stadia hairs spaced so that F/? = 100 
this reduces the equation to Distance = 100s +1, 
Every hundredth of a foot on the rod is then a 
measure of one foot of distance. 


Inclined Sights. Since it is the horizontal distance which is required 
it is necessary to reduce all inclined readings to the horizontal, and when the 
difference in elevation between the instrument station and the rod station 
is desired the vertical distance also must be computed from the inclined sight. 
In practise it is customary to hold the rod plumb rather than perpendicular 
to the line of sight, so that it is evident that if the Jine of sight is inclined it will 
subtend an interval on the rod which is too great depending ‘upon the angle a 
of inclination and the distance the rod is from the instrument: ~ By trigono- 
metric proof, with one slight assumption, it may be shown that the 


Vertical Distance = (P/i)s+t2sin2a+(F+c)sina 
Horizontal Distance = (F/i) s + cos’ a+ (F + c) cos a 


For the ordinary conditions (when F/i = 100 and F.+¢=1) and making 
the approximations that sin a= 14 sin 2 @ and cos a= cos’ a in the last terms 
of the above formulas, which are nearly correct for small angles, 


Vertical Distance = (i100 x rod interval + 1) % sia 2a 
Horizontal Distance = (100 x rod interval + 1) cos? & 


These are in the form used for ordinary transit work, The dna of ue 
field-notes can be best accomplished, however, by the use of tables, diagrams 
or stadia slide rules, all of which are based upon these formulas. : 
The rod intervals are usually read to the nearest hundredth’of a foot, giving the distance 
to the nearest foot only, so that in most topographic work, where the distances are not 
required to within a foot, the constant (7 + ¢) may be neglected, and in such work there 
will be no need of applying the horizontal correction for vertical angles under 3 degrees. 


30. Stadia Fieldwork 


Points are Located by (x) the azimuth, (2) the distance, and (3) the 
angle of elevation or depression. If elevations are not required the vertical 
angle i is read only to the nearest ro minutes, for that is close enough for deter- 
mining the horizontal, distance, but if elevations are required the vertical 
angle should be read to the nearest minute and sometimes to the half-minute 
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and the index correction also read for each vertical angle. The distance 
and azimuth angle are read with whatever refinement is necessary for the 
work in hand; as a rule the distances are recorded to the nearest foot and the 
azimuth ‘to the nearest ‘minute, altho for single “shots” which are to be 
plotted by use-of the ordinary protractor the azimuth to the nearest 5 min- 
utes is close enough. ‘Traverse lines which control the survey are measured 
by tape or by stadia as the accuracy of the survey may demand. For large- 
scale maps it may be necessary to tape the distances of the control, but for 
small-scale maps the stadia method is sufficiently accurate. In the latter 
case the distances should be read both on the foresight and backsight.- - 


Azimuths. In starting the survey, if the true azimuth of any line is 
known all of the azimuths of the sutvey may refer to that meridian, but if no 
meridian has been established, as is frequently the case, the azimuths may -be 
referred to the magnetic meridian. Azimuth angles are read from the south ~ 
right-handed for 360°. The horizontal circle is set on 0°, the telescope turned 
so that it points toward magnetic S and the lower damp tightened. Then 
if the upper clamp is loosened and the telescope sighted toward the next 
station the horizontal arc, if read right-handed, will give the’ azimuth’ of the 
first line referred. to the magnetic meridian. The azimuth of any other line 
may be obtained by simply resetting the upper clamp as each sight is, taken: 
When it is necessary to move to the next instrument station the telescope is 
oriented, by the method explained in Art. 15, so that it will read o°® when 
‘pointing to the south.’ ‘The bearings of the traverse lines will give a rough 
check on the azimuths of those lines. 


Distances are read by setting one of the stadia hairs on a whole foot- 
mark, by means of the vertical arc clamp and tangent screw, and counting 
the feet, tenths and hundredths of a foot between the stadia hairs. Great 
care. should be taken not to mistake the middle horizontal cross-hair for a 
stadia hair. This can be avoided by an aiways making a mental estimate of 
the distance. Occasionally a half-interval may be read when something 
obstructs the view of the whole interval. 


The Vertical Angles are taken by sighting the middle cross-hair on a. 
his on the rod whose distance above the foot of the rod is equal to the 
‘distance from the horizontal axis of the telescope to the station beneath the 
Tansit. The distance is known as the HEIGHT OF INSTRUMENT (EFI.I,); it is 
pot, the same as the H.I. in ordinary leveling, which is the distance of the 
‘telescope above the datum. When the middle hair is sighted at. the HI. 
“point on the rod the line of sight is parallel to a line drawn from the station 
der the transit to the foot of the rod, and the vertical angle read is the 
clination of this line, so that the difference in elevation of the two stations 
be directly computed. 
is sometimes impossible to set on the H.I. point-on the red owing to chisel in ee 
of sight. In such a case the angle is taken when sighting at some convenient foot- 
on the rod, and this reading of the middle hair on the rod is recorded in the notes’ 
yerttical angle. The H.I. point is sometimes marked by a ted cloth band; its 
tion being changed at each new:set-up of the instrument. 

i¢ Order of Fieldwork is as follows: First read the distance and 
ord it, then set the middle hair on the H.I. point of the rod and the ver- 
hair on the rod. Signal the rodman to go to the next point, and while 
= is moving to the next point read the horizontal circle, the vertical arc 
‘its index correction if necessary. Unless elevations are required the 
is not used, and the vertical arc will not be read except for angles. 
or more, 
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Stadia Notes require a large amount of sketching and description of details . 
dn order to convey sufficient information to enable a draftsman who may 
mot be familiar with the locality to plot the notes, Where the notes are 
‘merely for flat topography, with no elevations, the difficulties are not great. 
‘The side shots aré numbered, and these numbers should be put on the sketch 
in such a manner as not to be mistaken for any measured distance which 
may also be recorded on the sketch. Where the survey is for a contour map 
the accuracy of the map depends in a large measure upon the completeness 
of the descriptions given in the notes regarding the slope of the ground 
between located points. The elevation of points on ridges, valleys, knolls, and 
depressions will be determined in the field, but without a full description of 
the slopes of the surface the correct interpretation is often next to impossible. 
One method is to describe the shape of the ground in the notes; another 

. méthod is to sketch contours in the notebook, showing approximately the 
form of the surface. - 


31. Stadia Computations 


Reduction of Stadia Field Notes is usually done by means of tables, dia- 
grams or stadia slide rule rather than by direct use of the formulas. The 
stadia slide rule is the most convenient when the reductions are required in 
the field as in plane-table surveys. The difference in elevation can be most 
rapidly obtained by means of a diagram or stadia slide rule, while the hori- 
zontal distances can be rapidly computed by use of a table of HORIZONTAL 
CORRECTIONS which gives the distances to be subtracted from the inclined 
readings to obtain the horizontal distance, to which must be added the instru- 
ment constant (fF +c). The following stadia reduction tables give, for 
yertical angles up to 20°, the difference in elevation for an inclined disuance 
of 100 ft. If the inclined reading is 612, the instrument constant x ft, and 
the yertical angle 4° 42’, the difference in elevation = 6.13 X 8.17 = 50.1 ft. 
Since the rod intervals are read as a rule to only three significant figures this 
multiplication can be accomplished with sufficient accuracy by means of the 
ordinary ro-inch slide rule. The 50.1 ft is recorded in the notes and this 
difference in elevation is applied to the elevation of the station over which 
the transit is set to give the elevation of the point desired. It will be seen 
from.an inspection of the tables that a half minute greater vertical angle 
would have increased the difference in elevation by a little less than o.1 ft, 
which shows the importance of reading the yertical angle carefully and of 
applying its index correction. 

Even without this table vertical heights may be.computed if a table of horizontal corree- 
tions is available. A condensed table of horizontal corrections can be made which can be 
pasted on a leaf in the back of the notebook. After the horizontal distance has been found — 
by the use of this table the vertical height can be computed by multiplying the horizontal _ 
distance by the tangent of the vertical angle, which can be conveniently accomplished by 
use of the tangent scale on an ordinary slide rule. ; ipa 

Where the vertical angle is not taken to the H.I. mark on the rod this must be taken 
into aécount in the working up of -the column of differences in elevation as follows, 
Suppose at a point the distance read was 135, vertical angle — 8° 50’ on 2.5, HT. 4.5; 
then —(1.36 X 15.17) + 2 = — 18.6[t. . Here the 2 ft is + because the vertical angle 
was taken to a point 2 ft lower than the H.I. point. Had the yertical angle been a + 
angle the 2 ft would still haye been applied so as to increase the difference in eleyation. 

Beaman’s Stadia Arc. Another method of simphfying the calculations of elevations 
in the field consists in using only those vertical angles for which the differences in elevation 
are simple multiples of the rod interval, This principle is used in the attachment devised 
by Beaman for the vertical arc of the transit or plane table. On this attachment are 
marked the numbers giving multiples of the rod interval, the zero graduation being marked. 
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Reductions of Stadia Observations 
VERTICAL HEIGHTS FOR 100 FEET INCLINED DISTANCE 


00] 11.70] 13.39 | 15.06 | 16, 72 


is) 
Oo 
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' 


QO. T.74 |.3-49|5-2316.96| 8.68} 10.40]12,10/ 13.78) 15.45 
°. 1,80] 3.55|5.28| 7.02] 8.74|10.45] 12,15] 13.84] 15.51 
°. 1,86 | 3.60] 5.34] 7.07] 8.80] 10.51 | 12.21] 13.89] 15.56 
°. 1.921 3.66|5-40] 7.13] 8.85] 10.57]12.26] 13.95 | 15.62 
°. 1.98} 3.72| 5.46] 7.19] 8.g1| 10.62] 12 32 | 14.01} 15.67 
o. 2.04] 3.78] 5.52) 7-25 | 8.97] 10.68] 12.38 | 14.06]15.73 
°. 2.09 | 3.84] 5.571 7-30] 9.03] 10.74] 12.43] 14.12]15.78 
p- 2.15 | 3.90] 5.63] 7-36] 9.08] 10.79 | 12.49} 14.17] 15.84 
0.47 | 2.21 / 3.95] 5.69] 7.42] 9-14] 10.85 | 12.55] 14.23] 15,89 
°. 2.27 | 4.01} 5.751 7-48} 9.20] 10.91 | 12.60] 14.28] 15.95 
Oo. 2.33} 4.07| 5-80] 7.53 | 9.25 | 10.96] 12.66 | 14.34 | 16.00 
0.64) 2.38) 4.13) 5.86] 7.59] 9.31] 11.02|12.72|14.40| 16.06 
°. 2.44] 4.18| 5.92] 7.65 | 9.37| 11.08] 12.77 | 14.45 | 16.11 
°. 2.50] 4.24] 5.9817.71 | 9.43) 11.13 | 12.83 | 14.51] 16.17 
0.81 | 2.561 4.30| 6.04] 7.76] 9.48] 11.19 | 12.88] 14.56] 16.22 
0.87 | 2.62) 4.36]6.09] 7.82] 9.54] 11.25 |12.94|14.62| 16.28 
2. 2.67 | 4.42] 6.15] 7.88 | 9.60] 12.30] 13.00 | 14.67 | 16.33 
0-99] 2.73} 4-48|6.27]7.94| 9.65] 11.36] 13.05 | 14.73 | 16.39 
1.05 | 2.79 14.53 |6.27|7.99 | 9.74] 12.42] 13.12] 14.79 | 16.44 
i. 2.85 | 4.59 | 6.331 8.05 | 9.77.)11 47| 13.17] 14.84] 16.50 
I.1 91 | 4:65 |6.38| 8.11] 9.83] 11.53] 13.22] 14.90] 16.55 
med 4. 6. 8. 9.5 
Le 4. 6, 8. 9. 
a 4. 6. 8. °. 
I. 14] 4.88 |6.6r | 8.34 | 10.05 | 11.76] 13:45 | 15.12] 16.77 
I. 20 | 4.94 6.67 | 8.40 | 10.11] 11,81] 13.50] 15.17 | 16,83 
Ts 6| 4.99] 6.73 | 8.45 | 10.17] 11.87] 13.56] 15.23.| 16.88 
i, 31] 5.05 | 6.79] 8.51 | 10.22] 11.93] 13.61 | 15.28] 16.94 
ce 37] 5-41 | 6.84 | 8.57 | 10.28] 11.98]-13.67] 15.34 | 16.99 
T. 43 | 5.17 | 6.90 | 8.63 | 10.34] 12.04] 13.73] 15.40] 17.05 
49 | 5.23 | 6.96 | 8.68 | 10.40} 12.10] 13.78] 15.45 | 17,10 


[oss Os G2 Go OO GD oD 
te 
ro) 


M 


. 


2010.00 000 0:0 


ONTO oH 


» 
oO 

prOPhO RO NON OM 
4 


i 


al 
WO STG oH Orntonido i 


RHO OW ONE HH 
ROO bh Hd be 
IED OUP 9-4-0 
OOMHAH DS CW OWN 
COW OI HAKUAwWHH 
© OTWANMRO bm 
Beer 8x Oo bot 
no oH aS 
BROT ORO Ab 
Ph HOV RS GW COP WO tn 


| 9. 
° 
°. 
o- 
° 
9. 

0. 
°. 
8. 

ik 


Cl 
pm Oo 


. 


THrHoo 00000 


Pw RHO OHH 0-0-0 
PRPS Dw DDH HO 


‘}0.0.0.0.0 .0.0.0.0.0 


A fine. 
5 i 
Ju 
i n 


"94 » Topographic Surveying ‘Sect. 2 


Reductions of Stadia Observations—Continued 
VERTICAL HEIGHTS FOR 100 FEET INCLINED DISTANCE 
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50 instead of o so as to make it easier to determine which are plus and which minus angles. 
In using a transit with this attachment the observer reads the distance, turns the tangent 
screw of the telescope until the index line is opposite some line on the attached arc, and 
then notes the rod reading of the middle cross-hair. The difference in elevation between 
the telescope and the reading on the rod is (50 minus the reading of the arc) times the 
rod interval. From this result must be subtracted the rod reading to give the difference 
in elevation between the telescope. and the foot of the rod. Evidently no stadia tables or 
slide rule are needed. when this attachment is used. 


32. The Plane Table and its Use 4 


The Plane Table is an instrument by means of which points are located 
in the field by graphical methods directly on the map, which is fastened to a 
table top supported on a tripod. The accuracy of the map is usually limited 
by the accuracy of plotting rather than by the field measurements, for it is used 
mostly for small-scale maps. In the field the map must be protected from 
becoming distorted by moisture, so as to preserve the accuracy of the plot. 
The plane table is the only surveying instrument admitting of a rapid solution 
of the Three-point Problem in the field; this makes it practicable to locate 
stations independently of each other, so that errors cannot accumulate as they 
do in traversing. ‘The most important advantage of the plane-table method 
over other topographic methods, however, is that all of the sketching is done 
in the field, where the topographer can see the form of the ground that he is 
mapping. He can sketch details at once in their proper position, without 
burdening his memory and without making elaborate notes. For this reason 
the details may be accurately sketched from a much smaller number of located 
points than would be required, for instance, by the transit and stadia method. 
~ The plane-table methcd has the disadvantage of requiring more time for the fieldwork 
than other methods, and it is also nfore dependent upon favorable weather than a method 
where the map is not exposed. But taking into account both the field and office work 
the plane table will prove to be much more economical than the transit and stadia for work 
in open country, and at the same time the results obtained will be sufficiently accurate for 
most, topographic work. 

The Plane Table itself consists of a board, asta about 24 by 30 in 
mounted on a tripod with a device for leveling and clamping the board, the 
Johnson ball-and-socket leveling device and clamp being the most commonly 
employed. “The ALIDADE consists of a telescope mounted on a horizontal 
axis resting in wye supports, which are connected to a metal column at the base 
‘of which is attached a flat piece of*metal about 18 in long having both edges 

traight and parallel to the telescope. On this base are two spirit-levels for 

ling the table. The telescope has a vertical motion only and a vertical 
oS The entire instrument is moved about in azimuth on fe board and 
ee as desired. 


_ Locating Points by Intersection. In order to begin a survey with a Relate 

table it will in general be necessary to have.on the map two plotted points 
“Sorresponding to two points on the ground the distance between which is 
own and at least one of which can be occupied with the table. The simplest 
d of locating points by means of the plane table without measuring any 
ace is as follows. The base-line ad is plotted on the plane-table sheet, 
presenting, to some scale, the measured base AB. The table is set so that 
gn the map is vertically above A on the ground and the table is leveled; then 
edge. of the alidade is placed along the base-line ab drawn on the map, 
the table is then turned in azimuth mntil the telescope sights the signal B, and 

= horizontal motion clamped. * The line ab is now parallel to AB and the 
sis ae to be oriented. The alidade is then ‘placed so that the straight- 
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edge passes through a, the télescopé is Sighted to soniie signal C, aiid an ihdefi- 
nite line drawn toward C. The poiht c of the map (representing the sighal C) 
is somewhere on this line. If the table is now moved to B (6 being set verti- 
cally over B) and the process of orienting the table and sighting toward C is 
repeated, the point c is located on an indefinite line through 6; hence it lies at 
the intersection of these two lines ac and bc: The triangle abe is similar to the 
. triangle ABC, and each line on the map is parallel to the corréspoiiding line. 
on the ground. Ina similar manner any number of points may be located. 
Locating Points by Direction and Distance. The simplest way of locat- 
ing points by the plane table is by obtaining the direction with the alidade and 
measuring the distance by stadia. This is the method most commonly used 
for filling in the details of a plane- table survey after the table has been oriented, 


- Locating Points by Resection. It sometimes happens that it is desired 
‘to locate a plane-table station from a base only one end of which can be oceu< 
pied with the table. In such a case we may proceed as follows: Let A and 
B represent the points on the ground at the ends of the, base-line; Cis the - 
signal which is to be located; and ab represents the base-line plotted on the 
plane-table sheet. Set up at A, the end of the base which is accéssible, and 
erient thé table by sighting B with the alidade along ab, Then, centering the 
alidade on d, draw an indefinite line toward C. This line should be drawn the 
full length of the alidade. The table is then taken to € and oriented by méans 
of the indefinite line just drawn. Since the position of c on the indefinite 
line is not known it is necessary to estimate its position on the map and to usé 
. this point in placing the table over the point C. If the alidade is now centered 
on b and sighted toward B, a resection line may be drawn, and this line will 
cut the first indefinite line, thus locating the point ¢ desired, Thus, without 
going to station B, the same line has been drawn on the map that would have 
been obtained by an intersection from B. It is evident that this resection 
imeéthod may be advantageous eveti if B could be occupied, for the point C 
has béeh loc#téd without taking the time required to go to station B. The 
position of ¢ found by this method should be checked if possible by reséction : 
lines from other points whose positions are known to be Correct. 


The Three-Point Problem. One of the great advantages of the plane 
table is that it may be set up at any place where three triangulation points 
(plotted on the sheet) can be seen and the position of this plane-table station 
located on the sheet simply by observations from this point. The position of 
the plane table is found by means of the so-called Three-Point Problem, whl 
in. this case, is an application of the principle of resection. ‘The two graphica 
solutions of this problem chiefly used in plane-table surveying aré known ag. 
(1) LEHMANN’s method, or the TRIANGLE-OF-ERROR method; and (2) BessEL’s 
method, or the INSCRIBED QUADRILATERAL, The former is a trial method, 
but it is the mote rapid of the two for ordinary work and is used in practise 
far mote than the latter method. Bessel’s method gives a ditect solution and 
conséquently requires less experience than the former. It has the disadvan- 
tage, however, that in certain positioiis of the signals a part of the req 
geometric consttuction falls outside the limits of the plane-table sheet, in w ich ’ 
casé the solution is not practicable. 

Lehmann’s Method. If three. signals A, B, and C have their Bene positions at 4, 
b, and c, and if the table be set up at D atid oriented correctly, the resection lines drawn 
from a, 6, and ¢ will all pass thru d, the plotted pusition of D. Silice theré is no theang 
bf accurately orientitig the table, the position of @ being uriknown at the start, the table 
fiist be oriented approxithatély by estimation. If thé plarie table is riot oriented exactly 
thé three resection lines will not ordinarily pass thtu a conimon point but will form a 
triangle known as the triangle of error (Fig. 24). From this triangle of error the true posi- _ 


. 
© 


- ——_ 
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iol of d may be estimated, and by a second ttial a new triangle of érror may be obtained 
shich is smaller than the forraer.. By suctessive trials this triangle may be made so small 
hat it is almost a point. In practise very few trials are necessary, the triangle often being 
ediced to a point in the second trial, so that the method is in reality.a rapid one. 


If the table is on the circumference of the circle thru the thtee signals its position is 
adeterminate. When point D is inside the triangle ABC i itisina 4 fayorgble position for 
mn accurate location. If the table is outside this : 
jangle there are certain positions of the signals _ , . a0 
yhich are not favorable, especially when the 44 : : 
ngles subtended by the sides of the triangle 
ormed by the signals are small and the middle 
ignal is farthest from D, but if the middle signal 
near D the location of d is strong. 


If D lies inside the triangle ABC then d will 
ie inside the trianyle of error and vice versa. If 
_circle is. passed thru.a, 6 and the intersection 
fihe tesection lines from o and 6 it will pass 4B 
hru the true position of d; si similarly a citcle thru ‘Fig. 24 
, ¢ and resection lines from b and c’ may be’ 
ketched and in this mantier a close estimate of the position of d made for the setond trial. 


“he distance of d from any resection line is proportional to the distance of the table frotn “4 i 


he signal from which that line was drawn. ay 
33. Hydrographic Surveying 
Hydrographic Surveying is the term applied to the processes used in 
urveying any body of water. The determination of the topography of the 
ottom of a lake, harbor, or other body of water is one of the common prob- 
ems. In connection with such surveys the character of the material com+ 
yosing the bottom is often desired. Thé Firipwork is usually done’ by 
irst establishing certain points on shore, by triangulation of traverse, to 
vhich the hydrographic survey may be referred, and then measuring (usually 
fom a boat) thé depth of the water at vatious poihts and déterminitig’ the 
josition of thesé points. Besides the orditiaty transit ahd tape outfit, a 
ounding-pole or lead-line and a boat with the necessary equipment will be 
equired. A tide gage should be set up in tidal waters and in Takes whére 
he water level changes rapidly. The sounding-poles are made’ similar’ to 
elf-reading rods graduated to tenths of a foot. A shoe is sometiinies attached 
© the bottom, provided with a cup-shaped cavity which, if smeared, with 
phon or soap, enables samples of material to be collected. The lead-line 
ts of a long chain or a hemp or cotton line at the end of which ie 
tached a lead weight. A brass sash-chain gives very satisfactory results, 
vith cloth tags of various colors for foot-marks. Where there is not much 
urrent a 6 to 10 pound weight-will suffice for depths, up to 40 ft. ; 


Methods of Locating Soundings. There are six general methods of 


g soundings, as follows: (1) The boat i is rowed ‘on a rahge at asuni-» - 


tate of speed and the soundings aré located by time intervals. (2) The 
is rowed on 4 range line and the positions of the soundings are ‘‘cutin” . 
a transit angle taken on shore or by an angle taken witha sextant from 
boat. (3):The boat may or may not be rowed on any definite range, 
nd its position is located by angles taken simultaneously by two: transits on 
or by angles taken simultaneously to shore points from the boat by 
of two sextants. (4) The positions of the soundings are located by 
‘stadia method. (5) The positions of the soundings are defined by the 
tion of fixed ranges. (6) A wire or liné is stretched acfos8 a streaiti 
shore to shore and soundings are taken at different points along this 
‘and located by ineasured distances a one end of it. © . 
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Locating a Sounding by a Range and an Angle. In still water where 
there is no difficulty in keeping the boat in any desired position soundings 
may be conveniently located by keeping the boat on a range line of known 
position marked by two objects on shore, such as range poles, and then 
“cutting in” the position of the leadsman by means of a transit angle taken 
from shore at the instant the sounding is made. The ranges may be fan- 
shaped if the pivot-point of the system of ranges is some steeple or other 
object located far enough back from the shore so that the lines will not diverge 
too rapidly. The recorder writes in his notebook the depths as they are 
called off by the leadsman and also the times when the soundings are made, 
He also notifies the leadsman by. calling out ‘‘Sound” about 5 seconds before 
each sounding is desired. The leadsman takes the soundings as quickly as 
possible,- usually within two or three seconds of the desired time. In the 
hydrographic work of the Corp of Engineers, U.S. A., where nearly all of 
the soundings are located by two angles taken with transits on shore, sound- 
ings are usually taken at 15, 20, or 30 second intervals, and a location made 
each minute by the instrument men at the instant the signal is given by the 
signalman in the boat. The chief of party usually acts as signalman and 
directs the work in the boat; and sees that the boat is kept on the ranges (if 
any are used) and that the boat is so propelled as to properly cover the area 
to be sounded. The signal is given by holding up a flag for about 10 séc- 
onds and dropping it suddenly the instant the sounding is taken, at which 
moment the transitmen on shore take angles to the leadsman or to his hand 
if visible. In the work of the U. S, Engineers, white, red, and sometimes 
black flags are used for signaling. Both the recorder’s and the instrument 
men’s notes should show the colors of the signal as well as the time for each 
located sounding, thus giving two means of identifying the angles and the 
corresponding soundings. This double check is of particular value where 
the lines of soundings are long. In tidal waters the time record is required 
also as a means of reducing the soundings to Mean Low Water or to what- 
ever other datum is used. The age gage readings and times are recorded 
throughout the day. 

Where the soundings are taken with a view to obtaining every slight change in the slope 
of the bottom, instead of taking the soundings at a given interval of time, it is desirable 
to take them as frequently as the leadsman can conveniently handle the pole. In this 
method the boat is usually rowed on a range and the instrument men on shore “cut in’’ 


~ “only those soundings that are designated by the signalman in the boat. -The time in this 


case is recorded to the nearest second. Asa rule every sixth or eighth sounding is located. 

In plotting notes like these where the soundings are quite close together the points which 
were‘cut in” are located on the plan and the intermediate readings are interpolated be- 
tween them; the soundings are assumed to be equally spaced between the located ones. 

Locating a Sounding by Two Angles from a Boat. A common method 
of locating soundings when ranges are not used is by taking two angles 
simultaneously from the boat to three signals, or any previously determined 
points, A, B, and C, on shore. This is an application of the Three-Point 
Problem which is frequently used in plane-table work. It is essential that 
the signals or points should be fixt stations; such points as pues or floats 
will not give satisfactory locations. 

In measuring angles from a boat it is necessary to employ some instrument which does 
not require a steady support like the transit. For this reason the angles are usually taken _ 
with two sextants These two angles are sufficient to locate the position of the soundings, 
except in the one case where the boat happens to be on the circumference of the circle pass- 
ing thru the three signals between which the angles are measured. 7 

This method is less frequently employed than the ‘‘range and angle’’ method or the 
“two manele from shore’? method, because it often happens that the two angles taken with — 
- 


\ 
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the sextant do not give good intersections; this is especially true when the soundings extend 
far from shore. Furthermore, if the signal happens to be high above the shore, and con- 
sequently not at the level of the boat, the angle measured will be enough different from the 
horizontal angle to introduce serious error into some parts of the work. FER 
The Sextant is an instrument adapted to measuring angles in any plane. 
Owing to the fact that it can be used by an observer who is on a moving 
object, such as a oat, it is especially valuable for hydrographic work. It is 
employed not only for taking angles from a boat in locating soundings but is 
also in common use for making astronomical observations which are neces- 
sary in determining the latitude, longitude, and time at sea, The FRAME 
ABI (Fig. 25) is usually of brass, on the under side of which is attached the 


Fig. 25. The Sextant 


wooden handle D. The index arm JZ is pivoted at J, the center of the 
arc AB, and this arm can be swung around J as a center so that the vernier V 
can pass from A to B on the arc (or limb) and can be set at any position on, 
the arc by means of the clamp C and tangent screw JT. AtTJ is a plane glass 
mirror called the index glass; it is attached rigidly to the index arm and per- 
pendicular to the plane of the sextant, its reflecting surface being over the 
pivot about which the index arm revolves. Rigidly attached and perpen- 
dicular to the frame of the sextant is the plane horizon glass H, the upper 
half of which is transparent, while the lower half is a mirror; this glass is set 
so that its-plane is parallel to the index glass when the vernier is set at 0°. 
The telescope is at F. K and L are colored glasses which are hinged so that 
they can be swung around the pivot into the path of the rays of light to pro- 
tect the eve of the observer in making observations on the sun. 
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The limb AB is graduated into spaces which are really half-degrees, but on account of 
the construction of the instrument each of these is marked as a whole degree, so that the 
scale has an extent of 120 degrees. The graduations are so subdivided that the angles 
can, be read in most instruments to x0 seconds; in some of the smaller instruments the 
vernier reads only to half- -minutes. . In the ordinary sextant the arm is from 5 to 8 in in” 
length. A pocket sextant having an arm about 2 in long is very convenient for recon 
noissance surveys and for filling in the details of more accurate SS 

“To Measure an Angle with the sextant, hold the instrument by ifs handle i in the right 
hand and turn it so that the plane of the sextant coincides with the plane thru the two 
objects to be observed, with the telescope on the upper side of the sextant if the angle is 
horizontal, or on the left-hand side in the case of a vertical angle. Withont changing the 
plane of the sextant twist it in the hand so as to turn the telescope toward the left-hand 
object and observe it through the upper (transparent) portion of the horizon glass. Then, 
holding the instrument as steady as possible, turn the index arm with the left hand until 
the other object appears in the silvered portion of the horizon glass opposite the first point. 
Bring the second point exactly opposite the first one by means of the clamp and tangent 
screw of the index arm. The coincidence of the i images should be tested by twisting the 
instrument a little so as to make the reflected i image move back and forth across the direct 
image. Read the yernier and apply the index correction. The telescope is not used for 
rapid work such as locating soundings; the sight is simply made thru the ring in which 
the telescope fits. 


34. Photographic Surveying 


Surveying by Photography is one of the most rapid methods of locating 
topographic details, and consequently it is one of the cheapest methods of mak- 
ingamap. It is best adapted to maps of very small scale, say 2 or 3 miles to 
aninch. The accuracy to be expected from this method is not as great as that 
given by the plane table. To locate a point on a map by means of photographs 
it is necessary that, the point should appear on two photographs taken from 
two different camera stations, and in addition the following data must be known: 
the positions of the two camera stations, 
the direction in which the camera was 
pointed in each case, and the focal length 
of the lens. If a photographic print is 
held vertically in front of the eye at a 
' distance equal to the focal length and 
in the same direction as when the ex- 
posure was made, then every point on the 

Fig. 26 . print will appear to cover its correspond- 

ing point on the ground as shown in 

Fig. 26. Hence the print when held at this distance gives a measure of the 
angles between points shown in the view. 


The Camera is provided with spirit-levels for making the plate vertical, 
with notches near the edges of the plate showing the position of the true hori- 
zon, and a vertical line thru the center of the plate called the principal line. 
The horizontal diréction of any point in the picture is given by the angle it 
makes with the principal line. This angle is determined by the. relation 


tan horizontal angle = dist. from principal line/focal length. 


Plotting. When the position of the station and the focal length are knowns 
» circle may be drawn with the station as center and the focal length as radius, 
which is the locus of the centers of all pictures taken from this station. When 
the direction of the view is known the position of the picture may be put on 
the plan. Distances may then be scaled off the print or negativ from the 
different points to the principal line and laid off on the line on the plan repre- 
senting the picture» If radial lines are drawn from the station to these various — 
points then the plotted positions of the points will be somewhere on the corre- _ 


|] 
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sponding line. Another set of these radial lines from another station will give 
locations for all points shown in both views. ; a 

’ Points may also be located vertically by means of angles determined by the picture. 
‘The distance of a point above the horizon line (on print) divided by the horizontal distance 
from the station to the point on the piint is the tangent of the vertical angle. Sitice the 

actual distance to the point may now be scaled from the map the difference in elevation 
may bé computed by proportion, or found graphically by construction. The details of 
the map are sketched from the picture after the prominent points have been plotted. 


35. Mine Surveying 


In Mine Surveys, all accurate measurements are made with the tfansit and 
steel tape. Transits used in this work are provided with an auxiliary tele- 
scope attached to one side of or aboye the main telescope, so that it is possible 


to sight down a vertical shaft. ‘The instrument known as the “eccentric bear- - 


ing” transit has one telescope which can be used either in its center bearings 
as in an ordinary transit or in bearings built out over the limb of the instru- 
ment so as to take vertical sights: : 

Transferring a Meridian into the mine is one of the important steps, 
This is usually done by setting up the transit at the mouth of the shaft and after 
taking a backsight on a surface station to take a foresight down the shaft, the 
line of sight being made as much inclined as possible, and the inclined distance 
theasured. -The-transit is then set up at the bottom of-the shaft, a backsight 
taken on the top station and the traverse carried into the mine. The utmost 

care muisf bé taken to eliminate all errors of adjustment of the transit, for the 
accuracy of all the underground survey depends upon this process. Another 
and probably more accurate method of transferring a meridian into a mine 
is by means of two heavy plumb-bobs hung from the staging above the shaft. 
The transit is set up both above and below on this line and thus an azimuth 
line is established between the surface and the workings. In order to have as 
long a base as possible the plumbs should be hung near the shaft casing. 

Underground Traverses are run thru the passages in the mine. It is 
often nécessdry to introduce very short lines into the traverse, and since the 
azimuth is transfetred to distant parts of the mine thru these short lines great 

_2are must be taken to eliminate all instrumental errors by reversing the tele- 
" scope and using the mean of the two results. The positions of walls-and work- 


ings aré located by measurements from the traverse line. The station points” be 


_are often placed in the roof; a nail in a wooden plug is a good station mark, 


__ Notes of Mine Surveys are kept asa rule in the form of sketches, especially the details, »_ i 


uch as the location and extent of the stopes. The different station points of the survey 
"are numbered consecutively. For convenience, stations on the first level are numbered 
Tor, 102, etc., on the second level 2or, 202, and soon. A column for vertical angles is 
d, for most of the traversé linés aré inclined. ; 

To Plot the Survey the three sets of cootdinates must be computed, which give all 
| the data necéssary to plot the mine in plan, longitudinal section, and transverse section: 
| The horizontal and vertical distances equal the inclined distance multiplied by the cosine 
and sine respectively of the vertical angle, and the azimuth or bearings together with the 
horizontal distances give a méans of computing the latitudes and departures of the courses. 
Surveying for Patent. By patent proceedings are meant’ the proceedings necessary 
6 obtain from the government a fee-simple deed of a mining claim. Title to inetalliferous 
, a8 granted by the United States, conveys the right to all minerals included in the 
mwatd prolongation of the portion of vein cut off by the vertical end boundariés of the 
The Federal law allows 4 claim to cover 1500 ft located along the direction of 4 
and 300 ft of surface ground on either side of it These are maximum dimensions 
may be reduced by local laws. For further information see the ‘Manual of Instruc- 
for the Survey of the Mineral Land of the United States,” issued by the General 
Ofte, Washington, D.C. 
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ASTRONOMIC OBSERVATIONS 
36. Definitions } 


Practical Astronomy treats of the theory and use of astronomical instru- 
ments and the methods of computing the results obtained by observation. 
In this branch of astronomy only the rela- 
tive directions of heavenly bodies are con- 
sidered, not the actual distances, hence it 
is convenient to regard all such bodies as 
situated on the surface of a sphere, called 
the CELESTIAL SPHERE, Fig. 27, whose 
radius is infinite and whose center is the 
center of the earth. The VERTICAL at any 
point on the earth’s surface is the direction 
of the force of gravity at that point. This 
direction is shown by the plumb-line. 
The vertical produced upward pierces the 
celestial sphere in a point called the ZENITH. 
The point where this line pierces the sphere 
on the opposite side is the NADIR. A plane 
thru the center of the earth perpendicular to 
the vertical cuts the sphere in a great circle 
Fig. 27 called the HORIZON. It is sometimes called 

ae the true horizon to distinguish it from the 
sea horizon. The latter is a small circle, below the true horizon, and we 
plane is parallel to the plane of the true horizon. 

The Earth’s Rotation upon its axis causes all celestial bodies to appear 
to revolve in the opposite direction at the same rate. ‘To an observer looking 
along the axis from north to south all bodies appear to revolve in a right- 
handed, or clockwise, direction. The axis of the celestial sphere is the 
earth’s axis produced. The POLES are the points where this axis pierces the 
sphere. The CELESTIAL EQUATOR is a great circle of the celestial sphere 
midway between the poles; its plane coincides with the plane of the earth’s 
equator. The MERIDIAN of an observer is that great circle which passes 
thru his zenith, and the poles; its plane contains the observer’s vertical. 
The intersection of thé plane of the meridian and the plane of the horizon 
is the MERIDIAN LINE. This line cuts the horizon in-the north and south 
points. The PRIME VERTICAL is a, great circle thru the zenith whose 
plane is perpendicular to the meridian. It cuts the horizon in the east and 
west points. 

» The rcuietic is a great circle of the celestial sphere which the sun appears to describe 
- during the year. It is inclined to the equator at an angle of nearly 23° 27’. The points 

of intersection of the equator and the ecliptic are the EQUINOXEs, and the points on the 

equator midway between the equinoxes are the SOLSTICES. 
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- 37. Astronomic Coordinates 


Two Spherical Coordinates may be used to designate the position of 
any point on the sphere. ‘The circles of reference in any system are first, a 
great circle called the primary, and second, a system of great circles perpen- 
dicular to the primary, called secondaries. The following systems are com- 
monly used. 

In the Horizon System the circles of reference are the horizon and great 

eircles perpendicular to the horizon, called VERTICAL ciRcLES (Fig. 28), 
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The coordinates are called ALTITUDE and AzimuTH. The altitude of a point 
is its angular distance above the horizon measured on a vertical circle through 
the point. The complement of the altitude is called the ZENITH DISTANCE. 
The azimuth of a body is the arc of the horizon included between the merid- 
ian and the vertical circle through the body. It is commonly measured 
from the south point westward from o° to 360°; it is sometimes ee 
from the north point. ; ‘ ; 


Sait 
Fig. 28 Fig. 29 


In the Equator System (Fig. 29) the circles of reference are the equator 
and great circles at right angles to the equator, called HOUR ciRcLES. The 
coordinates are called DECLINATION and RIGHT ASCENSION. ‘The declination 
of a point is its angular distance north or south of the equator. Declina- 
fions are considered positiy when north and negativ when south. The 
complement of the declination is called the POLAR DISTANCE. The right 
ascension of a point is the arc of the equator between the vernal equinox and 
the hour circle through the point. It is reckoned eastward from the equinox 
from 0° to 360° or from o! to 244, The position of a point may also be 
designated by its DECLINATION and HOUR ANGLE. The hour angle is the 
are of the equator between the meridian and the hour circle thru the Lady, 
[t is reckoned from the meridian westward from 0° to 360° or from o* to 24}, 
[t will be seen that declination and right ascension are independent of the 
dbserver’s position, while the coordinates of the horizon system are depend- 
ent upon the observer’s position. 


Coordinates of the Observer. The observer’s position is defined by 
his latitude and longitude. The LatirupE is the angular distance of the 
observer’s zenith north or south of the equator. The LONGITUDE is the are 
of the equator between the meridian of Greenwich (or other primary merid- 
ian) and the meridian of the obsérver. 
The American Ephemeris and Nautical Almanac contains the right ascension and 
declination of the sun, moon, principal planets and many of the stars, given in most caseg . 
for the instant of.Greenwich Noon eachday. For any other instant these coordinates must 
be obtained by interpolation, the-rate of change per hour being given for that purpose. 
The Almanac also contains other data required in reducing astronomical observations. 

_ Transformation of Coordinates. For a BODY ON THE MERIDIAN let 
Fig. 80 represent the plane of the meridian, and EZ the distance of the 
ith north of the equator, or the latitude. PN is the altitude of the pole. 
eare PN =arcEZ. Hence the altitude of the pole equals the latitude of the 
observer. If m be a point on the meridian the relation between the altitude h, 
the declination D, and the latitude Z, is shown by the equation go°— L=h— D. ‘ 
few is south of the. equator the equation still holds true if Dis considered 
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to be negatiy. For a point between the zenith and the pole the relation is ~ 
exprest by L = h — p, where / is the polar distance of the point. For a © 
point below the pole the equation becomes L = +. For a BODY OFE 
THE MERIDIAN Fig. 31 shows the relation between the altitude, declina — 
tion, azimuth and hour angle of point S, and the latitude of Z, found by 


Fig. 30 


solying the spherical triangle PZS. The sides of the triangle are the co- 
latitude PZ, the zenith distance ZS, and the polar distance PS, The angles 
are P the hour angle, Z the azimuth, and S the parallactic angle. The 
solution may be effected by means of the ordinary formulas of spherical 
trigonometry, but it is usually more convenient to apply special formulas 
derived from the fundamental relations; these will be given in the following 
paragraphs when required. 


38. Measurement of Time 


Measurement of Time. Every celestial body passes the meridian twice 
each day in describing its apparent path around the earth, once on the upper 
side, that containing the zenith, and once on the lower side. These are 
called the upper and lower transits or culminations. A SIDEREAL DAY is the 
interval of time between two successive upper transits of the vernal equinox 
over the same meridian. A sozar Day is thé interval of time between two 
succéssive upper transits of ‘the sun’s center over the same meridian. The 
SIDEFREAL TIME at any instant is the hour angle of the vernal equinox. The 
relation between sidereal time S, hour angle /, and right ascension R is given 
by the equation S=.R +4. If-the body is on the meridian, #= 0, and for 
this instant S = R. “The SOLAR TIME at any instant is the hour angle of the 
sun’s center. : bab ES 

-Mean and Apparent'\Time. The apparent angular motion of the sun is 
not uniform, hence for ordinary purposes’it is more convenient to use the 
time kept by a fictitious sun, or MEAN SUN, which moves along the equator 
uniformly at:the average speed of the true sun. ‘Time kept by this mean 
sun is MEAN SOLAR TIME. Time kept by the true sun is APPARENT SOLAR 
time, The difference between the two is the EQUATION OF TIME, which is 
given in the Nautical Almanac for Greenwich Noon each day. _ 

2 Example. Given the local apparent time 8b 51m 528 A.M. on Jan. 9, 1909, in longi- 
tude 4h’44m 185 west. " At Greenwich Mean Noon the equation was 7™ 08°, to be added 

“to the apparent time. The increase was 18.0 per hour. The Greenwich time was known 
tobe 2h (early), The ‘corrected equation of time is therefore 7 xo%.and the méan 
local time was 84 59m 028 A.M, . Br 

Astronomical and Ciyil Time. In astronomical reckoning the day 


begins at noon, or when the sun's center is on the meridian. It is divided 


into 24". The civil day begins at midnight and is diyided into two parts of 
124 each. From midnight to noon is called a.m.; from noon to midnight dg, 
called pu. The civil day begins 125 earlier than the astronomical day. of 


ie 
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the same sae Examples: Astr. Time May zo, 1 Bars: Civ. Time, May 11; 
3. AM; Astr. Time Jan. 3, 7% = Civ. Time Jan. 3, 7) p.a. 
_ Longitude and Time. The hour angle of the sun at any meridian is 


‘the local solar time at that mefidian.. ‘The hour angle of the sun at Green= 


wich at that instant is the Greeiwich time. The difference is the longitude 
of the place, exprest. in. hours, minutes and seconds. Similarly, for the 
yernal equinox the result is the sidereal time at the two places and se differ- 
ence of time is the longitude. 

An angle exprest in hours, minutes and seconds of either solar or sidereal time may 
be exprest in degrees, minutes and seconds by multiplying by 15. . Every circle may. be 
divided i into 24 hours, or into 369 degrees; hence 15° = 1" for either Solar or sidereal time; 
also 1s’ = 1 and 15” = 18. In changing from degtees to hours the following relations 
are also convenient: 1° = 4™, and 1’ = 4$. 

Examples. To convert a. west longitude of 166° 20’ 05” into time: 166° 20’ 05” = 165° 
+19 + 15! +05’ +05” =r1h+ 04m + or™ + 208 + 08.33 = 11 o5™ 208.33. To eonKer 
4 44™ 188.0 west longitude into degrees: 4h 4qm 188.0 = 60° + 11°+ 04! 30” =71° 04! 30”. 

Solar and Sidereal Intervals of Time. On account of the earth’s 
vit tie in its orbit the sun appears to move eastward among the stars nearly 

° per day. This causes the sun to reach the meridian later each day as 
erect with the time of transit of the equinox. For this reason the mean 
solar day is nearly 4™ longer than the sidereal day. All intervals of mean 
solar time are correspondingly longer than those of sidereal time. » This 
retardation is just sufficient to bring the sun back to its starting point at the 
end of a year, so that the number of sidereal days in the year is just one 
eat than the number-of solar days. The year contains 365.2422 solar 

$ and 366.2422 sidéreal’days. Therefore r’sidereal day =o. 99726957 

lar day arid 1 solar day = 1.00273791 sidereal days. ’. Solar time might 


é fe coliverted into sidereal time and vice versa by means of these two equa- 


=< = 


tions, but a more convenient way is to calculate the correction to be added! in 
the one case and subtracted’ in the other. This correction is nearly ro® per’ 
hour. Valties of these corrections have been worked out for all hours and 
riinutes from o4 to 24) and ‘will be found in the Nautical Almanac. 


Example. Convert 9) 26™ 328.120 of solar time into sidereal time. E ror Table 1h, S°% 


Appendix to Nautical Almanac, * 


For gh 26™, reduction i is “1 325.979 
Por 338 120, reduction is .088 
: 338.067 


lt 26™ 328.120 
Corresponding sidereal interval = 9! 28™ 658.187 ; 
To convert 9h 28™ o5$.187 into mean solar time. Table IT, Nautical Almanac, gives: . 


} "For gh 28™ 1™ 338.053 
For 055.187 d O14 
1™ 338.067 
, 9% 28™ 058.187 
oh . Corresporiding mean soldt interval = 94 26™ 328.120. 5 


~ Phese results may be obtained with sufficient accuracy for many purposes by the follow* 
ing appréximate rile. Express the givéfi interval in hours and decimals, multiply by 46° 
and call the result'szconds.: Then subtract ftom this result 15 for every 6" in the interval. 


_ The result is the desired pxirtection, correct veel a few tenths of a second in ordinary 


aos 


cases. In the above example gh 26" 328 = gh.44, which gives 945.4. The amount, to 
btracted | fhe 15 15.6, leaying U9 325.8 as the correction to reduce the g sien inter- 
al to hay 


Sidereal and Mean Time at any Instant. The relation fe side- 


p time S, the right ascension of the mean sun, Rs, and the hour angle of 


106 Astronomic Observations Sect. 2 


the mean sun, t,, is shown by the equation S = R;+%;. From the Nautical 
Almanac may be obtained the value of R, at Greenwich Mean Noon, and 
by increasing this by the change for the number of hours in the west longi- 
tude it is reduced to the right ascension at local mean noon. The above 
equation may be used more conveniently in the form S = Rs +¢s + C, where — 
C is the correction to reduce ¢,; to a sidereal interval and R, is the-right ascen- 
sion for the instant of local noon. ‘If it is desired to find the mean time the 
equation is Mean Time = S — R, — C’, where C’ is the correction to reduce - 
S —R, to a solar interval. It will be seen that C and C’ represent the in- 
crease'in Ry since local noon. ; 
Example. To find the local sidereal time when the local mean time is 94 22™ 185.6, 

Jan. 7, 1907, in longitude 4h 44™ 188.0 West. 

Rs at Greenwich Mean Noon = 19! 03™ 368.38 

Increase in 44 44™ 185.0 46 .70 


Rs at local mean noon = 194 o4™ 235.08 
ts = 9 22 18 60 
C= 1 32) .37 
S = 285 28™ 148.05 = 4h 28™ 148.05 

Whenever the resulting sidereal time exceeds 24" the actual sidereal time is found by 
subtracting 244. When the sun’s right ascension is larger than the sidereal time and is 
to be subtracted from it, 24.may be added to the sidereal time in order to make the sub- 
traction possible. 

Example. Toreduce 42 28™ 148.05 ee time to the corresponding local mean time 
in longitude 42 44™ 188.0 West. Take S = 284 28™ 145.05; then S — Rs = gh 5 
508.97, and S — Rs — C’ = gh 22™ 188.60, mean local time. 

Standard Time. In the United States the territory is divided into coe 
belts, all places in.the same belt using the local mean time at one of the 
meridians named below. Eastern Time is that of the 75th meridian, Central 
Time that of the goth, Mountain Time the rosth and Pacific Time the r2oth 
meridian. By. this arrangement the minutes and seconds of time are the 
same in all parts of the country and also at Greenwich, the clocks in the 
various belts differing by whole hours. For example, when it is mean noon 
at Greenwich it is 7" a.m. in the Eastern belt, 6" a.m. in the Central belt, 
5) a.m. in the Mountain belt and 45 a.m. in the Pacific belt. 

To convert local mean time into Standard Time, take the difference in 
longitude between the meridian of the place and the Standard Meridian, 
convert this into hours, minutes and seconds, and add it to the local time if 
the place is west of the Standard Meridian, subtract if east. 

Example 1. Local Mean Time 94 26™ 145 a.m. Longitude, 71°04’ West of Greenwich. 
Find the Eastern Time. 75° 00’ — 71° 04’ = 3° 56’ =.r5™ 448. gl 26M 148 — y5M 448 

» =o" z0™ 308, Eastern Time. * 

Example 2. Central Time, 8% pa. Longitude, 91°. Find the local mean time. 

91? — go? = 1° = 4™. Then 8) — o4™ = 7h 56™, local mean time. 


39. Altitudes 


Correcting Measured Altitudes. When the altitude of a heavenly 
body is measured with a transit or a sextant it is necessary to apply certain 
corrections to the observed altitude in order to obtain the true altitude. 
REFRACTION is the bending downward of rays of light from a celestial body 
upon entering the atmosphere. This causes the object to appear too high 
above the horizon. ‘To reduce an observed altitude to the true altitude it 
‘is necessary to subtract a-correction for this refraction, the amount of the 
correction. depending upon the altitude, upon the temperature of the air and 
upon the barometric pressure. For accurate work the correction must be 
taken from refraction tables. For rough computations it will be close enough 
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to take the refraction correction in minutes equal to the natural cotangent of 
the altitude, provided the altitude is not less than about yo°. For low alti- 
' tudes the refraction correction is uncertain. 

Parallax. An observer on the earth’s surface sees an object at a lower 
altitude than he would if he were at the center of the earth. This is called 
the error of parallax. The displacement of the object is greatest when it is 
at the horizon and is zero when the body is in the zenith. The parallax for 
a body on the horizon is called its horizontal parallax. The correction for 
any altitude equals the horizontal parallax times the cosine of the altitude. 
The sun’s horizontal: parallax is about 9”; that of the moon is nearly a degree. _ 

Dip. If the altitude is measured at sea it must be taken with a sextant 
and measured from the sea horizon. In this case the observed altitude 
must be referred to the true horizon by subtracting the angle of dip. The 
amount of the correction varies with the height of the eye above the surface 
of the sea. For ordinary observations the dip in minutes may be taken as 
the square root of the height of the eye in feet above sea level. 

Semidiameter. If the object observed is the sun, the moon or a planet, 
the edge (or limb) of the disk may be observed and the altitude reduced to 
the center by adding or subtracting the semidiameter. The semidiameters 
are given in the Nautical Almanac for every day at Greenwich Noon. For 
approximate work the sun’s semidiameter may be taken as 16’ in March 
and September, 15’ 45” in June and 16’ 15” in December. 


40, Constellations near the Pole 


Polaris, the Pole-Star, is a second-magnitude star situated about 1° 08’ 
from the pole. Its right ascension is about 12 30; consequently at the 
instant when the sidereal time is 18 30™ Polaris 


is vertically above the pole, on the meridian. * Is 
Directly above Polaris at this time (2B z0™)is * * * 
the constellation Cassiopeia, shaped like an in- # 


verted letter W. Below Polaris is the great dipper, Cusstopeta 
Ursa Major. A line through the, two stars in the - 
outer side of the dipper bowl points nearly to ot Dulas Seen 
Polaris, and these stars are called the “pointers.” 9 %,, a 
As this constellation is a conspicuous one the 2 
pointers are easily recognized and may be used to Polaris 
identify the pole-star. The positions of these # @ pole 
constellations are shown in Fig. 32. When the * 
Star is vertically above or below the pole it is Ursa Minor 
said to be at culmination (upper or lower); when 
_ the star is at its extreme eastern or western posi- 
tion it is said to be at its greatest elongation (east 
or west). ‘The figure shows the constellations as 
they appear when Polaris is at its upper culmina- 
tion; by looking at it inverted they are seen as 
they appear at its lower culmination. By looking 
at the figure from the left and right margins of : 
the page, the positions are seen for the western * | 
_and eastern -elongations of Polaris. Fig. 32 


- 41. Observations for Latitude 


By the Pole-Star. If the altitude of the pole-star (Polaris) be observed 
when it is above the pole (upper culmination) and its maximum. altitude 
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foliiid by frial; thén this will be the meridian altitide. The latitude is then 
fond by the equatioh L =h =p. The measured valué of the altitude 4 
must be corrected for refraction a8 Well as for any ifdéx error of the instru- 
ment. The polar distance p is found by looking up the declination of Polaris 
in the Nautical Almanac and subtracting it from 90°, If the star is at the 
lower culmination the polar distance must be added. i 

Examplé. Observed altitiidé = 43° 37’ 00"; index error = + 30’, and reftaction 
correction =—1/ 01”; then true altitude = 43° 36’ 29”. Since ‘declination of star was 
88° 44 35, polar distance = 1° 15’ 25”, and hence latitude = 42° 21’ 4’: 

By the Suh at Noon. If the maximum altitude of the sun be found at 
noon this may be taken as the meridian altitude. This altitude is found 
with the transit by setting the horizontal crdss-hair on the lower edge of the 


sun and following it as long as it continues to rise. Whe the sun drops — 


below the créss-hair the altitude is read from the vertical arc. ‘This altitiide 


shoiild be corrected for index error, réfraction, sémidiameter and parallax. _- 


The latitude is then found from the equation L = 90° - (A —D). This 
method applies also to a star when crossing the meridian. 

Examplé, In longitiide 44:74 West, the observed altitude of the sun’s lower limb 
Was 25° 06".0, index error = + o1’.6, refraction correction = — 02.0; and stin’s semi- 
diameter = 16’.3; hence true altitude = 25° 21/33. On this day sun’s declination at 
Greentvich apparent noon was — 22° 19’ 33”, change in one Hour = + 19.59; hence 
increase in declination = 1’ 33’’, and true declination = — 22° 18/10. The formula ther 
gives latitude = 42° 20’.7. 


42, Observations for Time 


By Transit of Star. If the line of sight of a transit insttument be 


placéd in the plane of the meridian the time can be accurately determined 
by noting the instant by a watch or a chronometer when some known star 
passes the vertical cross-hair.. The sidereal time at the instant is the same 
as the star’s right ascension. If a sidéreal chronometer is used the difference 
between the chronometer reading and the right-ascension is the error of the 
chronometer ori local sidereal time. If a watch is used, then this sidereal 
time must be converted into mean solar time of the meridian for which the 
watch is regulated. This is done by subtracting from the right ascension of 
the star the right ascerision of the mean sun corrected to local mean noon. 
This résult redticed to solar interval is the local mean time. ‘This is reduce 

to standard time by taking the difference between the longitude of the place 


and that of the standard meridian, converting this into time, and adding it - 


if the place is west of the Standard meridian, subtracting if east. 
Example. ‘Transit of Star across Meridian. Longitude, 5h 20m 1050 West. Date 


April 5, 1962. Observed time of Transit of a Hydre = gh 48™ 585.5. Right ee : 


of Mean Sun at G.M.N. = ob 51™ 248.6. Increase in 5! 20™ 108 = 528.6. Correcte 
Right Ascension = of 52™ 178.2. 


Right Ascension ¢ Hydre = gh 22M 488.4 
Right Ascension Medan Sun =6 52 17 2 
gh 30 318.2 . 

Reduction to Solar Time = C’ = sr 23 6 
4 — 8h gM 078.6 

Reduction to Eastern Time = 20 10.0 
Eastern Time of Transit = 8h got 1786 
Obseryed Time =8 48 58 s 
Watch dow 198.1 


method is the one used in thé miost precise observations for timé éx- 


Be pat Corrections are introduced to au fot the non-adjustment of we 


es 
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instrument, and the observations are récorded with great precision on an 
automatic register called a chronograph. 


By Transit of the Sun. A similar observation may be made on the sun. 
The watch times of transit of the west and east edges of thé suit across the 
meridian should’ be noted and the mean taken as the time for the center. 
This instant is 12" oo™ oo® local apparent tinie. This must be reduced te 
mean time by applying the equation of time and the result conyerted into 
standard time as already explained. The difference between this and the 
watch reading is the error of the watch on standard time; 

ple: Transit of the Sun across the Meridian. Longitude, 31° 0444’. Observed 
time West and East edges of sun, 115 36™ 08S and mm} 3am 268. 
Local Apparent Time of transit of center = 124 00™ ooS 


Equation of Time = —12 07 
Mean Loci! Time = rxh 47M 538 
Reduction to Eastern Time TIS 42 
Eastern Standard Time i = xih 34m 745 
Mean of Observed Times = IE 3r 17 
Watch slow : 548 


Time by Altitude of Sun. The time may be determined by measuring 
the alfitiide of the siin’s lower edge and noting the Watch reading at the Same 
ifistant." This altitude mist be corrected for refractio#l, parallax, ahd semi-. 
diameter. The hoiir angle of the siin is then fcund by solving the PZS 
triangle for the angle ‘at the pole. A convenient formula for this is 


cos $ sin (s —‘h) 
~ 668 Lsih p 


where ? is the hour angle ands = 14 (L +h + ). The latitude 2. must be 
nown ih order to solve the triangle; the polar distance b is found from the 
Natitical Almanac by subtracting the declination from 90°; A is the corrected 
altitude. If it is in the forenoon the resulting hour angle (converted into 
time) must be subtracted: from 12h in order to obtain the apparent time. 
apparent time must be corrected for the equation of time and then 
reduced to standard.time as before. 
Example. _ Altitude of Sun’s Lower Limb for Time. Latitude, 42° 2i’.o N; Longitude, 
4h TD 188,90 W. Date, Jan. 9, 1909. Mean of watch readings 84 45Mor8 a.m. Mean 
of altitudes 12° x9'.6. 


sinlyt= 


Observed Altitude =. 12° 19/6 L= 42° a21'0 sec.=.0.13133 

fraction hui h= 12 316 

fl ’ 12° 15/2 : p =112 08.8 csc = 0.03329 
Semidiameier = 16.3 "25 = 166° 61 .4 ; 

' 12° 31'.5 S°= 83° 30..7 cos = 9.05308 
Parallax = ei Sh 70°59’ sin = 9.07563 
True Altitude = 12° 31'.6 2)9.19333 

sin 44 t= 9. 39666 
. s - = , 
Declination. at GM.N. = 22° 09’ 23” wt A 23° as =U 
” z # = 46° 32’33 
20” X 1.75 = 35 = 3h o6m oo8 
Declination at 8h 43" = 777 08 48” - App. time = 8h 53 gis 
bp = 112° 08/8 Equa. of tite= ——-7_—«10 
a i . Mean time =9 oum oxs 
Equa. of time at G-M.N. SHWE i ly ; 15 42 
, 04 X3.45 = 3 Easterh time = 8h 45m rg8 
___ Equa. of time at 89 45" = + 7™ 108 Watch time = 8 45 or . 


’ Watch slow 388 
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By Altitude of a Star. Ifa star is observed in this manner the calculationis the 
same except thatthe resulting hour angle must be added to the star’s right ascension 
to obtain the sidereal time. The sidereal time may then be converted into standard 
time as already explained. The sun or star should not be near the meridian, nor within 
10° of the horizon, if an accurateresult is sought. 


43. Determination of Longitude 


If the local time is found at two places and these times compared, the difference 
is the difference in longitude exprest in hours. The most precise method -of 
making this comparison is by means of the telegraph, signals being recorded 
simultaneously on the two chronographs which are used to record the observa- 
tions for local time at the two places. Longitude may also be found by carrying 
a chronometer or a watch from one place to the other, determining its error on 
the local time of each place and the rate at which the timepiece gains or loses 
in order to allow for the variation between the two observations. If M=the 
difference in longitude, e the error of the watch at the first station, e’ the error 
atthe second (+ when slow, — when fast), 7 the gain or loss per day (+ when 
losing, — when gaining), and d the number of days between the observations, 
then M =e+dr-—-e’, 

Example. Ata place 45 44™ 18s west of Greenwich a watch was 15 ™ 42 slow on local 
mean time. At a place farther west the same watch was 14™ 10% slow. The watch was 
gaining 6%.5 daily. The second observation was made 26 hours after the first. The 
difference in longitude is then 15 ™ 428 — 26/24 X 68.5 —14™ 10% =1™-25.8 and the 
longitude of the second place is 44 45™ 438. 


44, Observations for Azimuth 


By a Circumpolar Star. The simplest method of determining a meridian 
is by observing the direction of a circumpolar star when it is at eastern or west- 
ern elongation. A common transit instrument being thoroly- adjusted, it is set 
over a well-defined point several minutes prior to the time of elongation, its 
cross-hairs being illuminated from a lantern held by an assistant. As the star 
moves toward elongation keep it covered by the vertical hair by means of the 
tangent screw on the vernier plate until the star remains on the stationary 
hair for some time and is then about to leave it in a direction contrary to its 
former motion. At this instant depress the telescope and set a point in the 
line of sight. The next day lay off to the east or west, as the case may require, 


the azimuth of the star “at elongation which is computed as explained below, 


or which, in the case of Polaris, may be taken from the table on the next page 
with a probable. error of a little less than half a minute. The line thus de- 
termined is the true meridian. The azimuth of any other line is then found 
by measuring with the transit the horizontal angle between the line and th. 
true meridian. ; 

The Azimuth at Elongation may be computed by the equation sin Z = cos D/ cos L, 
where Dis the declination of the star as found from the Nautical almanac, L the latitude 
of the place, and Z the required azimuth. For example, let declination of a star be 88° 
48’ 13” and the latitude of the place be 42° 21’, then azimuth of the star at elongation is 
1° 37'08". For an eastern elongation lay off this angle to the left and for a western elon- 
gation lay it off to the right in order to determine the true meridian. ~ 


By Elongation of Polaris. The circumpolar star generally used is Polaris 
(Art. 40). Its azimuths at elongation are given in the following table with suf- 
ficient precision for the purposes of common surveying, while the table on 
page 112 -gives the times when the elongations occur. These tables are re- 
printed from “Principal Facts of the Earth’s Magnetism,” issued A the 
U. S. Coast and Geodetic Suuvey. 
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Azimuths of Polaris at Elongation 


Lati- 


tude 1918 1919 _ 1920 1921 1922 1923 1924 1925 
o ° oe o v ° ul ° , ° ‘ ° , ° , ° v 
10 | r 09.0 I 08.7 1 08.4 108.1 | 1 07.8 | 1-07.4 | 1 07.2 | 2 06.8 
1m 09.2 08.9 08.6}, 08.3 08.0 07.7 07.4 07.0 
12 09.5 09.2 |, 08.9 08.6 08.2 07.9 07.6 07.3 
13 09.8 ° 09.4 09.1 08.8 08.5 08.2 07.8 07.6 
14 10,0 09.7 09.4 09g. 08.8 08.5 08.2 07.8 
15 |r t0.4 I 10.0 1.09.7 09.4 0g.t 08.8 08.5 08.1 
16 10.7 10.4 10.t 09.8 09.4 09.1 08.8 08.5 
17 I1.t 10.8 10.4 10.1 09.8 09.5 09.2 08 8 
18 II.§ II.I 10.7 10.5 10.2 09.8 09.5 09.2 

19 11.9 11.6 aD 10.9 10.6 10.2 09.9 09.6 
Soreness oi x 02.0 °) I Ir.7 Y if.4.] Xt Ir.0] 2 16.7 | X 10.4 | I 10,0 
21 12.8 » da br) 11.8 11.5 Il.2 10.8 10.5 
22 3.5 13.0 12.6 12.3 12.0 11:6 Il.3 II.0 
23 13.8 13/5) 13.2 12.8 12.5 122 11.8 11.5 
24 14.4 14. 13-7 13.4 13.0 13.7 12.4 12.0 
25 {| 1 15.0 114.7 I 14.3 114.0 | 1 13.6] £ 13.3 | 1 13.0] 1 12.6 
26 15.6 15.3 14.9 14.7 14:2 13.9 13.6 13.2 
27 16.3 15.9 15.6 15.2 14.9 14.6 14.2 13.9 
28 17.0 16.6 16.3 15.9 15.6 1§.2 14.9 14.6 
29 17.7 17.4 17.0 16.6 16.3 16.0 15.6 15.2 
30), 1 18.5 118.1 117.8 17.4 17.0 16.7 16.4 16.0 
31 19.3 18.9 18.6 18.2 17.9 17-5 17.2 16.8 
32 20.1 19.8 19.4 19.1 18.7 18.3 18.0 17.6 
33 21.0 20.7 20.3 19.9 19.6 19.2 18.8 18.5 
34 22.0 21.6 at.2 20.9 20.5 20.1 19.8 19.4 
35 | 1 23.0 I 22.6 302 rE .2r.8 | © 21.5 | I 2r-1 | X 20.7] I 20.4 
36 24.0 23.6 23.3 22.9 22.5 22.1 2t.7 20.4 
37 25.1 24.7 24.3 24.0 23.6 23.2 22.8 22.4 
38 26.2 25.9 25.5 25.1 24.7 24.3 23.9 23.5 
39 27.5 27.1 26.7 26.3 25.8 25:5 25.1 24.7 
40 | rt 28.7 1 28.3 I 27.9 27.5 |x 27. | 26.7 | x 26.3 |'r 25-9 
4r 30,0 29.6 29.1 28.8 28.4 28.0 27.6 27.2 
62:1 ~ 31.5 31.0 30.6 30.2 29.8 29.4 29.0 28.6 
43 32.9 32.5 32.1 31.8 gir-2 30.8 30.4 30.0 
44 34-5 34.1 33-6 33.2 32.8 3204 31.9 31.5 
45 | 2 36.1 I 35-7 Tissue | 34.8 34-4 34.9 33-5 33.1 
46| 37.8 37-4 37-9 36.5 36.1 35.6 35.2 34.8 
47 39-7 39.2 38.8 38.3 37-9 37-4 37-0 36.5 

| 48 41.6 4i.t 40.7 40.2 39.8 39-3 38.8 38.4 

49}. 43.6. 43-1 Vir iay Ae Wea ee 41.7 41.3 40.8 40.3 

Meso] x 45-7..,2.45.3. | 44.8 | 2 44-311 43.8 |. 43.4 | 1 42.9 | t 42.4 


fhe above table was’ computed with the mean declination of Polaris for each year. 
‘More accurate results will be had by applying to the tabular values the corrections taken 
om the supplementary table at the top of the next page. For example, the azimuth 

Polaris at elongation on July x, 1918, in latitude 41°, is 1° 30’.0 + 0/2 = 1° 30./25 
in the azimuth of Polaris at elongation on Dec. 1, 1918, in latitude 4x° is 1° 29’.8 
o'7 =1° 29/1. For latitude 42° 15’ a double interpolation gives the azimuth of 
is at elongation on Feb. 15, 1919, as 1° 36’.2, The azimuth as thus deduced from 
e two tables will, in general, be correct within 0’,3. C ; # 


\ © 
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Corrections to Table on page 111 


For middle of Correction For middle of Correction 


~ 


“January “—0'.5 July 
February =O 4 August 
March —o 3 September 
April 0.0 * October 
May +O).r November 
June +o .2 December 


Local Mean (Astronomic) Times of Elongations and Culminations of Polaris in 
the year 1915 
“Computed for latitude 40° north and longitude 90° west of Greenwich 
——— = 7 


Z East Upper West Low 
BE TTS DEG Elongation | Culmination} Elongation Culminabion 
I9I5 h m hm hm h 
tue ZY. ts an © 51.7 6 46.9 12 42.1 18 44.9 
anuary I5.. 23 52.5 5 51.6 Ir 46.8 17 
February 1.. 22 45.3 4.44.5 Io 39.7 16 
February 15.. 2I 50.1 3 49.2 9 44-4 15 
TRICE Sst. Se ciate cs desis sit 20 54.8 2 54.0 8 49.2 14 
MUASGR LS tb acaidy-- deaca 19 59.6 - r 588 7 54.0 I3 
April x....... Flsega 18 52.7 © 51.9 6 47.1 12 
BBG bap alas’: age ne 1757-7 23 52.9 5 52.0 II 
May! IS 26 «x... ss 16 54.8 22 50.0 4 49.2 Io 
May 15..... 2s 15 59.9 2 55.5 3 54-2 9 
June z.... Lay 14. §3-3 20 48.5 2 47.6 8 
June 15 ae 13 58.5 19. 53-7 E 52.8 7 
Mfuly aso: bp tops 32 55.9 18 51,1 © 50.2 6 
July-a5. - -). go “i I2 oI. 17 56.3 23 51-5 5 
August 1...... eis IO 54.5 16 49.7. 22 44.9 4 
August 15..... nese 9 59.8 I5 55.0 2E 50.2 ° 35 
September 1. 8 53-2 14 48.4 20 43.6 2 
September" 1S. uses 7 58.3 13 53-5 19 48.7 I 
October r...... Pare 6. 55-5 I2 50.7 18 45.9 0.52 7 
October 15... rene 6 00.6 Il 55.8 IZ §1.0 23.53 8 
November 1 4 53-7 Io 48.9 16 44.5 -| 22 46.9 
November ‘t5.. 3 58.6 9 53.8 Ts 49.0 ar 51.8 
December 1. wee] 255.6 8 50.8 14 46.0 20 48.8 
December 15. Secs -faPain or A 2 00.4 7 55:6 13 50.8 19, 53.6 
To refer the above quantities to years other than 1915: 
For 1917 subtract 0.7 minutes For rg2t add1.6 minutes 
1918 add 0.9 1922 add3.t en | 
1919 add 2.5 1923 "add 4.5 | 
Pe { add 4.0 before March 1 ae {add 5.9 before Mirchi re 
add o.1 after Feb. 29 4 \ add 2.6 after Feb. 29) Se 8 


The time in this table is that of the astronomic day, which begins at noon on thecivil 
day of the same date and is reckoned = ob to 244. Hence an astronomic time less 
than 124 refers to the civil day of the same date, but an astronomic time greater 
124 refers to the morning of the next civil day. Thus, the east elongation given in the 

table for May 1 occurs at 4 54.8™ a.at. local time in the civil day, May 2. 7 
For any day of the month other than those given in the table add to the next iolionnd 
ing tabular value 3.93 minutes for every. day from it to the given date. For example, 
the east elongation on Nov. 12, 1915, occurs at 44 10.4™ P.as. local time: g 
For any place south or north of latitude 40°, add to the time of west elongation 0.10" 


a 
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for each degree south of 40° and subtract o.16m foreach degree north of 40°. Reverse these 
operations for east elongation. Thus, fox a place in longitude go° and latitude 43° the 
east elongation on Noy. 12, 1915, occurs at 44 09.9™ p.m. local time. _ ve 

For any place east or west of longitude 90° add 0.16™ for each 15° east and subtract 
0.16™ per each 15° west. Thus, fora place in latitude 40° and longitude 69° west of 
Greenwich the east elongation on Nov. 12, 1915, occurs at 45 10.6™ P.M. local time. © 

To refer all the above local times to Standard time add 4™ for each degree the place is 
west of the standard meridian and subtract 4™ for each degree east. Thus, for longitude 
69° and latitude 40°, the east elongation'on Nov. 12, 1915, occurs at 24 46.6™ p.m. Cen- 
tral Standard Time. 

As an example involving all these corrections the Eastern Standard time when the 
fower culmination of Polaris occurs in latitude 36° and longitude 77° on the astronomic 
day, May 24, 1919, will be found. For June 1, 1915, the table gives. 84 50.4™ and for 
June 1, 1979, it is 8 52.9™ local mean astronomic time, or 84 52.9™ Pat. local mean 
civil time. Then for May 24 it is 9) 24.3™ p.m. for latitude 40° and longitude go*, The 
latitude correction is —0.64™ and the longitude correction is _+-0.14™, so that the _ 
time is 92 24.4™ p.m. in latitude 36° and longitude 77°. To this is to be added 8™ for 
the difference in time between longitude 75° and 77°, thus giving 98 32.4™ p.m. for the 
Eastern Standard time at which the lower culmination occurs on the civil day May 24, 
1919, in latitude 36° and longitude 77°. The uncertainty of this result is about 0.2%, 

By Culmination of Polaris. The time of a culmination of Polaris having 
been found by help of the above table, a rough determination of the meridian 
may be made by pointing the telescope upon Polaris at that exact instant. 
Such a determination is liable to be in error 1’ or 2’, since the star moves most 
rapidly in azimuth when at its culmination. It is always preferable to observe 
Polaris at elongation as explained above. : : 

By the Altitude of the Sun. The observation on the sun is made by 
observing first the altitude of the lower edge of the sun and the horizontal 
angle to the left edge, this angle being measured from some reference mark; 
second, the altitude of the upper edge is taken together with the horizontal 
angle to the right edge.’ The time should be noted at each pointing. The 
Mean of the two altitudes corrected for refraction and parallax is taken as the 
altitude of the sun’s center corresponding to the mean of the two horizontal 
angles and also to the mean of the two watch readings. ‘The azimuth of the 
suii’s center is then computed by the formula j 


_ , /coss cos (5 = p) 

98 6d. V cos L cos h 

in which s = 1%4(Z + hk +p), and L, hand p stand for the latitude, altitude 
and polar distance respectively. 


ence for 1 hour =— 26.81. Corrected declination =—21°15’ qo”, Polar distance 
= 111° 15' 40". 
L= 42°21’ log sec = 0.13133 
h= 15.22 .5 log sec = 0.01583 
@=11t 15 7 L 
as = 108" sofa 
. s= 84° 20/6 log cos = 8.98212 
8=— £ = — 26° 46’.1 log cos = 9.95077 
2)9.08005 ; 
c0s34Z = 9.54002 4 44Z= 60° 42'.7 
Z= 139° 25.4 
Horizontal'Angle =_.74.07-5 005 
Azimuth of Mark = N 65° 17'.9 E 
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The azimuth of a star may be found in exactly the same way, except that the star is 
bisected with both cross-hairs and it is not necessary to note the time. The object observed 


should not be near the meridian, nor within 10° of the horizon, if an accurate result is 
desired. , 


GEODETIC SURVEYING 
45. Definitions 


Geodetic Surveying may be defined as that branch of surveying in 
which, on account of the extent of the survey and the required precision of 
the results, it is necessary to consider the spheroidal form of the earth’s 
surface. The object of an extensive geodetic survey is usually twofold: 
first, to locate certain points with great accuracy in order to connect different 

—topographic or hydrographic maps and furnish an accurate control of the 
whole survey; second, to furnish data for perfecting our knowledge of the 
form and dimensions of the earth. 


Triangulation. ‘The most economical way of locating points with the 
accuracy required for these purposes is to establish a system of triangulation 
extending over the desired area. A triangulation system consists of a series 
of triangles formed by lines connecting observing stations built on promi- 
nent mountains or hills, or other points which it is desirable to locate. In 
this system of triangles the length of one side of some triangle must be known; 
then if all of the angles in each triangle are measured the lengths of all other 
liries in the system may be calculated by trigonometry.. There are three 
types of systems which may be recognized: first, a series of approximately 
equilateral triangles; second, a series of central polygons, for example a row 
of hexagons each with an interior station; third, a series of quadrilaterals 
with both diagonals drawn. The first system is the cheapest when it is 
desired to extend the survey along a narrow belt, as in surveying a river. It 
has the disadvantage of having but few “‘checks,” that is, few geometric 
conditions which must be satisfied by the measurements. The second 
system is adapted to surveying an area, of greater width than the first. The 
third is the most accurate because it has the greatest number of checks. 

Triangulation is usually divided into three classes, according to the lengths of lines and 
the accuracy with which the angles are to be measured. The largest triangles are called 
PRIMARY and ate used to locate controlling points with great accuracy. The smallest 
triangles are called TERTIARY and are used for locating details on topographic or hydro- 
graphic maps. The SECONDARY or intermediate class is necessary in locating the tertiary 
points from those of the primary | system on account of the great difference in the lengths 
of the lines. The classification is relative only and differs greatly in different localities. 
Primary lines may be anywhere from 10 miles to 150 miles; secondary from 5 miles to 
25 miles; tertiary from 4 mile to 5 miles. The angular measurements on primary work 
are made with the greatest precision, while tertiary angles are taken with only sufficient 
accuracy for the detail work. 

Subdivision of Fieldwork. The process of carrying out a triangula- 
tion scheme may be divided as follows: (a) Reconnaissance and Preliminary 

’ Work. (b) Base-line Measurement. . (c) The Measurement of the Angles. 
(d) The Astronomical Observations. : : 


46. Reconnaissance 


The Reconnaissance includes: (1) Making a rough sketch map of the 
region and studying the general scheme with regard to the shape of the tri- 
angles and the general distribution of stations. Very acute angles should 


Art. 46 - ‘Reconnaissance 115 


not be chosen if this can be avoided. (2) Testing the lines. to see that in 
each triangle the points are visible, each from the others, and that sights 
will not be seriously interfered wjth by excessive atmospheric refraction or 
by smoke of near-by cities.’ (3) Making notes in regard’ ‘to condition of 
toads, approaches to station, transportation, the lumber available, and any 
other details that will be useful when the work of measuring the angles is 
being carried out. 


Direction of. Station. In clearing out lines thru’ woods for the purpose 


of sighting at distant stations it is sometimes necessary to compute the direc- . 


tion of a station which is invisible. Suppose that at —q D 
points A and B (Fig. 33) the angles CAD, DAB, ABC = KQ0 7777-5 

and CBD have been measured and it is desired to know . 
the direction of C from D. In the triangle ABC the side 
AB may be taken as the base and assumed equal to 
unity; the side AC may then be calculated.. In the 
triangle ABD the side AD may be calculated. From 
AC, AD and the included angle the angle ADC may 
be found. Then if either B or A can be seen from 


B 
. Fig. 33 


. D the direction of C may be determined since the angles at D are known. 


Elevation of Signals. In ascertaining whether one station is visible 
from another it is always preferable to test the line by sighting directly over it. 
In some cases this is not practicable and it becomes necessary to obtain the 
result by calculation. Suppose for example that station A (Fig. 34) has an 
eleyation of goo feet and it.is desired to sight to station B which is 60 miles 


1.200! 1,900" 


Fig. 34 


distant and has an elevation of,200 ft. In this case the sight cannot be taken 


on account of the curvature of the earth’s surface, and it becomes necessary to 


calculate the height of a tower which when built on B will be visible from A. 
The distance from a tangent line to the curve may be calculated from the 
given horizontal distance and the dimensions of the earth. The distance so 
calculated must be decreased (by about one-seventh part) on account of the 
refraction of the atmosphere. ‘The combined curvature and refraction is given 
with sufficient accuracy by. the formula /. = k’/1.743, where h is the offset 
from the tangent in feet and & is the horizontal distance in statute miles. In 
the above example the distance which an-observer at A could see over a surface 


at sea level is given by VShX 1.743 = 39.6 miles. The remaining distance, 
20.4 miles, corresponds to (20.4)*/1.743 = 238.7 ft; that is, the lowest point 
which ‘an observer at A can see has an elevation of 238.7 ft above sea level or 
38.7 ft above B. Hence a tower 38.7 ft high must be erected at B to make the 
sight possible. In practice it would be necessary to raise the line at least 
to ft higher in order to avoid the errors tos to high refraction of the air near 


_ the surface of the ground, 


Tn the above solution it has been assumed that the intervening ground is at | sea level, 


but if there are summits between the two stations it will be necessary to determine how. 
much they rise above the sight lines" Suppose that there is a hill 30 miles from A (on 


\ 
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line AB) whose elevation is 75 ft. The hill i is 9.6 thiles ftom the tangent point ahd theté- 
fore the curvatiite correction is 53.0 ft: The top of this hill is 73 — 53.6 = 22.0 ft above 
the comiputed sight line, and the line must be raised 22.0 ft at this point either by in: 
creasing the elevation of both stations by 42.0 ft or by building the tower at B 44.0 ft 
high er. 5 
47. Base-Line 
‘Base-Line. To compute the lengths of the triangle sides it is necessary 
to choose some base-line, usually not a side of a primary triangle, and to.meas- 
. ure its léngth with great accuracy, and then to connect this base-line with a 
line of the primary system by means of a special system of triangles called the 
BASE-NET Or EXPANSION. The position. of the base should be chosen both 
with regard to its accurate connection with the main system and to convenience 
in the measurement of the length itself; but the accuracy of the connection 
should not be sacrificed to convenience in the measurement. 


Méasuremient of the Base-Line may best be made by the invar tape appa- 
ratus. This tapé is made df an alloy of nickel and steel which has a very low 
coefficient of expansion (ftom !/25 to 1/39 that of steel tapes) and is in consequence 
much less affected by errors in the determination of the teniperature of the tape 
during the measurements. Invar is softer than steel and is easily bent; but if 
it is wound on a reel of not less than 16 in diameter there is practically no error 
caused by bending the tape. The tape used in this work is usually 50 meters 
in length, and is suspended at the ends and at the middle point on stakes or 
tripods. A definite tension is given by means of a spring balance mounted on a 
special tension apparatus. The temperature of the tape is determined by 
means of thermometers clamped on to the tape. The points of support are 
carefully lined in and brought to a uniform grade by means of a telescope. The 
rate’ of grade of each tape-length is determined by direct leveling or else by 
measuring the vertical angles. The position of the end points of the tape on 
the intermediate stakes is marked by means Of lines scratched on copper or zinc 


¥, -strips tacked to the tops of the stakes. The ends of the base-line are marked 


by means of copper bolts set in heavy stones or concrete blocks sunk in the 
ground. The transfer of the end marks to the tape, or vice versa, is made by 
means of a transit or by an apparatus called a cut-off cylinder. ‘ 


In making the measurement the tape is hung on the first set of supports and carefully 
litied in; the tension is then applied and the zero mark is Set over the end bolt and the posi- 
tion of the roo-meter end of the tape is marked on the’metal strip. The temperature is 
hoted at the same time. Additional measurements are made as a check, The tape i8 
then earried forward to the second set of supports, the zero end being set on the mark 
previously made, and the operation is repeated. This process is continued until the final 
mark is reached. The base is measured at least twice to verify the work and to give a 
value of the probable error of the measurements. The accuracy of the base-line should 
not be less than 1/00 000 for primary triangulation. 

Corrections. In order to reduce the field measurements to the true length of 
base it is necessary to apply the following corrections: (1) Grade; (2) a e- 
ment; (3) variation of tension from normal; (4) sag (if number of supports is 
changed); (5) temperature; (6) error in Absolute length of tape at standard 
temperature and tension;. (7) reduction to sea level. 

Correction for Grade may be made by the formula 

Co =-%L@+% a4), where @ =h/L 


in which L = the length of the tape or any section of it and # = the fall in the 
distance E. The second term 4a is negligible for ordinary grades, say less 
‘than 5%. ‘The corréction for errots of alinemient may be made by mieans of : 
the same formula. 4 . 
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_ «The Normal Tension usually adopted is that at which the shortening 
_ due to sag (hanging in a curve between supports) and the lengthening due to 
"tension will just equal each other. If the tension applied at any one measure- 
ment is greater or less than the normal tension ¢, allowance may be made for 
the resulting error by the formula 


BY A? 1fw\ : At 
. . dans ee el rp Boy 


where 4Z = the increase in length, L = the length, S = cross-section of 

_ tape, Z = modulus of elasticity (in the units used for w and L), w = weight 
of unit length of tape, 4¢ = increase in tension, ? = length of a single span, 
w= number of spans, w and? must be in the same units; L,/ and S must 
be in the same units. f 


The Temperature Correction is made by adding to the length of the 
tape the correction C;= 100™ x k x (t,° — 4°), where & is the coefficient of 
expansion forthe tape used, /,° standard temperature for which the length 
of the tape has been determined, and #,° the actual observed temperature. 


Absolute Length. The error in the length may be found by comparing the tape 
with the U.S. Standard and then computing the correction for the difference in tension © 
and the manner of supporting; or better, some base-line of known length may: be measured 
with the tape apparatus, the tape being supported and stretched in exactly the same manner 
as it will be in the subsequent base measurements. This method eliminates the uncer- 
tainty in the computed corrections for sag and tension. The error thus found will be the 


a ‘Reduction tea ‘Sea Eaveli fa ‘aden that the whole triangulation system shall be 
_ feferred to the spheroid selected to represent the figure of the earth it is necessary to reduce 
e the length of the base-line to what it would be if originally measured at sea level. If the 
elevation / of the base above sea level be determined by leveling, then the reduction is 
a proximately equal to —Bh/R, where B is the length of base and R the earth’s radius 
at the point in question; h and R must be in the same units. (Average value of log R Gn 
Man = 6.80470; (in feet) = 7.32068.) 


Marking the Stations. The position of the triangulation station should be marked 
_ ky a copper bolt set in a drill-hole ot else by a stone monument set in'the ground. In 
addition to the center mark several-witness marks should be set near by, and their azimuths 
and distances from the center accurately determined so that the center mark could be 
replaced in case it is disturbed. When a stone monument is used as a mark the precaution 
is sometimes taken to.set another mark several feet below the surface to be used in case 
_ the surface marks are destroyed. 


48. Angle Measurements 


Signals. Before the angular measurements are begun signals of some sort 
_ are placed over the selected stations to be used for sighting when the angles 
are measured. In some cases these consist of a mast made of 4 by q in 
lumber supported by a tripod and marked by black and white stripes, some- 

mes also by flags (Fig. 35). ‘The foot of the mast is set about 7 or 8 ft above 
the ground so that the instrument may be set beneath the signal when meas- 
uring angles. Where it is necessary to build a high signal on account of woods 
this may be done by raising a tall mast made of two or three poles spliced 
‘together and bracing it by wire guys. Such’signals are suitable for short lines, 
Say up to 15 or 20 miles. For longer lines heliotropes are used. A heliotrope 
an apparatus for reflecting sunlight to a distant station, and consists of a 
able mirror and a device for pointing it with sufficient accuracy so that the 
t will reach the station. In cases where it is necessary for the triangulation 
ument to be raised in order to see oyer intervening obstacles, towers are 


- 
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built over the station, consisting of an inner tripod for the instrument and an 
outer structure for the observer, the two being disconnected so that the observer 
will not disturb the instrament when moving about on the tower. 


Measuring the Angles. Instruments designed for 
triangulation differ from the ordinary transit chiefly in 
their size, in the fineness of the graduation and in the 
power of the telescope. ‘The diameter of the circle is 
sometimes as great as 30 in; it is found, however, that 
there is little or no advantage in having a circle larger than 
about 12 in. in diameter. The instrument is usually 
designed with three leveling screws, and rests either on a 
pier or ona tripod, according to its size. There are two 
types of instrument used in this work, the REPEATING 
oc instrument and the DIRECTION instrument, the latter Bejing 
used for the most refined geodetic work. 


The Repeating Instrument. The repeating instru- 
ment is constructed like the ordinary transit except that 
Fig. 35 it has three leveling screws. The telescope is of high 

magnifying power and the cross-hairs are usually of the 
X pattern instead of vertical and horizontal. The verniers read either to 10” 
or to 5”. In measuring angles in primary triangulation the instrument is 
mounted on a pier or other firm support, and is protected from sun and wind 
by a tent or a temporary building. For work of a less precise character the 
instrument may be used on its tripod and sheltered by an umbrella. A common 
method of observation is to measure the angle six times by repetition, the left- 
hand signal being sighted first and then theright-hand signal, each time, the tele- 
scope being in the direct position; when six repetitions have been made, invert 
the telescope and measure the angle again six times, beginning with the right- 
hand object. It is not necessary to reset the vernier on zero for the second 
half of the set of angles, but it may be left at the reading it had at the end of 
the first six repetitions, then at the end of the second half of the set it should 
read approximately zero again. Both verniers should be read at the beginning 
and at the end of each half-set. The twelve repetitions made in this manner 
constitute a ‘“‘set.” For primary triangulation 5 or 6 sets should be measured; 
for secondary work, 2 to 4 sets; for tertiary, one or more sets according to the 
size of the instrument. In order to eliminate errors of graduation the first 
set may be taken starting with vernier A at 0°, the second set starting at 360°/mmn 
and so on, m being the number of sets proposed to be taken and » the number 
of verniers on the instrument. 


‘ Record for a Repeating Instrument 
Sta. Blue Hill. Date, May 21, 1979. Observer, A. L. Instr. No. 1963. 


Station | Time | Tel./Rep Ver. A. 4 Angle Final Angle 


0° 00 00” 
123 28 10 z 
380 49 40 123° 28 16". 
123° 28’ 157.8) 
20 49 40 
© 00 10 123 28 15 0 


The Direction Thetrathent: In the direction instrument the horizontal 
circle and the Bpper portion of the instrument can be moved independently. 
The method o repetition is not used, but the directions of signals are read in 
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order of azimuth around the circle, the angles being derived from the differ- 
ences in these directions. The degrees and 5-minute spaces are read directly 
from the circle by means of an index microscope. For obtaining the minutes ‘ 
and seconds several micrometer microscopes (usually three) are attached to 
the upper part of the instrument and placed at equal intervals around the circle. 
The angular space between the zero point of any micrometer and the last 
preceding graduation of the circle passed over by that micrometer is measured 
by means of the micrometer screw. The precision is increased by reading all 
the microscopes and taking the mean. To read a direction the circle is 
clamped in any desired position, the telescope is turned so that the cross-hairs 
point at the signal; the degrees and 5-minute spaces are then read on the index 
microscope and the minutes, seconds and fractions of séconds are read.on all 
of the other microscopes. ‘The mean of all the micrometer readings added to 
the reading of the index is the direction of the signal referred to the zero gradua- 
tion of the circle. 

Use of Direction Instrument, At each pointing the index microscope is read for the 
degrees and 5-minute spaces and all the micrometer microscopes are read for the seconds 
and fractions.. After the directions of all signals have been read the telescope is reversed 
in its bearings and the series is repeated in the reverse order. This completes one “set.” 
Sixteen of these sets are taken on primary work; on secondary triangulation 5 to ro sets 
are taken, and on tertiary, one set. In order to distribute the readings over all parts of 
the 360° the circle is shifted each time by an amount equal to 360°/mm for an instrument 
having 2 or 4 microscopes, or 180°/m if the instrument has 3 microscopes. 


49. Computations 


Reducing the Notes. The reduction of the notes and calculation of 
results include the following steps: (1) Station adjustment. (2) Correction of 
angles for spherical excess. (3) Distribution of error of closure of triangle. 
(4) Computation of lengths of sides of triangles. (5) Reduction to center when 
angles are measured at eccentric station, and a repetition of steps 2, 3 and 4. 
(6) Computation of the geodetic positions of the stations. (7) Figure adjust- 

ment. (8) Final recomputation of 4 and 5. 


The Station Adjustment is made by applying the Method of Least Squares. 
_ The following illustrates the method when the angles are measured by a 
repeating instrument. Let four lines OA, OB, OC, OD radiate from the 
station O, thus giving 12 angles that can be measured. Of these only three 
are independent, and when the probable values of these are known, those 
_ of the others are found at once, . First, for each of the measured angles an 
_ observation equation is written; second, from these are derived three normal 
_ equations; third, the solution of the normal equations gives the most probable 
values of the three independent angles; fourth, the most probable values of 
all other angles are then found by simple addition or subtraction. 
Example: Let the measured angles and their weights be as follows, the weights pene 
i proportional to the numbers of repetitions: 
i AOB = 55° 57' 58.68 with weight 3 
-BOC = 48 49 13 .64 with weight 19 
AOC =104 47 12 .66 with weight 17 
" COD = 54 38 15 -53 with weight 13° 
a BOD = 103 27 28 .99 with weight 6 
Or, Oy Os designate the observed values of AOB, BOC, COD, and let 2, 2, 2, be 
ions to be applied to O1, Os, Oz, in order to give the most probable values of those 
Then result the five simpler observation equations: 
i = 0. with weight 3 %=0 with weight 13 
> m=0. with weight 19 a2 + 23 = —o".18 with weight 6 
% + 22 = +0",34 with weight 17 


t 
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Next multiply each observation equation by the coefficient of 2 in that equation and also 
by its weight; and add the results, thus finding the normal equation for 1; similarly form 
" normal equations for z, and 23. The three normal equations are 


20% +17 % = + 5".78 
17% +422 +. 623 = +4 .70 
6 2 + 19 23 = —I .08 
and the solution of these gives 1 = + 0",28, z = + 0’.o1, 23 = — o”,06 as the most prob- 


able corrections, The followihg are hence the adjusted values of the five observed dangles: 
O1 +1 = 55° 57’ 58".96 

O2 +t = 48 49 13 .65 

Oi + O02 + 1 + % = 104 47 32 .6r 

Os +23 = 54 38 15 47 

f Oz + Os + 22 + % = 103 27 29 .12 
which satisfy all the geometric requirements and from which the other 7 angles are readily 
found. By Art. 1444 of Sect.12 it may be cémputed that the probable error of an obser- 

vation of weight unity, that is, of one repetition, is o”.31. 

Spherical Excess; The spherical excess is the amount by which thesum 
of the three angles of a spherical triangle exceeds 180°. The amount of this 
éorrection depends upon the area of the triangle and upon the latitudes of the 
points. It may be computed from the formula é” = be sin A/2 R? sin x", 
in Which b and c are thé sides and A the includéd angle of the triangle, and 
R the radius of the éarth at the point; the mean value of log R (in meters) 
= 6.80470. For a more precise value use e” = bce sin A/2 RN sin 1”, in 
which R is the radius of curvature of the meridian and N the normal for the 
given latitude. One-third of the spherical-excess of the triangleis to be sub- 
tracted from each angle, which reduces it to the corresponding plane angle. 

Error of Closure. The sum of the three plane angles will not be 180°, 
however, unless the measurements were perfectly made. A test of the accuracy 
of the work is found in the error of the sum of these angles. In the triangu- 
lation of the U, S, Coast Sutvey the average error of closure for primary tri 
angles is about 1”, for secondary 2” to 3”, and for tertiary 4” to 5”. After the 
spherical excess Has been calculated the remaining error is due te errors of- 
measurement and is distributed equally among the three angles of the triangle. ~ 

Coniputation of Triangles. After the triangle has been adjusted for etror of closure 
the two unknown sides of the triangle are compiited from the formula a/6 = sin A/sin B. 
The plane angles are used for this calculation because for any triangle which occurs in 
practise it is sufficiently exact to calculate it as a plané triangle and it is simpler than to 
eompute the spherical triangle. 


_ _Cotiputation of Triangle Sides _ Radi 
: ; | Plane Angles 
Obs. Angles 7 oo is and 

Mi Distances 


Logarithms 
. 22 723.08 4-356 4673 
61° 47’ 18/8 ki ‘ 61° 47 18x 0.054 9218. 
82 27 27 9 ‘ 3 3 82 27.27 2 9.996 2261 
35 45 15 4 . “ 35 45 14 -7 | 9.766 6415 
25 563.20 4.407 6152 
1§ 067.13 4.178 0306 


Reduction to Center. Ii oiving to obstructions itis impossible to place the instrument 
over the center mark when observing the angles, it may be placed at some other point, 
called the ECCENTRIC STATION; arid the angle observed with the same accuracy as for an 
angle at the center... These angles may then be reduced to the values they would haye at 
the center mark provided the distance and direction to the center from the instrument be 
accurately determined. This reduction ig made by expressing the direction of each line 
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as an azimuth reckoned ftom the center mark as the zero dégree puiny, and then calcu- 
‘lating the difference in azimuth of each distant signal as seen from the instrument and 
from the center mark. This is done by solviiig the triangle (Fig. 36) formed by joining the 


ihstrutnent; the center mark, and any distant signal, the result G DPD 
being approximately s” =dsin a/D sin 1”, where s’’ is the d —_§ 
azimuth correction in seconds, d is the eccentric distarice 

measured with a tape), a is the azimuth of the distatit station, 


bi se the approximate calculated distatice to the distant station. Fie. 36 

The azimuth & may have any value from 6° to 360°; careful e- 
atterition should be given to the algebraic signs of sin «: After the corrections (s’”) haye 
beeh calculated they are added algebraically to the corresponding azimuths previously 
found. The differences of the corrected azimuths then give the true angles at the center. 


we asa of Reduction to Center 


ita Stations A B e D B 


46° or sqft 104° 4 30". 161° 10! 05!".2 205° to’ 03/°.6 
9.8572 9-9853 9.5090 9.6286 n 
6.1025 6:0640 6.2672 6.0909 


5.4422 4 5.4422 5.4422 
1.4019 -491 1.2184 1.1617 


i 5 +2 M2 I 6 +r 6.5 —mils 
| Azimuth [42° 14’ 43’ "146° 02" 24"".3 ° 48" or” .x|16r° ro’ 32’ vee Fv 


50. Dimensions of the Earth 


. Elements of the Spheroid deduced by Clarke in #866, and used since 1880 
in geodetic work in the United States, are as follows: 

4 Semi-major axis= 6 378 278 meters = 20 926 662 feet 

Semi-minor axis= 6 356 654 meters = 20 855 x21 feet 

q Meridian quadrant = to oor 997 meters = 32 814 885 feet 

| Eccentricity = 0.082 27r ~—- Elllipticity = 1 /294.98 

The radius of a sphere which is equal in volume to this spheroid is 6 371 062 


“meters or 20 go2 416 feet or 3959 statute miles. The radius 3957 statute miles 
corresponds to a sphere whose quadrant equals the elliptical quadrant. 


Hayford’s disctission of t909 gives 6 356 gog téters for the séti:mihor axi§ and t/2g7.0 - 
for the ellipticity of the spi erald which best fits the North Ainetican cofitinent. 


Lengths of One Degree, in Meters, for the Clarke Spheroid 


Ot Meridian | Ob Parallel Lat. | Of Meridian | On Parallel 
Ito 568 Iii 322 45° III 132 
110 577 II0 901 56 ~ ITI 23% 
T10 602 tog 642 | 55 TIT 326 
trio 644 =| 107 553 66 1FE 416 
116 700 to4 650 65 lil 497 

: 110 769 100 953 Fo | irr 567 
110 850 96 489 75 i1t 624 
11093906 |) GI 291 -80 Fi 666 
III 034 85 307 85 tit 692 
Tit 132 78850 || 9o 11 Jor 


—_— 
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RAILROAD LOCATION 


51. Reconnaissance Survey 


Three Types of Survey are employed in laying out a new railroad: 
first, the RECONNAISSANCE, or an examination of the country thru which the 
railroad is to run for the purpose of choosing the general route (or routes) 
which it seems worth while to further investigate; second, a topographic or 
PRELIMINARY SURVEY of a belt of country chosen by the reconnaissance; 
and third, the laying out or Location of the proposed railroad .within the 

_ belt of the preliminary. If the reconnaissance is carelessly made the subse- 
quent work will not rectify this defect. It is in the reconnaissance’ that 
most of the bad errors in railroad location have occurred. While financial 
considerations frequently determine that a road must pass thru certain towns 
between its termini, the location of the road depends largely upon the topog- 
raphy, and the choice of route upon the locating engineer. 

For a Reconnaissance the first step is to obtain the best available maps 
of the country in question. The U.S. Geological Survey maps are particu- 
larly valuable for such purposes, for their contour lines show elevations. On 
such maps routes may be sketched and a very good idea of the maximum 
grades of the road obtained. Routes which are obviously unsatisfactory 
are eliminated from further consideration and only those which look favor- 
able need be thoroly examined by traveling over them. The map will save 
much time and expense and minimize the amount of actual field examina- 
tion. Unfortunately large portions of the country have never been surveyed 
and it is not uncommon for the engineer to find himself without any map of 
the country he is to examine, 


The engineer will travel over the most favorable routes on foot, horseback, or by vehicle. 
Distances are obtained by pacing or by odometer. Elevations are obtained by the use of 
the aneroid barometer and a hand level, and such data incorporated into a rough map of 
the proposed road. The engineer must choose not only a route which can be built at a 
reasonable cost but one that can be maintained and operated economically. He must 
therefore take into consideration the grades, curvature, length of line, earthwork and 
character of the soil, bridging, tunneling and general drainage. To give proper weight to 
these matters he must be familiar with the economic principles of location, the relative 
economic value of additional length of line, of grade and curvature. The traffic to be 
accommodated by the proposed road may be heavy in one direction and-light in the other, 
in which case a grade of 1% may not be as serious in one direction as a grade of 0.5% 
will be in the opposite direction. A large traffic also iis an expensive line in order 
to save operating expense. 

A ridge location is advantageous because of the small vem of drainage and bridging 
to be provided. But it more often happens that the termini and the intermediate towns 
to be tapped are located on rivers, so that a valley location is required. Valley locations 
are very common; they frequently allow low grades but often require many structures to 
bridge the lateral streams and are more subject to washouts. Where it is necessary to 
ctoss from one bank of a river to another especial care in the selection of the bridge site 
must be exercised... In valley locations the grade is practically determined. by the rate 
of fall of the river, but in mountainous countries the rivers may be so steep as to be pro- 
hibitive for a railroad grade, in which case the road is purposely Jengthened Ly passing up 
some lateral valley so as to keep the ruling grade down to the desired amount. In routes 
which cross the drainage of a country it is of the utmost importance to discover the lowest 
pass and to use this point as one of the governing points on the location. In very moun- 
éainous countryddt may be feasible in getting over the pass to introduce a short stretch of 
much steeper grade than the working maximum grade and to operate this grade by the use 
of one or more helper engines. 

While in early railroading in this country crossings of highways at grade were not avoided, 
practically every state now requires that new railroads shall be constructed with no high- 
way grade crossings, a Tequirement which introduces another important consideration 

. toto the choice of location, 
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In making the reconnaissance the engineer should not only choose routes 
from the standpoint of cost of construction, maintenance and operation, but he 
should also gather data of the industries and natural resources of the country 
thru which the maea is to pass. 


52. pranitaey Survey 


The Preliminary Survey is a transit and tape traverse run as near as 
practicable to the probable location of the railroad from one governing point 
to another. A governing point may be a town, a river crossing, a pass or 
other fixed point on the route. Between these points every effort will. be 
made to maintain the lowest practicable and economical rate of grade. The 
tuling grade of each engine division should be adjusted with reference to 
those of adjoining divisions and to conditions of local traffic, so as to avoid 
breaking and making up of trains. All surveys should be made with regard 
to future permanent construction and every effort used to reduce the amount 
of temporary construction to the lowest limits. The preliminary should be 
Tun with considerable accuracy, for the location survey is to be checked 
against the preliminary. The distances are usually measured to tenths of a 
foot, and the deflection angies to the nearest minute. 

The Purpose of the Preliminary is to serve 1s a basis or 2 topographic survey of a 
belt of country, varying in width from 300 ft to 1000 t depending upon the character of the 
country, a belt in which the located railroad will probably Fe. The organization of the 
preliminary survey party is usually as follows: a chef > party, transitman, two chainmen, 
two flagmen, levelman and rodman, topographer and assistants, and axmen. A stake is 
‘driven at every 10o-ft station and marked with the station number. Each transit point 
is carefully marked by a nail in the head =f he stake, but intermediate points. ar2 set to the 
Nearest tenth only and are marked merely by stakes. A preliminary party in ‘airly open 
‘country will make 5 to 8 miles a day. ‘The level_party follows immediately behind the 
‘transit party, taking readings for a profile of the preliminary line. 

_ Topographic Details are sketched to scaie on cross-section paper, using 
‘the elevations obtained by the level party as'a basis. Asa rule a 5-ft contour 
interval is used and the contours are located by means of the hand level and 
Metallic tape, as described in Art. 28. The stadia is employed in some 
cases to obtain topographic details, and a small plane table is well adapted 

this work in open country. The plot of the oreiminary map and topo- 

raphic details together with the pro‘le of the preliminary line should be 
‘kept up to date so as to give the locating engineer tnformation as regards 
srade and curvature fo aid him in judging whether to push ahead with his 
e or to “back up” and run the line over somewhat different ground. A ~ 
mmon scale for preliminary maps is 200 or 4oo ft to an inch. 


ades, and where more than one preliminary has been run the best one can 
chosen from a study of the plans and profiles and from other data accu- 
ulated when the preliminary is made. The kinds of materials in the exca- 
Vations, the bridge and tunnel sites, and an estimate of the cost are data 
ghich the preliminary should include. The map and profile of the best 
) inary line form a basis for the location. 


58. Location Survey 
‘The Located Railroad is composed of straight track, called TANGENTS, 
d circular curves. On most roads a spiral is introduced between the 
gents and curves, but this refinement need not enter into the work until 
le location line is actually staked out, First 4 trial location line is plotted 
| the preliminary map and its profile constructed from the data given by 
= contours on the preliminary. This trial line will pass thru the governing 


. 
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Points, such as bridge sites or passes, and. will be Jaid out so as to make the 
total quantity of excayations and embankment a minimum, due regard 
being given to the grades and the amount of curyature in the alinement. On 
all curves the rate of grade should be flattened about-o.04% per degree of 
curve to neutralize the additional train resistance; this is called CURVE COM- 
PENSATION. ‘The drainage of the road is of utmest importance, so that it is 
good practice to lay out the line across flat country.a little higher than the 
surrounding land. The line thru cuts which are more than soo ft long 
should be on a grade for proper drainage, which requires about 0.2 ft per 
100 ff. Tt should be borne i in. mind that on account of the necessity for side 
account when judging from the profile of the rélative amounts of cut and fill. 

Seyeral shifts of the location line will probably be made and profiles constructed for 
each position until the best line is determined. This finai line will probably cross and 
recross the preliminary traverse line many times if the preliminary has been skilfully 
run. Ties from the location line to the preliminary line are then scaled from the map 
and are used in the field in laying out the located line as determined by the office study. 
This method is called pareR tocaTION. Sometimes, in a canyon for example where 
there is no choice of location, the preliminary survey is omitted and the located line is 
run out in the field. ‘This is called FIELD LOCATION. 

After the location line has been actually run it may be found advisable in some in- 
stances not to follow exactly the line laid out on the plan. Minor changes and modifica- 
or coaling plants and in adjusting the grades | near such points so‘as to reduce the cost 
and disadvantage of train Stops to the minimum, When train stops at or near the 
foot of a grade cannot be avoided the rate of grade should be flattened to facilitate the 
starting of trains. It is not infrequently found that stream diversions, even when of 
considerable magnitude, prove cheaper than bridging, both in first cost and in main- 
tenance, particularly when the excavated material can be used in embankments. The 
locating engineer will give special attention to the determination of the necessary ‘length 
of bridges and size of culverts, character and area cf waterway. A cross-section of 
streams showing along the center line of the railroad, the river bottom, flood height and 
surface indications of rack should he- plotted. for each crossing. Thorough drainage 
is a maxim to be impressed on the mind, and the engineer must not be misled i in so-called 

“rainless districts.” In ravines carrying mountain torrents the openings must be left 
much larger than the appearance of the banks would seem to make necessary. 

In Staking Out the center line of location the direction of the tangents ig 
first defined and run to an intersection with adjacent tangents which locate 
the vertices of the curves. The curves are then staked out as-explained in 
Art. 56. For location work a one-minute transit and roo-ft steel tape are 

_ usually employed, the measurements being made to tenths of a foot. A stake 
is driven at every full station point and a “hub” with a nail is set at all transit 
stations together with a proper witness stake. ‘The stakes at the beginning 
and end of each curve should be marked “P.C. ” and etprres Tespectively 
and should be carefully referenced by stakes set far enough on each side of the 
location to lie outside of the construction or filling. . The true bearings of tan- 
gents should be accurately determined occasionally by soldr or stellar obser- 
yation so as to check the fieldwork and for the purpose of describing the loca- 
tion line. Connections should be made in the location survey to all property 
lines crossed and to all government land lines and corners. 

Immediately behind the transit party comes the leyel party, which runs a profile of the 
center line, reading the surface elevations to 0.1 ft and T.P’s. and B.M’s. to o.r ft. 
A substantial B.M. should be established every 2000 ft and plainly marked. When. 
the final alinement has been staked out the level party, using the grade line on the loca~ 
tion profile as a basis, take the eross-séctions (see Art: 62) at each full station or oftener 
to determine the amount of earthwork and at the same time to give stakes properly marked 
as guides to the contractor in excavating and filling. These grades refer to the sub-grade, 
on top of which are to be placed the ballast and track. 


er 
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54. Simple Circular Curves 


A Simple Curve is a circular curve connecting two tangents. The points 
where the curve is tangent to the tangents are called the POINT OF CURVATURE 
P.C. and the POINT OF TANGENCY P.T., these points being at the beginning 
and at the end respectively of the curve. The tangents meet at the VERTEX V. 
The deflection angle at V between the two tangents is the INTERSECTION 
ANGLE I, which is equal to the CENTRAL ANGLE between radii drawn to the 
P.C. and P.T, In railroad practice the LENGTH OF CURVE is the distance 
from P.C. to P.T. measured by too-ft chords (a sub-chord may occur at one 
or both ends of the measurement), ‘The DEGREE OF CURVE D is the angle at 
the center of the curve subtended by a chord of too ft. A chord of less than 
100 ff is called a sUB-CHORD and its central angle is a SUB-ANGLE. The rela- 
tion between D and R is expressed by the formula sin % D = 50/R. 


Radius and Degree of Curve 


Degree| Radius R Degree|Radius R || Degree |Radius Ri 

D Bete neo D Feet Toe B D Feet 

oo off «© 0 || 6° 20’! 905.13 | 2.956727 || 14° Q'| 410.28 | 2.613076 
IO | 34377-5] 4.536274 30| 881.95 | 2.945442 30 | 396.20 | 2.597914 
20 | 17188.8| 4.235244 40 | 859-92 | 2.934459 |} 5° 0] 383.06 | 2.583272 
30 |.11459.2| 4.059154 50 | 838.97 | 2.923747 30| 370.78 | 2.569116 


40 | 8594, 42 | 3.934216 7° 0"! 819.02 | 2.913205 S.t aw 
r : : 2 16° 0'| 359.26 | 2.555415 
Sheet |cigcene| 30) wes | aptee| 8) S| 
1° 0'| 5729.65) 3.75812 : ; / f . 529268 
10 | 4911.15] 3.691183 |} 30] 764.49 | 2.883371 ee pains pe tin 
20 | 4207.28 | 3.633194 40 | 747-89 | 2.873840 aor 
30 | 3819.83 | 3.582044 50] 732-01 | 2.864514 || 18° 0] 319.62 | 2.504638 


40 | 3437-87] 3:536289 || 8° o’| 716.78 | 2.855385 30] 311.06 :| 2.492839 
50 | 3125-36] 3.494900 10 | 702.18 | 2.846446 || 19° "| 302.94 | 2. 481361 

2° -0”| 2864.93 | 3.457215 |} . 20) 688-16 | 2.837687 ]] - 30] 295-25 | 2.470286 
10 | 2644.58|3.422356|| 3°} 674-69 | 2.829102 || 20° 0’| 287.94 | 2.459300 
20 | 2485.70 | 3.390176 40 | 661.74 | 2.820685 30] 280.99 | 2.448688 
30 | 2292.01 | 3.360217 50 | 649.27 | 2.812428 |} 5 yo 0'| 274.37 | 2.438337 
40 | 2148.79 | 3.332193 || 9° 0’| 637 27 | 2.804327 30 | 268.66-] 2.428235 
50 | 2022. 41 | 3.305869 IO | 625.71 | 2.796374 


22° 0'| 262.04 | 2.418371 


3° 0'| 1910.08 | 3.281051 29 Aisa 2. 788566 30| 256.29 | 2.408734 
10 | 1809.57} 3.257576 }] 35 | 003-9 |2- 70827 || 23° 0 20.70 | 2.300315 
20 | 1719.12 | 3.235305 49 | 593-42 | 2.773301 polldaas ies Waa a0ores 
30 | 1637.28} 3.214122 50] 583.38 | 2.765955 oral ‘ e 
40 | 1562.88] 3.793925 ||r0° 0'| 573.69 | 2.758674 || 24° 0] 240,49 | 2.381091 
50 | 1494.95 | 3.174627 || ° x0] 564.31 | 2.751514 30) 235.65 | 2.372270 

4° 0 | 1432.60] 3.156151 20| 555.23 | 2.744471 || 25° 0°] 231.01 | 2.363633 
x0 | 1375-40 | 3.138430 30} 546.44 | 2.737541 30] 226.55 |.2.355173 
20 | 1322.53] 3.121404 40 | 537-92 ! 2.730721 || 26° 0o’| 222.27 | 2.346882 
30 | 1273.57 | 3.105022 50 | 529.67 | 2.724008 30] 218.15 | 2.338755 
40 | 1228.11 | 3.089236 ||11° 0'| 521.67 | 2.717397 27° O'| 214.18 | 2.330785 
50 | 1185.78 | 3.074005 10] 513.91 | 2.710887 30| 210.36 | 2.322967 

5° 0’| 1146.28] 3.050290 20| 506.38 | 2.704473 28° 0/| 206.68 | 2.315295 


o : +0 30] 499.06 | 2.698154 

aS lone ea | orcnede|| 40} 49t-06 | 2-65r026 || ~ 3°| 205-73 | 9.307764 
30 | 1042.14 | 3.017927 50| 485.05 } 2.685788 | 29° - 01 nee Soa 
40 | ror. 51} 3.004972 ||12° * 0'| 478.34 | 2.679735 yeu 196.38 | 2.29310) 
50 | 982.64] 2.992393 30] 459.28 | 2.662074 || 30° 0| 193.19 2.285074 

6 0%] 955.37] 2.980170 |/13° 0'| 4qr.68 | 2.645tr1 30] 190.c9 | 2. 278963 
20} 929.57] 2.968282 30| 425.40 | 2.628794 
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In the Metric System the degree of curve is usually defined as the angle at 
the center subtended by a chord of 20 meters. The first and second columns 
of the following table give degree of curve and radius according to this definition, 
while the third column gives the equivalent degree of curve corresponding to the 
definition stated on the preceding page. 


Degree of Curve and Radius for Metric System : 
Degree of curve is angle at center subtended by a chord of 20 meters. 


: Equiva- Fi Equiva- z Equiva- 

Degree ree lent U. S:|} Degree. ahd lent U.S.|| Degree. rere lent U.S 
* | Degree. ged Degree. * | Degree. 

Chey ) 0719 :0% 6° 0’ | 191.07 | 9° 09’ ||. 12° 0'| 95.67 | 18° 20’ 
20 3437.8 | @ 30 20 181.03 9 40 20] 93:09 |18 51 
40 1718.9 | x or 40 | 171.98 | 10 Io 40| 90.65 |19 2F 
io! 7145290) -x° 32" 7° 0’ | 163.80.| 10° 41/°|| 13° 0'| 88.34 | 19° 52’ 

20 859.46 |. 2 02 20 | 156.37 | II It 20}. 86.14. | 20 23 | 
40 687.57.| 2 32 ||. 40 | 149.58 | 1r 42 40| 84.05 |20 54 
2° 0’ | (572799 | 3° 037 8°. of | 143.36 | 12° 12’ || 14° 0’! 82.06 | 2r° 24° 
“20 491.14 | 3 33 20 | -137.63 |12 43 20| 80.16> | 2t 55 
40 429.76 | 4 04 40 | 132.35 |13 13 | “40| 78.34 |22 26 

3° 0’ | 382.02 | 4° 34’ || 9° of] 127.45 | 13° 44’ || 15° 0] 76.6x | 22° 57’ | 
20 343.82] 5 05 20 | 122.91 | 14 I5 20 |r 74.96 |23 28 
40 | 312.58) 5 35 4o | 118.68 | 14. 45 40] 73.37 |23 59 
4° 0’| 286.54 | 6° o6 || 20° 0’ | 114.74 | 15° 16’ || 16° 0] 721.85 | 24° 29° 
20 264.51 6 36 20 | 11.05 | I5 47 20} 70.40 |25 o 
40 245.62] 7 oF 40 | 107.58 |16 17 40| 69.00 |25 31 
5° of | (229.26 | 7° 37’ || 12° 0’-| 104.33 | 26° 48’ || 7° 0'| °67.66 |'26° 02’ 
20 214.94.| 8 08 20 | ror.28 | 17 19 ||18 o| 63.92 |27 35 
40 202.30 | 8 38 40 | -98.39 |17_ 49 || 19. 0} 60.59 | 29 08 


55. Elements of a Simple Curve 


In Fig. 37 let I be the central angle between radii drawn to the P.C. and 
P.T. of the simple curve; this is equal to the intersection angle between the 
tangents. Also let 
Oc = Radius = R, 
ac = Chord = C, 

Ve = Tangent distance = van 
bd = Middie ordinate = M, 
Vb = External distance = E, 
ka = Offset from tangent = ¢. 


The following relations between these elements are 
true when J is less than 180°. The trigonometric 
function exsec 14 J, used in the formulas, is called the 
, external secant, and vers 14 J is called the versed sine 

Fig. 37 (see Sect. 12, Art. 4). 
Cerntrat Ancir I = D X L/100 (railroad practice only) 
= arc abc/R (in circular measure) =(arc abc/2 2R) X360° 


sin%4I=14C/R =(E + M)/T tan%I=T/R 
tan 4I = M/1,C = E/T »  -vers¥4I = M/R ; 
cosgI=1,C/T = M/E exsecl4I = E/R 


Raprus R = so/sin %4 D = 5730/D (approx.) = 1%4C/sinigI = T cot] = = ) 
E/exsec 4 I = M/vers 2 I = (arc adc/I) (180°/z). 


Art, 66° ~ Laying Out Curves 127 
‘DEGREE oF Curve D = twice the angle whose sine is 50/R, 
5730 Die £2 
Dz Ro (approx.) Tac (approx.) Ee (approx.) 


Cuorp C=2Rsin%l=2T cosisl=2M cot%lI = 2VM(2R - M) 
= 2 Esin % I/exsec 44 I =arc abe ~ (arc abe /24 R?) (approx.). 
Arce abe = zRI/180° = C + (C*/24 R’) approximately 
= Rx (Length of arc for radius r). See Tables 5 and21, Sect. 1. ° 
Leneru or Curve L= 100 I/D (railroad practice only). 
Tancrnr Distance T=Rtan I =1%4C/costeI =EcotyI=VE(2 R+E) 
= T,./D approximately. 
EXTERNAL Distance E = R exseci4I = T tanwylI= VT? +RI-R 
=¥% Cexsec ¥4I/sin¥4I = M/cos4I =RM/(R-—M) =£,°/D (approx.). 
Mrppre Orprnate M = R vers 41 =R-V(R+%C)(R—-12C) 
= Ecos%el=% Ctan\ylI =T cot%l x verst%el 
= C?/8R (approx.) = 4¢f (approx.) = 44¢ (approx.). 
The chord for M must be the same as the chord for # (see Fig, 37). 
MIDDLE ORDINATE se = 4% M (approx.). 


. Orprmate gh=V(R? —dh) -VR-40 
ve + dh) (R - dh) -V(R +%C)(R-%O): 
= M —(dh"/ 2 R) (approx.) =(ah X he)/2 R (approx.)- 


©rrser FRoM TANGENT t= C?/2 R = C sin I =4 M (approx.), The chord 
for ¢ must be the same as the chord for M (see Fig. 37). 


56. Laying Out Curves 


Four Methods of laying out circular curves are: (1) by defection angles, 
(2) by offsets from the tangent, (3) by chord deflections, (4) by middle - 
ordinates, It is assumed that the two tangents which are to.be connected 
by a curve have been run out to an intersection and the vert.x V set and J 
measured. The degree of curve being known, T is computed and the P.C, 
and P.T. stakes are set. The station of P.C. is thus established and the 
station of P.T. = Sta. P.C. + L.. Approximately L = 100 I/D. 


The Deflection Angle Method is by far the most common and for 
nearly all railroad work it is sufficiently exact. To lay out a curve by this 
_ method set up the transit at the P.C., zZ 
vernier reading 0°, and sight on V (Fig. 
38). Lay off deflection angle VAa and 
measure chord Aa, thus locating point a. 
Angle VAa = % aa, and az = D x 
|Aa/roo. Leaving the lower motion of 
transit clamped loosen the upper clamp 
and lay off VAb = 1%4a5 and measure 
chord ab, and so on, setting each stake and checking at the end of the curve 
on the P, T, stake. 
| The total deflection angle to any point on the curve is pox eres half the 
central angle from the P.C. to that point; and where the stations are 100 ft. — 
apart the deflections increase by 4 D for each successive station. 


' Deflection angle for any sub-chord = cD/200 (in degrees) 
= ¢X 0.3 x D (result in minutes when D is in degrees) 


Fig. 38 
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Example. Find deflection angles of a 6° curve connecting P-T. 12 + 73.4 and 
P.C. 8 + 41.7, the curve being to the right. 


58.3 X 0.3X.6 = r05’ 1° 45’ to Sta. 9. 


LO AG Gee a 45” to Sta. ro. 
45° + 3° = % 45! to Sta. rr. 
7° 45/ + 3° = 10° 45, to Sta. 12. 
93.4% 0.3 X 6 = 132’ = .2° 12’ to Sta. 12 + 73.4. 
12° 57’ 
P.T.12 + 73-4 — P.C.8 +-41.7 = 431-7 = L 


4-317 X 6° = 25°,902 = 25° 54’ = J and 12° 57’ = 41. 


This checks the deflection angle from P.C.to P-T. Asa rule the deflection angles should 
be computed to the nearest half- minute. 


It is better practise to lay the curves out backward, starting the chord measurements~ 
from the P.C., for example, while the instrument is at the P.T. In this case the vernier 
is set at o°, a sight taken on the P.C., and the same deflections used for each station as 
would be used in laying out the curve if the instrument were,at the P.C. IE the imstru- 
ment were set up at the P.C. the vernier should be set at 4 J, a sight taken on P.T., and 
chords méasured beginning with the P.T., using the same deflection angles as before. 


Intermediate Set-ups on Curve are necessary when the curve cannot be laid out 
ia its entire length from either the P.C. or P.T. Set the transit up on the intermediate 
point, then apply one of these two methods: r. Set the vernter at 0%, reverse the telescope 
and sight P.C., using lower clamp. Turn telescope direct and lay off the same deflection 
angle to the next station on the curve that was computed for it when transit was at P.C. 
2. Set the vernier beyond o° so as to read the same angle that was used in setting the 
intermediate station, reverse telescope, sight P.C. and clamp lower clamp. Loosen 
upper clamp and turn vernier to read roughly o° and see if it appears to be sighting along 
a tangent to the curve thru the intermediate point. (If the deflection angle has been laid 
off on the correct side of the vernier the telescope will be sighting. along this auxiliary 
tangent when the vernier reads o°.), Turn telescope 
direct and lay off the proper deflection angle for the 
next point ahead on the curve, which will be %4 D if 
the next station is a full station from the intermediate 
set-up. ‘The curve beyond the intermediate set-up 
point is therefore laid out like a new curve, starting 
at the intermediate point. This second method is 
the one to be used in laying out compound and re- 
versed curves with the instrument set up at the 
P.C.C. or P-R.C. (Arts. 58 and 59.) 

Offséts-from-Tangent Method. Here no 
angles are used, every point on the curve 

: being set by measured distances. The first 
; Fig. 39 step is to compute the rectangular coordinates 
Ge each point, the origin of coordinates being the P.C. and the axes being 
the tangent and the radius thru the P.C. (Fig. 39). In the triangles Aa’a, 
ab’b, be'c, etc., the acute angles are equal to the central angle from the P.C. to 
the middle of ‘the chord forming the hypotenuse of the Tespective triangles. 


, = Aa cos Ba Ja = Aa sin Bz 
a =%q +ab cos 95 ¥5 = Ja +b sin Be 
%e = x5 + be cos Pe Ye = Jo + bc sin B. 
Asa check, x, =Rsin AOc vo = R vers AOc 


Tn the fieldwork the transit is set up at P.C., sighted along the tangent, and face) 
a’, e,f,, etc. set and marked. by stake and nail. Point a is located by measuring with : 
“one tape J and with another tape Aa; the intersection of these two measurements — 
locates a. Point b is-set by intersecting the measurement 1 with ab, etc. This method _ 
allows greater precision than the deflection angle method. It is not often used except 
in setting points where there are obstacles on the curve which prevent — across it | 
as is required in the deflection angle method. 


Fly 
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Deflection Distance Method, (Fig.40.) This method is employed to lay 
ut a curve by the use only of tapes, plumb-lines, and lining-poles. _ From the 
hord or sub-chord Aa, the distances ea and Je are first computed by 

ea = Aa’/aR and Ae = Ao = (ae'/2 Aa). 
ight from A to V and set point e. Set a by measuring ea and Aa. If Aa 
3a sub-chord, set point d by making Ad = ea andad = Ae. Thendafisa 
angent to the curve thru a. Compute bf = ab’/2 R, and af =ab— (6f'/2 
b). Then sight along da and.set the point f. Set point b by the ties fb 
nd ab. If ab = bc; produce ab to g, making d 9 
g=bce. Set point ¢ by the-ties bc and gc. A 
he chord deflection go = 2 x fb. The chord *% 
eflections can be used, then, whenever the 
hords on both sides of the last ‘station are - 
qual. When they are not equal an auxiliary 
angent must be erected as ata. If chord Aq is 
ery short, point 6 should also be set by a tan- 
ent offset from the main tangent so that the ; 
urve will not be produced from too,short a base. The chords ab, be, etc., 
re often taken less than roo ft, This method is particularly useful in re- 
etting a stake which has been knocked out of place. 

Middle Ordinate Method. This is employed only for short sharp 
urves which are to be laid out without the use of a fransit. In Fig. 41, the 
.C. and P.T. stakes being in place, chord AB is measured and stake e set 
y lining it in by eye in the middle of AB. Middle ordinate'eb is computed 
M = C?/8 R) and laid off perpendicular to AB by eye. Similarly points ¢ 
nd ¢ are located, af and cg = be/4. 


Fig. 40 


oe 
a ZF | Ese 
C ‘Eale 


Fig. 41 Fig. 42 
57. Curve Problems i 


Parallel Tangent Problems, Fig. 42, both curves of same degree. 

; AA’ = VV’ = BB’ = d/sin I 

‘Fig. 43, both curves have the same P.C. a he: 

ia R-R =d/versI 

PEAVY: ‘ 
SX 


sh 

" 

b 

3 . 

| Fig, 43 Fig. 44 

‘Fig. 44, both curves have P.T’s. on same radial line. 

| a R -R’ = dfexsecI and AA’ = (R — RF’) tanI ; 


eous Problems. Fig. 45: The direction of the forward tan 
to be changed at the P.T. ; age 
R’ = R vers I/vers I’ and AA’ = Rsin I — R’sin I’ 
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Fig. 46. To find the station of B on a simple curve from which a tangent 
will pass thru C; the radius is known. Measure? and AC. In triangle ACO, 
compute OC and AOC. In right triangle OBC, compute BOC. Then 
AOB = AOC — BOC, and Sta. B = Sta. A + 100 AOB/D. 


B Trial Tangent FF 


Fig. 46 Fig. 47 


Fig. 47.. To find by approximate field-method the station of B from which 
a tangent line will pass thru C., First find by approximate method the station 
of D, where line AC cuts the curve. Station A is the nearer full station to B. 
(If Z were nearer than A then CE should be produced until it cuts the curve 
near A.) To find where CA cuts the curve, set point F in the middle of are 
ABE by method of ordinates (Art. 56). Ifthe arc FE is practically a straight 
line find the intersection of CA and FE. If the arc and chord do not practi- 
cally coincide then set point G in the middle of arc FE by the method of ordi- 
nates, and then find the intersection of AC and FG. The station D being 
known, assume point B so as to make AB slightly larger than BD and locate 
B carefully for a transit point. Set up the transit at B and lay oft a tangent 
to the curve at that point. If this tangent does not pass thru C, measure the 
angle between the tangent and the line BC, angle HBC 
in this case. Then move point B, forward or backward om 
the curve as the case requires, a distance = 100 xX HBC/ 
degree of curve. A tangent from this new point B should 
pass almost exactly thru C. 

Fig. 48. _To find R of curve which shall join tangents 
: AV and BY and pass thru a given point C. Measure 

Fig. 48 angleaand VC. Thensin VCO =cos (141 + a)/cos WI. 
In triangle VOC, CVO = 90° -— %4I —a, VCO and VC are known; solve 
for radius OC. If angle VOC is very small find radius by VC sin a/vers 
mAOCE : 

Fig. 48. To find distance VC, given R, J and a. Solve triangle VOC 
for VC; OC = R, One R/cos14I, OVC = 90° -%I-a. 

Obstacles on Curves, Wher obstacles occur, as frequently happens, so that the 
entire curve cannot be laid out by deflection angles from one position of the instrument, 
the difficulty can often be overcome by running out the curve as far as possible and then 
setting up the transit at the last located point on the curve and running the curve 
ahead from this intermediate set-up (Art. 56). This methcd is applicable when the 
obstacle is not large or when it does not lie directly on the curve. If a large obstacle 
lies on the curve proper, the curve may be run out until it meets the obstacle, both 
from the P.C. and P.T., or such obstacles may be passed by use of the Offset-from- 
Tangent Method, the offset being measured from the main tangent or from’an auxiliary 
tangent thrown off from some intermediate point on the curve. Sometimes an obstacle 
on a curve can be passed by laying off the deflection angle for a point beyond the obstacle, 
computing and measuring the long chord to that point, thus locating a station without 
making a new set-up of the transit, and regular chord measurements may start again 
from this station. i 

If the P.C. is inaccessible lay off the curve from the P.T.as ‘ar as possible toward the 
P.C. and check the last point by the Method of Offset from’ Tangent. In applying this 
latter method, compute the distance along the tangent strom the P.C. and subtract th 
distance from 7, which gives the distance from V ic the point on the tangent from wh 
the tangent offset is laid off perpendicular to the tangent. / 


| 
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The vertex V is frequently inaccessible. The central angle J, however, can be found 
y connecting the tangents thru the P.C.and P.T. by a traverse (ABC, Fig. 49), Com- 
ute AC, then in triangle AVC compute AV and VC, also determine the value of I. 
“hen the P.C. and P.T. stakes are set by measuring ([T — AV) and (T — VC) respec- 
ively. from points A and C. 


Fig. 49 Fig. 50 


58. Compound Curves 


Compound Curves are formed by two simple circular curves running in 
he same general direction, and which lie upon the same side of their common 
angent at their point of junction. The point where these curves join is called 
he ‘‘point of compound curvature ” (P.C.C.). Where more than two curves 
re in succession the curve is called a multiple compound curve. In laying 
ut compound curves in the field, each simple curve portion is laid out sepa- 
ately. From the P.C. the simple curve will be laid out to the P.C.C., and the 
ommon tangent is used as a basis for laying out the simple curve to the next 
.C.C. and so on, the methods being the samc as those employed in laying out 
imple curves (Art. 56). 

Elements of Compound Curve. The following apply only to compound. 
urves composed of two simple curves. Where there are more than two simple 
urves the formulas become quite long. In Fig. 50:it will be observed that all 
he elements marked with the subscript s refer to the curve of shorter radius, 
nd those marked / refer to the curve of longer radius. Any compound curve 
omposed of two simple curves may be defined by any four of the seven ele- 
nents marked on Fig. 50. These four elements having been chosen the 
emainder may be computed by using the following formulas. 


Given Rs, Rij, Is, Ii; required I, Ts, Tj. Here I = I} +I; and 
3 4 Bs tan 147; + Ri tan ¥% Jj) sin Iz 


Ts = Rs tanlg Is 
sin [ 
= 71 =Riton 4h + (Rs tan 4Is+Ritan Ii) sin Js 
sin F 
| Given Ts, Rs; R, I; required Tj, Ii, Is. 
ae Ts sinI — Rs vers I ye aay 


Ri- Rs 
Ti = (Ri— Rs) sin Ty + Rs sin T— Ts cos I. 
n Ti, Rs, Ri, I; required Ts, Ti, Is. 
R I-—TisinI 
Pea npe Reve esind i, ayy 
Se 
\Zs = Ry sin I — (Ry — Rs) sin Js — Ty cos I, 
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Given Ts, Rs, Is, I; required T,, R, I, Here Iz = I - I,and 
Review si T.sin I — R, vers I 
vers Iz 
T, = (R.- Rs) sind; + RssinI — Ts cosT 
Given T,, R,, Iz, I; required T;, Rs, Is. Here Is = I - Izand © 
R,vers I — T;sinI 
vers I, 
T, = Rysin I — (R7;- Rs) sin I; -— Tz cos I 
Given T,, T., Rs, I; required R,, Iz Is. 
T.sin I —R,vers I 
WA ges TS p= 
tan Yel T,+TscosI-—RssinI a ae 
Ee Ree Ti+ ie Good = Sees 
sin Iz 
Given T;,, T;, Ri, I; required R;, Iz, Is. 
R;vers I -— T;sin I 
%I,= I;=I- 
Tigao Risin I —-T;,cosI -Ts a Ts 
Risin I —-TrcosI — Ts 
sin Is 
Given AB, VAB, VBA, either R, or R;; required either Ry, or Ry, Tz, Is, I. 
Solve the triangle AVB for AV. and VB, which gives T; and T, «IJ = 
VAB + VBA. ‘Then the four elements T,, Ts, J and either R, or R, are 
given. The remaining elements may be computed by formulas given above. 
Compound Curve Problems. Given a simple curve between two tan- 
gents. Curve is to be compounded so as to end in a. parallel tangent (Fig. 51). 
In case the new tangent is inside the old tangent, as in Fig. 51, the radius of 
the original simple curve becomes Ry, and versI; = d/(R; — Rs). If the 


new tangent falls outside the old tangent, then the original simple curve 
becomes R;, and vers I; = d/(R;— Rs). 


Rs = Rp 


R, =R2 - 


Fig. 51 Fig. 52 


Given a compound curve between two tangents. Required to retain the 
same radii but to change the P.C.C. so as to end in a parallel tangent. 

(a) When the new tangent lies inside the old tangent and the curve of 
larger radius is at the P.T. end (Fig. 52). 


d 
Yaa — 
vers I/ = vers Iz RoR 


(b) When the new tangent lies outside the old tangent and the care “ 
larger radius is at the P.T. end. 


: ad . i 
vers I = vers I; + ——— é 
Er Seba th a Rei te | 
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(c) "When the new tafigeht lies inside the old onlising and the curve of 
horter radius is at the P.T. end. 


Ni 


aa 
Ri-Rs 
(a) When the new tangent lies outside the old tangent and the curve of 
horter radius is at the P.T. end. - 
Ri- Rs 
In the above formulas the angles with the prime mark are the new angles. 


vers I,’ = vers I; + - 


vers I,’ = vers I5— 


59. Reversed Curves 


Reversed Curves are formed by two simple circular curves running in 
je same general direction but which lie on opposite sides of a common 
ingent at their point of junction. Where these curves meet is called the 
point of reversed curvature ”’ (P.R.C.). 

Connecting Parallel Tangents (Fig. 53). In this case the central 
ngles are equal, the P.R.C. lies on the straight line AB, and BAEZ = Yd. 


and AB =V2d(R, + &) 


vers I = 


d 
Ri+ Rk 


If both curves have the same radius, then 


; versI = -% and AB =2V/dR : 


> Fig. 53 , Fig. 54 : 


Connecting Nonparallel Tangents (Fig. 54). As in the compound curve, 
1¢ choice of four of its elements defines the reversed curve. Given Ty, I, Ry 
4; required J,, I,, T,. 

wets _ R, vers I + T, sin I 
r KR, + R, 
J T, = T, cos I + R, sin I -(R, + R,) sin I, 
Given T,, I, R,, R,; required I,, I, T;. 
R, vers I + T,sinI 
Raa, I,=1,+I 
“4 T, = T, cos I + Ry sin I + (R, + R,) sin I, 


The two tangents thru the P.C. and P.T. are frequently so nearly par- 
el that the intersection V cannot be readily found, in which case a line 
’, (Fig. 55) may be chosen as \he common tangent and angles J, and J, 
ed, and the line V,V,, To connect these tangents by curves “having 
radii: 

VAS 


ae tan 21, + tan 141, 


f, =1,-I 


* yers J, = 
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‘Another way to define a reversed curve is, having chosen the ?.C. and 
P.T. (Fig. 56), to measure the distance AB between them and also angles 

and @. To connect these tangents by curves having equal radii: , 

AB ‘ 


sin C = 14(cos@ + cos @) ~ sina + sing+ 2cosG 


Fig. 55 Fig. 56 


In réversed curves with nonparallel tangents at the P.C. and P.T. the line 
AB (Fig. 56) does not pass thru the P.R.C. 


60. Easement Curves 


The Outer Rail on a curve should be elevated to overcome the effect of 
centrifugal force, but on straight track the rails should be level across. Hence 
at the P.C. and P.T. conflicting cénditions are present; the outer rail cannot 
be elevated and at the same time have the rails level across. ‘The old practise 
was to begin to elevate the outer rail for a hundred feet or more along the 
tangent from the P.C. and P.T. and to reach its proper elevation either at the 
P.C. or a short distance beyond on the curve. This method was a make- 
shift, and considerable shock was given to the rolling stock at each,end of the 
curve. To obviate this difficulty an EASEMENT CURVE is introduced between 
the tangeat and the circular curve. This is a curve of varying radius which 
leaves the tangent as a very flat curve and grows sharper and sharper until 
it has the same radius as the circular curve. While the easement curve is 
developing from a very flat curve to one as sharp as the circular curve the 
outer rail is gradually elevated so that at any point from the beginning to the 
end of the easement curve the outer rail is elevated to the proper height, - 

Cubic Spiral Easement Curve (Vig. 57). AV is a tangent, ABC a spiral 
connecting the tangent and the circular curve CF, CE is the circular curve 
produced backward to EZ, where it is parallel to tangent AV. Let Dc = 

4 D/P G->V. Aegree of circular curve, and R, = its radius; J. = 

— * total length of spiral AC; 1 = length of spiral from 
<@° 3H |p.0:0+ P.S. to any point on spiral; s- = spiral angle, angle 
H £O between radius at P.S. and at P.C.C. = angle 


|S / EOC; s = angle between radius at P.S. and radius 
H jf at any point on spiral; g =AD; p= DE; i= 

Vv deflection angle (instrument at P.S.) to any point 
= re on spiral; 7-;:= deflection angle to P.C.C.; « = off- 


set from tangent to any point on the spiral; #-= 
offset GC; y = distance from P.C, to any point on the spiral measured along 
the tangent; ye = AG. Point. B is on the easement curve opposite D. 
The equation of the Cubic Parabola is « = y°/6 Rake. & 
The equation of the Cubic Spiral is « = 2/6 Re. Since y practically 
equals 7 for the flat spirals used in railroad practise there is only slight differ- 
ence between these two curves. The properties of the Cubic Spiral ares ~ 
(x) Degree of curve varies directly with its length from P.S. : 
{2) Deflection angle varies as square of length from P.S. 
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() Offset from tangent varies as cube of length from P.S, 
(4) xc = 12/6 Rele (the equation of Cubic Spiral). 
ye = 1, — 13/40 Re? (this latter term is in most cases negligible). 
% =GC=% EJ =%Rovass=4p. EJ = 3DE =6DB= 3p; 
q=%¢- R-sin sc and p = xe — Re vers se. 

(5) se = 1-Dc/200. 

(6) Deflection angle to any point =7 = $/3, “tc = S¢/3. 

(7) The back deflection is equal to twice the forward deflection. 

Example. Given D:= 4° and Jc = 300 ft. (a) Find data to lay out spiral by 
fsets from tangent, every so-ft point to be set.. (b) Find data to lay out spiral by de- 
ection angles, every so-ft point to be set. ; 

(a) From (5), se = 300 X 4/200 = 6°. From (4), xc = 44 Re vers 6° = 10.47 
ad Ye = 300 — 3008/40 Re°= 300 — 0.3 = 299.7, From (3), offset to so-ft point 
: 50°/300% X 10.47 = 0.05, Offset to 100-ft point = 10.47/27 = 0.39, tc 150-ft point = 
47/8 = 1.31, to -00-ft point = 8 X 10.47/27 = 3.11, to 25o-ft point 125 X 10.4/216 = 
06. The y distances to measure along the tangent may be computed by the formula 
= 7 — 8/40 R?, in which R for any point is found from (x). But this computation is 
Idom necessary; it is sufficiently accurate to compute g from (4), or ¢ = 299.7 — Re 
D Se = 149.9, and.to call the y for the so-ft point = 50.0. Also for the roo-ft point 
= 100.0, for the 150-ft point y = g = 1499, for the 200-ft pomt yy = 199.9, for the 250- 
point y = 249.8. 

(b) From (5) se = 300 X 4/200 = 6°. From (6) tc = 6°/3 = 2°. From (2) deflec- 
on to so-ft point = 14, X 2° = 0° 03’ 20”, to 100-ft point = %: X 2° = 0° 13! 20", 
) 150-ft point = 14 x Bead, to 200-ft point = 44 X 2° = 0° 5320", to 250-ft 
bint = 254g X 2° = 1° 23’ 20”. Evidently the amount of computation necessary for 
ie deflection angle method is very small. 

On many railroads it is the practise to use an easement on all curves sharper than 
» 30’, and the sharper the curve and greater the speed of trains the longer the spiral 
iould be. See Report of Committee on Track of Am. Ry. Eng. & M. W. Assoc., Vol. 
>, Part 1, 1909. © 

Example, Given Dc= 4° and = 4 ft. (a) Find data to Jay out spiral by offsets, 
tting every quarter point on spiral. (b) Find data to lay out spiral by deflection 
ngles, setting every quarter point on spiral. 

(a) From (4) xe = 16.00; for 44 Ic, « = 144 X 16 = 0.25; for Yele, x = 1% X 16= 2,00; 
i 84 Ic, w= 2Ihq X 16= 6.75... Then vers sc= 3 p/Re= 12/Re, and sc= 7° 25'.3. 

From (5) Je = (s/D) X 200 = 371.1, 

From (4) ye = 371.1 — (371.19/40 Re’) = 370.5, 

g = 370.5 — Resin 7°25/.3 = 185.6. 
‘The other values of y are interpolated between these values of ye and g. 

(b) Find s as in above = 7° 25’.3. Then ic = 7° 25/.3/3 = 2° 28/.4, and 

for 14 point, 7 = 4g X 2° 28'.4 = 0° 09/.3, 
for 14 point, 7 =14 X 2° 28/.4 = 0° 37’. Iy 
for 34 point, ¢ = %@ X 2° 284.4 = 1° 23’, 

Fieldwork. In new locations the tangent is usually run as far as point D © 
Fig. 58), then an offset » = DC is measured, point C set and the circular 
urve run out from C to 2, DV =(R+ } tan aed 
sater on, when the track is to be laid the P.S. is 
ocated by measuring the distance g back from D. 
Phen with the transit at P.S. the spiral is laid out 
y deflection angles to the P.C.C., where a new 
et-up of the transit is made. The back deflec- 
ion (twice the forward deflection) is laid off to 
mic the auxiliary tangent at P.C.C. from 


hich the circular curve is run to the second Fie. 58 
P.C.C. The central angle of the circular curve e 
tween the P.C.C.’s = J —~sumof spiral angleson both ends. If both spirals 
lave the same length, which is the usual case, then IgeI-2s=I-U,D;/100, 


\ 
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Then the transit is taken to the shud P.S. and the spiral at that end is run 
back and checked on the second P.C.C. 

Compound Curves. Easement curves are required between the two circular curves 
forming'a compound curve for the surie reason that calls for their use between a tangent 
and a simple curve. In case of a compound. curve the sharper 
curve Ds must be at an offset p inside the, flatter curve Dj at 
the point where these two curves are parallel, First detctitine 
points A and B (Fig. 59) where the curves will be parallel. 
AB = 4, which defines Jc and g. Locate the ends of the spiral 
C and F by measuring AC = g, and BF = /- ~ q. “Set up 
the transit at C, lay off an angle (clockwise) which equals the 
deflection angle XCA = 1% D; X q, and sight on A. If the lower motion is left clamped 
and the circ’e turned to o° the telescope will be sighting along the auxiliary tangent CX. 
Then Jay out the spiral by deflection angles as usual. 

The deflection angle XCa = a’Ca+ XCa’. The angle a’Ca is the same 
as the deflection angle to the first are on a spiral that connects a tangent 
and a circular curve of degrees Ds — Di = Dx. Find the deflection angles 
for a-spiral of the given length which er join a tangent and a D» curve, 
Then the deflection angle for any point on the spiral to use in laying out the 
spiral between the compound curves = the deflecting angle found for that 
point for the spiral to connect Dx + the deflection from the auxiliary tangent 
to a point on the circular curve CA opposite the required spiral point. 

In Revising Old Simple Curve Alinement to introduce spirals, the many existin, 
conditions will as a rule limit the choice of spiral and introduce special problems, one of 
the most common of which is the following. In Fig. 60, half of a circular curve AB is 
shown. One of the methods of introducing a spiral into this alinement is to move this 
simple curve 2 to 4 ft toward its center and then introduce a spiral on each end. But 
this requires more track shifting than is allowable under many’ conditions and another 
expedient is resorted to as shown in Fig. 60; the circular curve is thrown slightly outward 
in its middle portion and sharpened so that it will fall inside the tangent, making ED = p, 
Calling the distance BC = &, R, the original curve and R» the new curve, then 

Ri — Ro + k =(k + p)/vers 47 and 
AF = q-(Ri— Ro + &)sin¥%l 
If the requirement is that the track shall not be thrown at any point more than 1 ft, then 
since the greatest shift comes along the circular curve between the P.C,C’s, assume k = 54 
and then assume f about 2k From the first equation above Ry may be found, and then 
AF, which defines the P.S., while Dz and p determine Jc, 


Fig. 59 


Fig. 60 Fig. 61 


A Vertical Parabolic Curve is used at the vertex of a grade to avoid 
‘the sudden change of direction in passing from one grade'to another. If the 
change of grade is very slight a vertical curve may not be needed, ‘but it is 
customary to introduce one wherever the change in rate of grade amounts fo 
about o:2 percent. In Fig. 61, AV and BY represent the'straight grade lines, 
AKB is the parabolic curve, and Elev, D = 14 (Elev. A + Elev. B). In a 
parabola, point K is always midway between D and V, so that Dlev. K-= 
¥ [% (Elev. A + Elev. B)+ Elev. V]. ‘Since the offsets from the tangent 
vary as the panares of the distances out along the tangent, vc’ = 7f’ = %4¢ KV, 
also bb’ = ee’ = 4% KV and aa’ =dd'=%5 KV. To fiad the elevations 
points 7”, e’, d’, a’, b’ and c’, compute onthe straight grade lines the eleva 
off, ¢, d, a, b and ¢, and then apply the distances ff’, ec’, aud da’. 


Art. 32 Fieldwork 137 


EARTHWORK COMPUTATIONS 
61. Profiles and Sections 


A Profile on which the grade line has been drawn will show the excavated 

. portions above and the embankment portions below the grade line. In a 
cut, on account of the necessity of providing fer drainage, the base of the 
roadbed is made wider than in fill, so that the area of cut as shown on profile 
represents more earthwork than an area of the same shape and size in the 
fill portion of the profile. While it is true that the depth of the cut or fill 


and the shape of the ground on either side of the center line have much to do 


with the amount of earthwork, still it is found satisfactory, before the cross- 
sections have been taken, to make rough comparisons between the relative 


amounts of cut and fill by comparing the area of the cut and of the fill as ~ 


represented on the profile; these may be determined by use of the planimeter, 


Cross-sections for the computation of earthwork are determined at each 
full station, and. oftener where the shape of the ground demands it. The 
usual form’ of these cross-sections (Fig. 62) is level across the base ab, with 
a straight slope extending from the ends of the base until it intersects the 
surface of the ground ¢ and /, while its 
fourth side is formed by the ground surface i ard. 
ef. In determining cross-sections, enough LB 
dimensions must be taken to define the a 6 a cf 
shape of the surface ef. Every slight ele- = Fie. 62 ‘ 
vation or hollow in the ground surface is = 
not Tequired; dimensions are taken so as to represent the quantity in the 
section and its general shape rather than its exact shape, so that there is 
an opportunity for the exercise of good judgment. ‘s 

Ordinary Cross-sections, shown in Fig. 63, are: (1) Level section, 
in which the ground surface is parallel to the base.. (2) Three-level section, 
in which the ground surface is estimated to be straight from the center stake 
‘to where each side slope intersects the surface. _ (3) Five-level section, in 
which the surface is estimated to be straight from the 
center stake to points over the ends of the base, and 
from these two points to run straight to where the side 
slopes intersect. the surface. (4) Irregular section, 


Ses where the surface is very broken, requiring it to be 
ve- Level divided into several straight slopes, the levels being 
taken where these slopes intersect and also where 

Frregular the two side slopes meet the surface. (s) Cut-and: 
Naa fill section, where part of the section is in cut and 
part in fill, These will be either in the shape of 

triangles or of shapes similar to a portion of one of 

a rgd the above-named sections. (6) Compound séctions 
Fig. 63 _are formed when materials of different classification 


occur in the same section, such as rock covered by earth. The ordinary 
classifications are earth, loose rock and solid rock. : caw 


62. Fieldwork 


- Cross-section are taken not only at every full station, but iNeieneg 
| i Gsere is a distinct change in slope along the center line and also where the 
‘gurface on either side of the center line demands an intermediate section to 
properly i spas the volume included between the cross-sections. Cross 


q 
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sections are taken perpendicular to the center line of the road, and radially on 
curves. Before this work is begun the following data should be at hand: 
(1) The center line, marked with alinement stakes at every full station and 
properly numbered. (2) Notes of alinement and profile. (3) Record of 
B.M’s. established by the preliminary or location survey party. (4) Width 
of base for cut and for fill and side slopes to use for each class of material. A 
slope of 114 to r means 11% ft horizontal to r vertical. 


To Find the Cut or Fill at the Center, set up the level and find the 


HI. to the nearest hundredth of a foot. From the profile obtain the grade” 


elevation at the given station. ‘The HI. minus the grade elevation gives the 
ROD-READING FOR GRADE, which is computed to the nearest tenth of a foot. 
This grade is usually the sub-grade on top of which the ballast is to be placed. 
“Take a rod-reading on the ground at the center stake; the difference between 
the rod-reading for grade and the surface rod-reading gives the cut or fill 
at that point. It is customary to record cuts as. + and fills —. The center 
cut or fill could be found by determining the elevation of the ground and 
subtracting it from the H.1., but by using the rod-reading for grade these com- 
putations can be readily made mentally. The surface elevation is obtained 
by adding the cut to the grade elevation, or by subtracting in the case of fill. 

_ A grade stake is driven on the center line and marked with the cut or fill as 
follows, “C 3.2” or “F 6.7.” 


Slope Stakes are set at the points where the side slopes meet the ground. 

. These stakes are also marked, giving the amount the ground is above or below 
the base of the section; it is called the cut or fill at the side slope, but strictly 
speaking there is no cut or fill at the slope stakes. ‘The position of a slope 
stake is found by trial as follows. In the case of a cut, estimate from the 
center cut and slope of the surface what the probable side cut will be. The 
distance from the center stake to a point on the side slope having this cut 
equals (14 base + cut x slope). Make this computation roughly and 
measure out this distance from the center stake and take a rod-reading at 
that point. The rod-reading for grade (distance from H.I. to base of section) 
minus this surface rod-reading gives the cut at the trial point.. Compute 
the distance out from the center stake to a point on the side slope having 
this cut. If this computed distance equals the measured distance from the 


center to the rod the trial point was the correct point; if not, then a second | 


’ trial must be made: by holding the rod on another point and repeating the 
operation. The difference between the measured and calculated distances 
is an aid in judging where the rod should be held for the second trial. After 
a little practise it will be possible in most cases to set the slope stake at the 
second trial. When the correct point is found the stake is marked “C,” 
followed by the feet and tenths this surface point is above the base. The cut 
and the distance from the center to the slope stakes are entered in the notes. 
The same process is then repeated for the slope stake on the other side of the 
center, Rod-readings are taken at intermediate points if they are needed to 
define the shape of the surface; their positions are located by measuring the dis- 
tances from the center stake, and the cut at these points is the difference 
between the rod-reading for grade and the surface rod-reading, , 

A slope-board is sometimes used in setting slope stakes and in obtaining Siipheauis 
elevations. It consists of a long straight wooden board with a spirit-level mounted in its 
upper edge. After the center cut has been obtained by means of the level instrument, 
the leveling for the side stakes is done by means of the level-board and a rod. It is 
particularly useful where there is considerable difference in elevation between the center 
and side stakes because jt gbviates the necessity of making a new igetaR of the Sidi to 
obtain the side heights, Mee : 


Sitien 


Ast. 63 wfethods of Computation 139 


In Passing trom Cut to Fill it is customary to take three intermediate sections: 
(a) at the point where the cut runs out (is zero) on the down-hill side line, (2) where the 
cutis zero on the center line, and (3) where the fill 
begins on the up-hill side line, as shown by sections 
B C and D in Fig. 64, 


63. Methods of Computation 


To Compute the Volume. of earthwork 
between two parallel cross-sections, let A, 
and Az be the end areas, Aj, the area of a 
section midway between the ends, c, and cg ° 
the center heights at the end sections, D, and Dz the sums of the side distances 
d, and dz (Fig. 65), / the length of the solid and V its volume. 

By Average End Areas, V= 141 (A, + Aa), 

By Prismoidal Formula, V= %/1 (A, + 4Am + Ag), 

By Average End Areas with prismoidal correction, 

; V=l (A, + Az) — Yel (c,— &) (D, = Do). 
When the given quantities are in feet V is in cubic feet and must be divided 
by 27 to obtain cubic yards. 


< ad, es dr > Cu) dps wanes 
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Fig. 65 Fig. 66 


The Areas of Sections must be found in order to use the above formula. 
Let 6 = width of base, c = center height, s = slope. Let h, and i; be side 
heights, d, and d; be side distances, and D = d, +d; Then ~ 


For a Level Section, Fig. 63, A=c(b+sc).-~ 
For a Three-level Section, Fig. 65, A=%2{%4b(hr+h) +cD} 
For a Five-level Section, Fig. 66, A=% (cb + &dy + exh) 


Irregular Sections may be divided into triangles by drawing diagonals from where 
_ the verticals meet the base (or base produced) to the surface end of the next vertical out, 
beginning at the center vertical, as shown in Fig. 67. If this rule is followed it will be 
found that the dimensions of the pairs cf triangles chosen will 
be readily taken from the cross-section notes. 
It is the practice of some engineers to plot irregular sec, 
tions on cross-section paper and to obtain their areas by use _ 
of the planimeter, This is not so rapid nor so accurate q 


method as to compute the area as shown. Where the cross- X rn 

sections are plotted, however, it gives an excellent opportunity to Ss 

record on the cross-sections by different colored ink lines the bp gt 7h 

_ progress of the work from month to month; this is particularly “—-—— c 
useful where the cutting is deep or for cross-sections of dams or Fig. 68 


_ canals. The dimensions of the middle-section area, used in the 
_ three-term prismoidal formula, are found by proportion from the dimensions of the 


Fig. 67 


i ‘The prismoidal formula gives an exact volume for a prismoid, which may be defined 
as “a solid having for its two ends any dissimilar parallel figures of the same number of 
ides, and all the sides of the so'ids plane figures.” It appliés to prisms, wedges and 
‘amids bounded by planes and to similar solids bounded by warped surfaces. Any 
™met with in earthwork computation may be divided into these solids, so that itapplies ~ 
all ordinary cases of earthwork. It consumes considerable time to compute earth- 
by the prismoidal formula method, which is for many cases more exact than is ree 
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quired, consequently the method of average end areas has become the most common. 
The end area method, however, gives results almost always too large. To obtain an 
exact result by the most rapid means, compute by the average end-area method and then 
apply the prismoidal correction, which gives the same value as the prismoidal formula. 
Correction for Curvature. In making the field measurements the. cross-sections 

on curves are taken along radial lines AB, CD and EF (Fig. 69). But when the earth- 

. work is computed each <olid is assumed to have a length equal to the chord (GH or HJ) 
and to have end sections whose planes are perpendicular to the chord. For example, 
solids KGL ~ MHWN and OHP — QJR are computed. It will be seen that the solid 
PMH has been included twice and that NOH has been omitted. If the cross-section 
taken at H is symmetrical about the center line, then these discrepancies balance, but if 
at H there is an unsymmetrical cross-section, then a correction must be applied. In 
Fig. 70 DF has been drawn so as to form a symmetrical figure with DE. For the cross- 
section EDFBA there is no correction, but for the portion FDC a correction must be 
applied. This correction may be found by an application of Pappus’ Theorem, “If a 
plane area lying wholly on the same side of a stfaight line in its own plane revolves about 
that line and thereby generates a solid ot revolution, the volume of that solid thus gen- 
erated is equal to the product of the revolying area and the path described: by the center 
of gravity of the plane area during the revolution.” For the case of Fig. 70 there applies 
Correction = (14 b + sc) (hy — hd (dr + dd Xx 0.00291 8.in which 8 = sum of half the ~ 
central angle under the chords GH and.HJ, so that, if GH and HJ are each roo ft then 
& = Degree of curve. “In above formula @ should be taken in degrees. If the greater 
area is on the outside of the curve the correction should be addéd, and subtracted when 
the greater area is on the inside of the curve. : 


BK y, 


Lay 


Fig. 69 Fig. 70 Fig. 71 

When Openings are left ‘in. Fmbankments for bridge sites the mass ABCDEF 
(Fig. 71) must be computed separately from the rest of the earthwork. It is composed of 
the wedge BCEF and of the quarter cones ABF and DCE, while abc represents a section 
of the toe slope along the lines BA, BF, CE. or CD. The volume by end-area method 
of the wedge BCEF = 1% (Area CE + Area BF) x BC.. The volumes of the cones 
are found! by the Pappus Theorem, or Volume of cone ABF= area abc X Yy de X Yon. 

The prismoidal correction should be added to the volume obtained by the average 
end-area method. If the prismoidal correction comes out minus, the numerical value is 
to be subtracted.. This formula for prismoidal correction applies to complete sections of 
earthwork. whose bases are of equal width and bounded at their ends by 3 level sections, 
triangles or lines. The prismoidal correction for a pyramid or cone is one-third the 
volume by end-area method and is always subtracted. In applying the prismoidal cor- 
rection to a solid bounded. by irregular sections, however, it is customary. to find the 
dimensions of level sections having the same. areas respectively as the two irregular sec» 
tions and determine the prismoidal correction by using the dimensions of these. two. 
“level sections. This is an approximation. which is consistent with the accuracy of the 

i measurements taken in the field to define the irregular sections, m 


_ 64, Earthwork Tables oe 

Level-Section Tables are given below for bases from 12) to 42 feet’ and 
for’slopes'of'1 to 1 and: 114 to 1, They are especially useful in making: pre+ 
liminary estimates, but may also be used for other sections by finding the 
. heights: of level’ sections which give equivalent areas. mad 
. The. Prismoidal Correction Tables below give quantities to be subtracted _ 
from ‘volumes obtained by the method of average end areas. Here co, ~ oy 7 


a 
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and Dies D3 hist be i in feet; and then he quantity found will be in cubic 
yards. S_e pages 146 and 147. 


Triangular Prism Tables for prisms with triangular bases and too feet ‘ih 
length are given on pages 148-151. To use this table each end section is divided 
into triangles, and the base a and altitude b of each triangle determined in feet. 
Then ab is the area of the triangle and 19%. db is the volume in cubic 

yards of the triangular prism roo feet long. The tables here given have been 
tomipil ed from ae triangular prism tables computed by C. Frank Allen. 
His tables, however, were computed for prisms 5o feet in length, and for some 
tnethods of edrthwork computation they are more serviceable than tables for 
fridngular prisms 100 feet long. 


65: Haul and Mass Diagram 


Haul. It is the practise with many engineers to pay the contractor for 
hauling earthwork as well as for excavation and embankment. This item 
of haul is usually computed as so many Cubic yards hauled roo ft. «It is 
obviously impracticable to ttace each cubic yard of excavation to its place of 
leposit in embankment, so the average haul is computed. The AVERAGE 
LENGTH OF Haut is the distance between the center of gravity of a mass of 
sarth in ¢ut and the center of gravity of the same mass after it has been! de- 
eae in fill: This distance (in feét) times the quantity hauled gives the 

aul in units of cubic yards hauled one foot. The best way to treat this com- 
butation is to consider it in two parts: (rz) compute the haul of the cut portion 
fo a vertical plane where the cut ends and the fill begins, (2) compute the 
haul of the fill portion beginning at the same plane. 


To Find the Center of Gravity of a large mass of earthwork composed 
sf several individual volumes of different shape and! size it is necessary either 
fo find the position of the center of gravity of each solid and treat the com- 
peien ‘of haul as separate loads comprising the volumes Contained in a 

ngth of roo ft (or shortér), or else to assemble these 100-ft solids in.some 
manner so as to obtain the’ position of the center of gravity cf a series of solids. 

he latter method may ‘be applied when the individual solids’ are of equal 
ngths, Where the lengths are not alike, such as for example where sections 
ave been taken at plus stations, the’ haul of the material in these volumes 
sf odd length must be computed as'a separate item as follows. 
_ If the solid’ had end sections of equal area its center of gravity would'be midway between 
¥ ends, but where’ the end sections are unequal the center of gravity of the solid will 

nearer the larger than the smaller end, An expression for the distance from the’ mid- 

ection of a volume of earthwork to its center of gravity is 
xz = 12 (Ay— Ap)/12 Vy for solid of length 7 
| OF X49) = 100'(S~— S2)/6 Vy for solid too ft long, 3 
bass and 299 =distance in feet from mid-section to the center of gravity of solids of 
land 100 ft-respectively, A, and A» = area of end sections in square feet, / = length 

lid in feet; S; and Sz = volume in cu yds of prisms each 50 ft long whose end sections 
ire A, and Ay respectively, Vr = volume in cubic feet in a solid of length 7 and with Ay ~ 
id Ap for end sections; and Vy = same volume in cubic yards of a too-ft solid with Ay 
Ap.for end sections. If the solid is less than zoo ft in length then xz= %9 X 1/100. 
distarice of the center of gravity from the end of the volume being known, its distance © 
any station is easily found, and the haul to that station will equal this distance times 
cubic yards in the solid. 
The Mass Diagram’ gives the best means of measuring haul and of making 
dies of the comparative economy of. different schemes of haul and of 
‘ion and filling. Fig. 72 represents a portion of a railroad profile and 
mass diagram which is plotted'as follows, AtSta. o the ordinate is zero, af 
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Level Sections, Slopes 1 to 1. Cubic Yards for roo ft in Length — 
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Base in Feet 


18 


20 


jo 
148 
233 
326 
426 
533 
648 
779 
900 
1037 
1181 
1333 
1493 
1659 
1833 
2015 
2204 
2400 
2604 
2815 


3033 
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3493 
3733 
3981 
4237 
« 4500 
477° 
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5333 
5626 
5926 
6233 
6548 
6870 
7200 
7537 
788r 
8233 
8593 
8959 
9333 
9715 
ToIoa 
10500 
10904 
pep} 4 
11733 
12159 
12593 
*13033 
13481 
13937 
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Level Sections, Slopes 1 to r. © Cubic Yards for 100 ft in Length 


8 
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. 


Level Sections, Slopes 114 to x. Cubic Yards for roo ft in Length 


Base in Feet 


12 14 16 18 20 22 24 26 


5° 57 65 72 80 87 94 | 02 

| IIt 126 I4l 156 170 185 200 ars 
| 183 206 228 250 272 294 317 339. 

267 296 326 356 385 415 444 474 


398 


Art. 64 ' _ Leyel Sections 145 


-. Level Sections, Slopes 114 to x. Cubic Yards for roo ft in Length 


30 


117 
244 
383 
533 
694 
867 

Io50 
1244 
1450 
1667 
1894 
2133 
2383 
2644 
_ 2917 
3200 
3494 
3800 
_ 4117 
4444 
4783 
5133 
5494 
5867 
6250 
6644 
7950 
7467 
7894 
8333 
8783 
9244 
9717 
10200 
10694 
II200 
11717 
12244 
12783 
13333 
13894 
14467 
15050 
15644 
| 16250 
16867 
17494 
18133 
18783 
19444 
20117 
20800 
27494 
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Prismoidal Corrections in Cubic 
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Yards for a Solidity roo feet long 
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Triangular Prisms. Cubic Yards for roo ft in Length 


Height Width in Feet 
in SSS SSS Soe Le 
| Feet |, 2 3 4 5 6 7 8 9 
0.2 O.4 0.7 Fs I.5 r.9 2.2 2.6 3.0 3 
0.4 0.7: | *3-5 2.2 3.0 cay 4.4 Hy i 5.9 6.7 
o.! Tox) |.252 3-315 4.4 5.6 6.7 7.8 8.9 Io.o | 
0.8 mi 3.0 4:4 5.9 7-4 8.9 | 10.4 | 12-9 | 13-3 
1.0 1.9 3:7 5.6 £ U4 9.3 11.2 13.0 | 14.8 | 16.7 
1.2 2.2 4.4 6.7 8.9 II.I 13.3 15.6 17.8 20,0 
| ot 2.6 5.2 47.8 | 10.4 | 13.0 15.6 | 18.27) 20.7 23-3 
1.6 3-0 5.9 8.9 | 1.9 | 14.8] 317-8 | 20.7 | 23-7 26.7 
1.8 3-3 6.7 | x0.0| 13.3 | 16.7 | 20.0] 23-3 26.7 | 30.0 
2.0 3:7 1-4 I1.I 14.8 18.5 22.2 25.9 29.6 36..5 
2.2 4.1 8.1 12.2 16.3 20.4 24.4 28.5 32.6 36.7 
2-4 4-4 |. 8.9 13.3 | 17-8 22.2 26.7 Zr. x 35-6 40.0 
2.6 4.8 9.6 | 14.4 | 19-3 24.1} 28.9 | 33-7 | 38-5 | 43-3 
2.8 s.2| 10.4 | 15.6] 20.7] 25-9} 32% 36.3 | 42.5 | 46.7 
3.0 5.6 II.I 16.7 22.2 27.8 33:3 38.9 44.4 | 50.0 
3.2 3-9 | 12-9 | 27-8 | 23-7 | 29-6'| 3546 | 4t-5 | 47-4 53-3 
3-4 6.3 12.6 18.9 25.2 | 31-5-| 37-8 | 44-1 50.4 | 56.7 
3.6 6.7 |° 13-3 20.0 | 26.7 | 33-3 | 40:0] 46.7 53-3 | 60.0 
3.8 BON V4.5 21.1 28.1 35-2 42.2 49-3 56.3 63.3 
4.0 7-4 14.8 22.2 29.6 | 37.0| 44-4 51.9 59.3 66.7 
4.2 7.8 15.6 23.3 3r.1 38.9 46.7 54.4 62.2 79.0 
44 81 | 316.3 | 24-4 | 32-6 |. 40.7] 48.9 | 57-0] 65-2 | 73-3 
4.6 8.5 | 17.0 | 25.6 | 34.2] 42.6 | 52.2 59.6 | 68.2 | 76.7 
48 8.9 | 17.8) 26.7 | 35.6] 44-4] 53-3 62.2 | 71.1 | 80.0 
5.0 9.3 18.5 27.8 | -37.0 | 46.3 55-6 64.8 74.1 83.3 
5.2 9.6 | 19.3 28.9 | 38.5 | 48-1°| 57.8 67.4 |. 77.0 | 86.7 
5-4 10.0 20.0 | 30.0} 40.0 50.0 60.0 79.0 80.0 | 90.0 
5.6 10.4 | 20.7 || 3-1) 42-5 | 52-9 62.2 | 72.6 | 83.0| 93.3 
5.8 10.7 21.5 | 32.2 | 43-0] 53-7 64.4 | 75.2 | 85.9 96.7 
6.0 xr.1|_22.2| 33:3] 44-4| 55-6] 66:7 | 77.8 88.9 | 100.0 
6.2° 11.5 | 23.0-| 34-4 | 45-9 57-4 | 68.9 80.4 | 98.9 | 103-3 
6.4 | 1.9 | 23-7 | 35-6 | 47-4 | 959-3 | 7E-t 83.c | 94.8 | 106.7 
6.6 r2.2 | 24.4 | 36-7 | 48.9 |. 64-2 | 73-3 85.6 | 97-8 | 110.0 
6.8 12.6 | 25.2 |, 37.8 |- 50.4 | 63.0 75.6 | 88.2 | 100.7, | 113-3 
7.0 13-0 | 25.9 | 38-9 | 51-9 64.8 | 77-8 | 90.7 | 103.7 | 716.7 
7.2 13-3 26.7 | 40.0 | 53-3 66.7 | 80.0°| 93.3 | 106.7 | 120.0 
7.4 5557 27.4 4.1 54.8 68.5 82.2 95.9 | 109.6 | 123.3 
7.6 14.1 |, 28.2 | 42.2 | 56-3 | 70-4 84.4 | 98.5 | 122.6 | 126.7 
7.8 14.4 28.9 43-3 57.8 72.2 | 86.7 | tor.r | T5 6 | 130.0 
8.0 14.8 |° 29.6 | 49-4 | 59-3 | 74-1 | 88.9 | 103.7 118.5 | 133-3 
r A] 3 £5 ie 
2 +3 9 
7 6 . 
na 8 
6.7 a) 
az 2 
6 ~4 
Ee 7 
6 i 127.0 | 145.2 


- For explanation see page T41 ne Continued on next page 
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Triangular Prisms. Cubic Yards for roo ft in Length 


Width in Feet 
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Triangular Prisms, Cubic Yards for 100 ft in Length 
Width in Feet ait 
I 2 a 4 5 6 7 8 9 
37.0 | 74.1 | 111.1 | 148.2 | 185.2 | 222-2 | 259.3 | 296.3 | 333-3 
37.4 74.8 | 112.2 | 149.6 | 187.0 | 224.4 | 261.9 | 299.3 | 336.7 
37.8 75.6 | 11313 | 15.1 | 188.9 | 226.7 | 264.4 | 302.2 | 34010 
38.1 76.3 | 114.4 | 152.6 | 190.7 | 228.9 | 267.0 | 305.2 | 343.3 
38.5 77.0 | 115.6 | 154.2 | 192.6 | 232.1 | 269.6 | 308.2 | 346.7 
38.9 77.8 | 116.7 | 155-6-| 194-4 | 233.3 | 272.2 | 3212.1 | 350.0 
39.3 78.5 | x17.8 | 157-0 |°196:3 | 235.6 | 274.8 | 324.1 | 353-3 
39.6 79.3-| 118.9 | 158-5 | 198.2 | 237-8 | 277.4 | 317.0 | 356-7 
40.0 80.0 | 220.0 | r60:0 | 200.0 | 240.0 | 280.0 | 320.0 | 360.0 
40.4 | 80:7 | 121.% | 162.5 | 202.9 | 242.2 | 282.6 | 323.0 363.3 
40.7 81.5 | 122.2 | 163.0 | 203.7 | 24424 | 285.2 | 325.9 | 366.7 
4r.t 82.2 | 123.3 | 164.4 | 205.6 | 246.7 | 287.8 | 328.9 | 370.0 
4r.5 | 83.0 | 124.4 | 165.9 | 207.4 | 248.9 | 290.4 | 331.9 | 373-3 
4L.9 83.7 | 125.6 | 167.4 | 209.3 | 251. | 293.0 | 334.8 | 376.7 
42.2 84.4 | 126.7 | 168.9 | 212.1 | 253.3 | 295.6 | 337.8 | 380.0 
42.6 85.2 | 127.8 | 170.4 | 213-0 | 255.6 | 298.2 | 340.7 | 383.3 
43.0 85.9 | 128.9 | 177.9 | 214.8 | 257.8 | 300.7 | 343-7 | 386.7 
| 23.4 43-3 86.7 | 130.0 | 173.3 | 216.7 | 260.0 | 303.3 | 346.7 | 390.0 
| 23.6 43-7 87.4 | 131.1 | 274.8 | 218.5 | 262.2 | 305.9 | 349.6 | 393.3 
23.8 44.1 | 88.2 | 132.2 | 176.3 | 220.4 | 264.4 | 308.5 | 352.6 | 396.7 
24.0 44.4 | 88.9 | 133.3 | 177-8 | 222.2 | 266.7 | 312.2 | 355.6 | 400.0 
24:2 44.8 | 89.6 | 134.4 | 179.3 | 224.2 | 268.9 | 313.7 | 358-5 | 403.3 
24.4 45.2 90.4 | 135-6 | 180.7 | 225-9 | 272.1 | 316.3 | 361.5 | 406.7 
24.6 45:6 | 9t.1 | 136.7 | 182.2 | 227.8 | 273.3 | 318-9 | 364.4 | 410.0 
24.8 45.9 | 91-9 | 137-8 | 183.7 | 229.6 275.6 | 321.5 | 367.4 | 413.3 
25.0 46.3 92.6 | 138.9 | 185.2 | 231.5 | 277-8 | 324.5 | 370.4 | 426.7 
25.2 46.7 93.3 | 140.0 | 186.7 | 233.3 | 280.0 | 326:7 | 373.3 | 420.0 
25.4 47.0 94.1 | 1411 | 188.2 | 235.2 | 282.2 | 329.3 | 376.3 | 423.3 
25.6 47-4 94.8 | 142.2 | 189.6 | 237.0 | 284.4 | 332-9 | 379.3 | 426.7 
25.8 47.8 | 95.6 | 143.3 | 191.1 | 238.9 | 286.7 | 334-4 | 382.2 | 430.0 
26.0 48.2 | 96.3 | 244.4 | 192.6 | 240.7 | 288.9 | 337.0 | 385.2 | 433.3 
26.2 48.5 | 97:0 | 145.6 | 194.2 | 242.6 | 292.1 | 339.6 | 388.2 | 436.7 
26.4 48.9 97.8 146.7 195.6 | 244.4 | 293.3 | 342.2 | 392.1 | 4400 
26.6. 49.3 | 98.5 | 147-8 | 197.0 | 246.3 | 295.6 | 344 8 | 394.1 | 443:3 
26.8 49.6 | 99.3 | 148.9 | 198.5 | 248.1 | 297.8 | 347-4 | 397-0 | 446.7 
27.0 50.0 | 100.0 | 150.0 | 200.0 | 250.0 | 300.0 | 350.0 | 400.0 | 450.0 
27.2 50.4 |.100.7 | 152.1 | 201.5 | 251.9 | 302.2 | 352.6 | 403.0 | 453.3 
27.4 50.7 | Ior.5 | 152.2 | 203.0 | 253.7 | 304.4 | 355-2 | 405.9 | 456.7 
27.6 5.1 | 102.2 | 153.3 | 204.4 | 255.6 | 306.7 | 357-8 | 408.9 | 460.0 
27.8 51.5 | 103.0 | 154.4 | 205.9 | 257-4 | 308.9 | 360.4 | 411.9 | 463.3 
28.0 81.9 | 103.7 | 155.6 i 259.3 | 311.2 | 363.0 | 414.8 | 466.7 
28.2 52.2 | 104.4 | 156.7 | 208.9 | 261.z | 313.3 | 365.6 | 417.8 | 470.0 
28.4 52.6 | 105.2 | 157.8 | 210.4 | 263.0 | 315.6 | 368.2 | 420.7 | 473.3 
28.6 53.0 | 105.9 | 158.9 | 211.9 | 264:8 | 317.8 | 370.7 | 423.7 | 476.7 
28.8 53-3 | 106.7 | 160.0 | 213.3 | 266.7 | 320.0 | 373.3 | 426.7 | 480.0 
29.0 53.7 | 107.4 | 161.z | 214.8 | 268.5 | 322.2 | 375-9 | 429.6 | 483.3 
a A bs 
9 
.6 
+4 


Continued on next page 


Triangular Prisms } 


Triangular Prisms. Cubic Yards for roo ft in Length 


I 2 3 4 5 6 7 8 9 
55.6 | rrz.z | 166.7 | 222.2 | 277.8 | 333.3 | 388.9 | 444.4 | 500.0. 
55-9 | r1z.9 | 167.8 }'223.7 | 279.6 | 335.6 | 39.5 | 447.4 | 503.3 
56.3 | 112.6. | 168.9 | 225.2 | 281.5 | 337-8 | 394.1 | 450.4 | 506.7 
56.7 | 113-3 | 170.0 | 226.7 | 283.3 | 340.0 | 396-7 | 453.3 | 510.0 
57.0 | 114.1 | 172. | 228.2 | 285.2 | 342.2 | 399.3 | 456-3 | 513-3 
57.4] 114.8 | 172.2 | 229.6 | 287.0 | 344.4 | 401.9 | 459.3 | 516.7 
57.8 | 115.6 | 173.3 |. 231. | 288.9 | 346.7 | 404.4 | 462.2 | 520.0 
58.2 | 116.3 | 174.4 | 232.6 | 290.7 | 348.9 | 407.0 | 465.2 | 523.3 
58.5 | 117.0 | 175.6 | 234.2 | 292.6 | 351.1 | 409.6 | 468.1 | 526.7 
58.9 | 1r7.8 | 176.7 | 235.6 | 294.4 | 353.3 | 412.2 | 471. | 530.0 
59.3 | 118.5 | 177.8 | 237.0 | 296.3 | 355.6 | 414.8 | 474.1 | 533.3 
59.6 | 119.3 | 178.9 | 238.5 | 298.4 | 357.8 | 417.4 | 477-0 | 536.7 
60.0 | 120.0 | 180.0 | 240.0 | 300.0 | 360.0 | 420.0 480.0 | 540.0 
60.4 | 120.7 | 18z.1 | 242.5 | 302.9 | 352.2 | 422.6 483.0 | 543.3. |. 
60.7 | 121.5 | 182.2 | 243.0 | 303.7 | 364.4 | 425.2 | 486.0 | 546.7 |. 
6xr.x | 122.2 | 183.3 | 244-4 | 305.6 | 366.7 | 427-8 | 488.9 | 550.0 
6x.5 | 123.0 | 184.4 | 245.9 | 307.4 | 368:9 | 439-4 | 491-9 | 553-3 
61.9 | 123.7 | 185.6 | 247.4 | 309.3 | 372.1 | 433-0 | 494-8 | 556.7 
62,2 | 124.4 | 186.7 | 248.9 | 311.1 | 373-3'| 435-6 | 497-8 | 560.0 
62.6 | 125.2 | 187.8 | 250.4 | 313.0 | 375-6 | 438.z | 500.7 | 563.3 
63.0 | 125.9 | 188.9°| 251.9 | 314.8 | 377-8 | 440.7 | 503.7 | 566.7. |. 
63.3 | 126.7 | 190.0 |.253-3.| 316.7 | 380.0 |. 443.3; | 506.7 | 570-0. |. 
63.7 | 127-4 | 191.2 | 254.8 | 318.5 -| 382.2 | 445-9 | 509.6 | 573.3 
64.1 | 128.2 | 192.2 | 256.3 | 320.4 | 384.4 | 448.5 | 512.6 | 576.7 
64.4.| 128.9 | 193.3 | 257-8 | 322.2 | 386.7 | 452-X |. 515.6 | 580.0 |. 
64.8 | 129.6 | 194.4 | 259.3 | 324.1 | 388.9 | 453-7 51835 | 583.3.)|: 
65.2 | 130.4 | 195.6 | 260.7 | 325.9 | 391.2 | 456.3 | 52r.5 | 586.7 | 
65.6 | 131.1] 196.7 | 262.2 | 327.8 | 393.3 |'458-9 | 524.4 | 590.0 
65.9 | 131.9 | 197.8 | 263.7 | 329.6 | 395.6 | 46r.5 | 527-4 | 593.3 
66.3 | 132.6 | 198.9 | 265.2 | 332.5 | 397.8 464.1 | 530.4 | 596.7 
66.7 | 133-3 | 200.0 | 266.7 | 333.3 | 400.0 | 466.7 | 533.3 | 600.0 
67.0 | 134.1 | 201.1 | 268.2 | 335.2 | 402.2 | 469.3 | 536.3 | 603.3 
67.4 | 134.8 | 202.2 | 269.6 | 337.0 | 404.4 | 471-9 | 539.3 | 606.6 |’ 
67.8 | 135.6 | 203.3 | 271.1 | 338.9 | 406.7 | 474.4 | 542.2 | 610.0 
68.2 | 136.3 | 204.4 | 272.6 | 340.7 | 408.9 | 477-0 | 545.2 | 613.3 
68.5 | 137.0+| 205.6 | 274.2 | 342.6 | 4rx.x | 479.6 | 548.1. | 616.7 
68.9. | 137-8.| 206.7 | 275.6 | 344.4 | 413-3 | 482.2 | 55r.1 | 620.0 
69.3 | 138.5 | 207.8 | 277.0.| 346.3.| 415.6 | 484.8 | 554.x | 623.3 
69.6 | 139.3 | 208.9 | 278.5 | 348.x | 4r7.8 | 487-4 | 557.0 | 626.7 
70.0 |-140.0 | 210.0 | 280.0 | 350.0 | 420.0 | 490.0 560.0 | 630.0 
7o.4 | 140.7 | 211.1 | 281-5 | 352.9 | 422.2 | 492.6 | 563.0 | 633.3 
70.7 | 141.5 | 212.2 | 283.0 | 353.7 | 424.4 | 495.2 565.9 | 636.7 
7z.r | 142.2 | 213.3 | 284.4 | 355.5 | 426.7 | 497.8,| 568.9, | 640.0 
72.5 | 143.0 | 214.4 285.9 | 357-4 | 428.9 | 500.4 | 572.9° | 643.3 
72.9 |.243.7 215.6 | 287.4 | 359.3 | 43r.1 | 503-0 | 574.8 | 646.7 

ax6.7 | 288.9 | 361.1 | 433.3 | 505.6 | 577.8 | 650.0 
217.8 | 290.4 | 363.0 | 435.6°| 508.1 sy) 
218.9 | 291.9 | 364.8 | 437.8 | 510.7 AY 
F 220.0 | 293.3 | 366.7 |. 440.0 | 513.3 : 
147.4 | 221.2 | 294.8 | 368.5 [442-2 515.9 


For explanation see page 141 - 
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152 : Earthwork Computations Séct: 2 


Sta. 1 the ordinate represents the quantity of earth between Sta. o and Sta. 1, 
at Sta. 2 it represents the quantity from Sta. o to Sta. 2. So that at any 
station the ordinate represents the algebraic sum of all the quantities from 

Waste, Sta. o up to that station, excavation being 


Borrow aoe considered positiv and embankment negativ. 
7 This diagram (Fig. 72) shows that from Sta. 
5 i 49 0 to 28 the cut and fill balance and that from 


Profile. . 
Mass DTT) h Sta. o to 4o there is a little excess of cut. 


(z) High and low points in the mass dia- 
gram curve occur at points of no cut and fill 
on the profile. (2) In the mass diagram 

: Fig. 72 descending lines denote embankment and 
ascending lines excavation. (3) The difference in length (algebraically) be- 
tween any two ordinates is a measure of the total quantity of material between 
the stations at which the ordinates are drawn. (4) Excavation equals embank- 
ment between any two points where a horizontal line intersects the mass 
diagram. (5) The area. between a horizontal line and the curve of mass 
diagram is a measure of the haul between the two stations where the hori- 
zontal line cuts the diagram. 


Referring to Fig. 72, the horizontal lines ab, ce, and fh are foe ey in a manner explained 


below. Vertical lines projected from a, b, ¢, d, etc., to the profile will show between which ~ 


stations the material must be hauled, borrowed of wasted. From Sta. 7 to Sta, 12, for 
example, the material is to be hauled. The earth in excavation just beyond Sta. 10 is 
thrown over into fill, each load being carried a short distance at first, the distance the 
material .is hauled increasing until material at Sta. r2 is hauled to Sta..7, which is'called 
the limit of economital haul. If the cost of earthwork in cut and in fill and the cost of 
haul are known the length of haul beyond which it is more economical to waste excavated 
material and to borrow embankment may be readily calculated. This assumes, of course, 
that the material in cut can be wasted and that filling may be taken from a néar-by borrow- 
pit, both without any appreciable haul or cost for material... Assuming that the economical 
limit of haul is 1000 ft, then the line ab should be drawn 1000 ft long. Line /gi is drawn 
tangent to the curve at g, for had it been drawn lower than g, /g would be greater than 
1000 ft, .and had it been drawn a U'ttle higher than its present position them point f would 
fall further to the right and point / further to the left, with the result that more material 
would be wasted between Sta. 24 and 31 and more borrowed beyond Sta. 39 than is 
here shown,, and this extra material would be wasted and borrowed while it was more 
economical to haul it. . The line /gh as drawn, then, represents the best economy. Sim- 
ilarly the line cde is in the most economical position. It is drawn so as to make the sum 
of the areas above cd and beldw de a minimum, and these are a minimum when cd = de. 
This is the most economical condition as regards the cost of earthwork because, had ed 
been drawn any lower, it would have decreaséd the waste at Sta. 16 and increased the 
waste at Sta. 25 exactly the same amount, but it would have made the sum of the two 
areas cut off by the horizontal line larger than at present, and this would have meant an 
increase in the amount of haul which is measured by these areas. Evidently the amount 
borrowed from Sta. o to 7 is the ordinate at a, the waste from 32 to 16 js the difference 
between the ordinates at b and c, and the waste from Sta. 25 to 31 is the sum (algebraic 
difference) of the ordinates ate and. The beginning of a borrow is shown at Sta. 4o. 
Free Haul. It is sometimes provided that no payment shall be made for 
earth hauled Jess than a specified distance. The haul of any material carried 
beyond this free-haul limit is called oveRHAUL. The liniits of free haul ahd 
the method of computing overhaul have been defined by the Amer: Ry. Engrs. 
and M. of W. Assoc. in Vol. 7, Report of 1906, as follows: 
! “The limits of free ‘haul shall be determined by fixing on the profile two potty one 
on each side of the neutral grade point, one in excavation and the other in embankment, 
such that the distance between. them equals the specified free-haul limit and the included 
quantities of excavation and embankment balance. All haul on material beyond this’ 
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e-haul limit will be biitinatni and paid for on the basis of the following method of 
mputation: 

“All material aithia this limit = free haul will be: east from fouher considera - 
n. The distance between the center of gravity, of the remaining mass of excavation 
d center of gravity of the resulting embankment, less the limit of free haul as, above 


scribed, shall be the length of overhaul,.and the compensation to be rendered therefor - 


il be determined by multiplying the yardage in the remaining mass as above described, 
the length of the overhaul.” ’ 


66. Borrow-Pits 


In railroad construction it is often more economical when the length of 
ul becomes great ta borrow material from, near-by borrow-pits to form 
ibankments. To calculate the amount of earth taken from a borrow-pit 
is customary to divide the surface of the ground where the pit is to be exca- 


ted into squares and to take levels at.each corner of these squares, and at 


ermediate points when the slope of the surface is not straight from corner 

corner. Then when the excavation is completed the same system of 
Ware cross-sections is again staked out and elevations are taken at the 
rers and at the necessary intermediate points. Care should be taken 
1en the first system is staked out that it extends far enough to include the 
tire area which may possibly be covered by the borrow-pit. The field- 
rk of laying out these cross-sections is done as explained in Art. 24. The 
ference between the original and the final elevations at the corners gives the 
igths of the vertical edges of a series of vertical truncated rectangular prisms. 
sward the edges of the borrow-pits, where the slopes occur, there probably 
ll be several triangular and trapezoidal truncated prisms. Let A =area of 
ht section of truncated prism, h,, he, hess etc. = the lengths of the vertical 
ges of the prism, and V = volume of prism; . then 


For Truncated Triangular Prism, V =A x (h, +:h2 + WTR 2 
For Truncated Rectangular Prism, V = A x (hy + he +h; +h,)/4. 


When Additional Heights have been taken at intermediate points the computation 
made as follows. (1) When an intermediate level is taken in the center of the square 
rectangle, the volume of the rectangular prism is computed by the formula given abcye, 
d to it is added algebraically the volume of a pyramid having the rectangle for its base 
d the center height minus the average of the four corner heights for its altitude. The 
lume of this entire solid would then be ex- . 
= a 
V = A(hy + het hg + hs)/4 

+ A jhe = (hi + he + hg +hi)/4}/3 
which hic = altitude of ge along its center 
rtical line. 
(2) When an inerinedine level is taken at 
= middle of one side of a rectangle, the volume 
the rectangular prism is computed as usual, 
d to ig is added the volume of a pyramid 
ee the rectangle for.its base and the differ- 

between the additional height and. the 
erage of the heights at the two corners which 
‘at the extremity of the side on which the 
height has been taken If the addi- 
height is 4a and it is taken on the side 
end heightS are ky and hy respectively, ; 
an expressicn for the entire volume would Fig. 73 
V=Alhy + hig ths tho/4 + A hho — 6 (ts +hs)} [3 


) When intermediate heights are taken at any other point in the rectangle except 
center of the rectangle or in the middle of one of its sides, then the rectangular 
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prism should be divided into four triangular prisms; the additional height forms th 
vertical edge at one of the corners of each of these four triangular prisms. 

In arranging the data for computation it is customary to lay out the borrow-pit in plar 
n cross-section paper and to mark at each corner the depth of excavation, and to sketch 
any lines representing the proper subdivision of the rectangles or trapezoids as given ir 

the field notes. A plan of a portion of a borrow-pit is shown in Fig. 73, and by the above 
method the volume of excavation will be found to be 1057 cubic yards. 

Where’ there are several rectangular prisms having the same area. of cross-section / 
the computation of the quantity of earthwork may be simplified as follows: Volume o 
Assembly of Truncated Rectangular Prisms = A (pi + 2 fo + 3 $3 + 4 ps)/4 in whict 
21 = sum of heights common to one prism, 2 = sum of heights common to two prisms 
3 = those common to three, p4 = those common to four prisms. 

Measurements of Dredged Material are taken in two ways, (1) meas 
urement in place, and (2) scow measurement. For the MEASUREMENT-IN. 
PLACE METHOD soundings are taken before and again after the dredging worl 
is done, and the volume of the material which has been removed is computec 
either by the Average End Area Method or by the Borrow-Pit Method. I 
the dredging covers a large area, cohtours may be drawn showing the shap 
of t: bottom before and after the dredging has been done, and these may b 
used as bases of vertical solids. Where a channel has been dredged, some 
times it is more convenient to compute the volume as a series of horizonta 
solids with vertical end sections similar to a railroad excavation. In channe 
dredging the contractor is usually required to form the bottom at a giver 
grade and the side slopes at a given slope, in which case it is not necessary t 
take cross-sections after the work is done, but soundings are taken as tht 
dredging progresses to insure that the excavation is of proper depth. 

When Scow Measurements are used to determine the quantity dredged each pocke 
of the scow is carefully measured and its capacity computed. When the scows have 
been loaded with the dredged material the surveyor or inspector makes a note of th 
number of full pockets; if they are not full he measures the distance down from the toy 
of the coaming of the scow to where he estimates that the material in a pocket woulc 
come if it were leveled off. The volume of this small rectangular prism is calculatec 
and deducted from the capacity of the correspond'ng pocket. For each scow in use table 
giving the quant ty in each pocket at var‘ous distances below the top of coaming are ust 
ally prepared for conven‘ence. ‘These scow measurements should be taken just befor 
the tow starts for the dumping ground. When scows remain moored for a day or x 
before being towed to the dumping ground some of the material in the pockets leak ou 
thru the bottom doors if they are not tightly closed, and much material may find its 
way back again into the dredged portion of the channel. In the case of a deck scow 
where the material is piled on the deck any practical and convenient method may be 
used to determine the volume, the measurements depending upon the shape of the pe, 
For rock the amount taken out can be calculated by obtaining its weight, and this is ascer- 
tained by determining the displacement of the scow before and after loading. 

Earthwork Computation from Contours is used in many landscape prob- 
lems for determining an approximate value of the quantity of earth to be movec¢ 
in a proposed grading project or in connection with a grading problem to form 
the shape of the final surface of a certain locality after a definite quantity o: 
material has been removed from it. The use of contours in earthwork computa: 
tions has been confined almost exclusively to preliminary estimates, but the 
‘principles involyed in such computations are sufficiently sound so that as accurate 

- determinations may be made in this way as by any of the other more commor 
forms of earthwork computation, provided the contours are determined in tht 
field with sufficient accuracy. It is frequently necessary to use’ map, however, 
in which the contours have been determined by means’ of the stadia method 
or by some method of sketching their positions, using as a basis several character 
istic points which have been located by the transit and whose elevation has 
been determined by leveling. It is not customary or economical to define ‘the 

“4 , 
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atours accurately.enough to admit of computing earthwork for payment of 
ntracts because the borrow-pit method (Art. 66) is more readily adapted 
this problem. For preliminary studies of all grading problems, however, 
contour map is invaluable; its use can be extended to determining approx- f 
ate quantities of earthwork without the necessity of any additional field- 
rk, so that it is adapted to preliminary estimates. 


There are three general methods of computing earthwork from data given on a 
ntour map: (1) by computing directly the amount of cut or fill between 
ecessive contours; (2) by assuming a horizontal plane below the lowest part 
any of the earthwork and first computing the volume of earth between that 
ine and the original surface, and afterward computing the volume between 
2 same plane and the proposed surface; the difference between these two 
lumes will be the amount of excess cut or fill; (3) by drawing on the plan first 
ine of no cut or fill, a'second line representing, say, 2 ft cut or fill, a third line 
4 ft cut or fill, and so on,:and finally computing the volume between these 
ccessive 2-ft layers. In all three cases the most practical way of determining 
= areas of the end sections is by means of a planimeter.. The volumes are | z 
eferably computed by the end area method. 

Some surveyors use the prismoidal formula in problems of this nature by either inter- 
ating by the eye the “middle area” or by treating every other area at.a contour plane 
a “middle area.” ‘The. error in sketching the contours, in scaling the map, in-the 
inkage of the paper on which the map is drawn, and the uncertainty in the amount of 
inkage in the earthwork are large enough to offset any advantage which the pris- 
ida] formula may have over the end area method in point of accuracy. The end area 
thod therefore is in practically all instances not only as exact as is the map upon which 
2 computations are based, but is also sufficiently exact for-preliminary estimates, 


Fig. 74 


Method (r). ‘The simplest application of this problem is illustrated by Fig. 74, 
which the full lines are contours representing the shape of the existing surface, 
ile the dash-line contours represent the proposed shape of the ground; the 
tted lines are construction lines marking the limits of the solids to be com- 


. 
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puted. Such solids as ANB-FQE, EOF-JTI, ITJUK-MVL represent excaya~ 
tion, and solids like BOC-GRF and FRG-J are embankment: The solid AN B- 
FOE is substantially an inclined prismoid having two parallel horizontal bases 

_ whose areas are ANB and FQE, the perpendicular distance between these being 
the contour interval, in this case 2 ft. To compute the volume of solid AN B- 
FQE, first determine the area of the parallel bases ABN and EFQ by planimeter. 
The perpendicular distance between these bases is the contour interval, 2 ft. 
The volume is therefore computed by averaging the end areas and multiplying 
by the contour interval. All the other six excavation solids here shown should 
be computed in a similar manner; solid CD-HSG is a wedge. The solid FRG- a 
is a pyramid whose base is FRG and whose altitude is 2 ft. 


Method (2). Where the problem is so complicated that the quantities of 
earthwork cannot be readily separated into prisms, wedges, and pyramids, as 
was done in Fig. 7+, it can be solved by computing the quantity of earth by 
method (2). Such a treatment is particularly applicable to the problem of 
determining the excess of cut or fill in a given grading project as represented 
by a set of proposed contours. It can be applied to determining the actual 
amount of cut and of fill, but for this purpose it is not so convenient of applica- 
tion as method (1). 

» Method (3).. This method is particularly applicable when the original ground 
is very irregular and the proposed surface is to have:an-entirely different shape, 
so that the proposed contours do not cut many of the original contours of the 
same elevation. The first step in this process is to mark at every intersection 
of a new with an old contour the cut (or fill) and then to connect by means 
of a smooth curve the successive points of equal cut. These new curves will 
enclose areas which are the horizontal projections of irregular surfaces which 
are parallel to the final surface of the land and which are (if the contour interval 
is 2 ft) at the line of no cut or fill, at 2 ft, 4 ft, etc., above the final surface. 
The solids included between these 2-ft irregular ees are layers of earth 

. each 2 ft thick, and their volumes are computed by determining the areas of their 
horizontal projections and applying the usual end area method for volumes. 
To find the volume of the solid included between the curves of-2-ft cut and the 
curves of 4-ft cut, for example, take for the upper surface the area within the 
dotted 2-ft line as a plane surface; for the lower surface, the area within the 
dotted 4-ft line; then multiply the mean of these two areas by 2 ft in this case 
(the difference between the 2-ft and 4-ft lines). The solids at the top or bottom 
of these layers may be treated as wedges or pyramids, 
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TRACTION, ROADWAY, DRAINAGE 
1. Train Resistances 


1. Locomotive Resistances. The Amer. Rwy. Eng. Assoc. gives (Manual, 
191s Ed.) the following formulas for locomotive resistances: (a) Cylinder 
to rim of drivers: resistance =18.7 (tons weight on drivers) +80 (number of 
driving axles); (6) Engine truck and tender trucks: resistance =2.6 (tons 
weight on trucks) +20 (number of truck axles); (c)- Atmospheric resistance = 
0.25 V*, in which V =velocity in miles per hour. Total resistance equals 
the sum. For example, a consolidation engine weighs, engine and tender, 
330000 Ibs, with 170 o00 lbs (=85 short tons) on the four driving axles. The 
resistance between the cylinders and the rims of the drivers =18.7 X85 +80 
X4=1910 Ibs; the truck resistance =2.6 X(165—85) +20 X5 =308; atmos- 
pheric resistance at say 20 m p h=o.25 X400=100; the total resistance is 
therefore 2318. At the assumed velocity of 20 m ph the H P consumed would 
be 2318 X29.33/550 =123, which must be subtracted from the total indicated 
horse-power to determine the effective power at the draw bar. The above does 
not include the effect of grade. On a 1% grade there is an additional tax on 
the engine, merely on account of the weight of the engine and tender of 3300 X 
29.33/550 =176 H P, which must also be deducted. It has been found that the 
resistance between cylinders and rims of drivers is practically constant, regardless 
of speed, after the bearings have become warmed up. 


2. Atmospheric Resistance depends on end area and length of train and 
is independent of tonnage. The end-area pressure is approximately one-half 
of the unit pressure times the area of the car end. According to elaborate 
experiments by Goss, the resistance of trains of locomotives and cars of ordi. 
nary dimensions may be exprest by the following equations, in which P =tota 
atmospheric resistance in pounds, m= the number of cars, L = length of thi 
whole train, /= combined length of the cars composing the train, and V = 
velocity in miles per hour. 


Locomotive, tender, and freight cars ..........0+. ' P=(0.13 +0.01n)V 
Locomotive, tender, and passenger cars.........+.++ P=(0.13 +0.02n)V 
Freight cars following locomotive .............++++ *P =(0.016 + 0.01) V 
Passenger cars following locomotive. .............+ *P =(0,016 + 0.02) 


Locomotive and any kind of train...............0. P =0,0003(Z +347)} 
Any train of cars (freight or passenger) following loco- 
RETR LL as ee <i og Nc are adotas 0 aceite yay ssohe | spades ine’ HLS ANG *P =0.0003(1+ 53)V 


3. Oscillation and Cointiaateel These resistances are usually considered | 
vary as the square of the velocity. Their determination, independeiit of oth 
forms of resistance, is impracticable and even useless, since they vary with t 
particular condition of the track and roadbed at the time. 

4. Rolling Friction. The resistance to the wheel rolling on the ans inc 
pendent of other forms of resistance, has not yet been definitely determin¢ 
It evidently depends on the stiffness of the rail and on the rigidity of the supp 
given to the rail by the ties. 

5. Journal Friction per ton of load is (a) less for higher pressures or | 
cee wheel loads; (6) greater for very low velocities; (c) a minimum for spi 
corresponding to train velocity of about to miles per hour; (d) greater for hig E 
velocities; (e) less for higher temperatures; and (f) very dependent on perf 
tion of lubrication. 


* Excludes atmospheric resistance of locomotive and tender, 
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Total Train Resistance per Short Ton on Grades 


When tractive resist- When tractive resist- 
ance on a level in Grade ance on a level in 
pounds per ton is 


_pounds per ton is 
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6. Grade Resistance is 20 lbs per short ton (2000 Ibs) for each percent of 
grade. This rule is not mathematically precise biit the error is less than 
6.5% for a 10% grade, 0.08% for a 4% grade, and is inappreciable fos 
ordinary railroad grades. The GRADE OF REPOSE is the grade on which th 
effect of gravity just equals the tractive resistance, If a wagon or car is starte 
down such a grade, it would continue to move indefinitely at a low velocity 
as long as the conditions are constant. The total resistarice up such a rad 
is precisely twice that on a level. 


7. Curve Resistance is considered the equivalent of a 0.04% grade pel 
degree of curve, or 0.8 lb per shott ton per degree of curve. See also Art. 2 


- §. Inertia Resistance is measuted by the energy required to impart yelocity 
to the train, It is a tax bn the locomotive,.but it does not waste work, sinct 
every foot-pound. of energy spent in this way is stored up as kinetic energy, 
which is later utilized in overcoming track resistances, or is ttansformed int¢ 
potential energy by surmounting 4 grade. Of course it mdy be wasted by tht 


Accelerativ (or Reétarding) Forcé in Pounds yer Short Ton 
(Original) ; 


Velocity in miles ver hour, V 


(DOD Darr WOOHOO 


Formula: P= 76.22 V?/s, in which P+ force in pounds, s= distancé in feet> V= 
velocity in miles per hour, 5% being allowed for rotative energy of wheels, 


a 


“ 2 *. 
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“use of brakes. The gredtet part of this energy is the kinetic energy of traris: 
| lation, but about 5% is the kinetic energy of rotation of the various wheels 
_and axles of the train. Let P represent the required force in pounds per short 
ton, s be the distance in feet between two points at which the train velocities 
are Vi and V2 respectively. Then P =70.22(Vo?—Vi2)/s, if Vi; and Vp-are 
in miles per hour. Vj is the lower velocity; when the train is starting from 
rest, Vi is zero. 3 ij 
9. Brake Resistance wastes the kinetic etiergy of the train by transform- 
ing it into heat and, unless such enetgy has been acquired by running down a 
grade, constitutes a source of double loss since the application of the brakes 
also requires power. For ordinary stops it may be considered as equivalent 
to a 7.5% grade, or r50 lbs per short ton; while for emergency stops it may 
reach double that amotmt. The corresponding distances may be obtained 
from the table on page 160. 


Effect of Temperature. Decrease of temperature increases journal friction, 
but on the other hand, a frozen roadbed if smooth decreases the oscillatory 
resistances. At very low temperatures the increase in journal friction (com- 
bined with decreased power of the locomotive) requires a material reduction 
in the perthissible train loading. Some railroads have a percentage scale 
for the reduction of the rating of locomotives according to the temperature. 
The increased tractive resistance for winter traffic over summer traffic is about 
two pounds per ton, with two pounds per ton additional for temperatures 
below zero. 


_ Extra Resistance of Starting. The resistance of journals and axles is 
very much greater at the instant of starting and until they have become warmed 
up. Cars which have been stationary overnight, especially in cold weather, 
will become “ frozen up ” and will require a much greater force to start them, _ 
but the added resistance is only momentary ahd consumes but little energy, 
measured in foot-pounds. The frequent practise among locomotive engineers 
of backing the locomiotive for a few feet and then immediately reversing and 
‘Starting ahéad has threé effécts, all of which help to start the train: (1) the 
journals are loosened frotn the somewhat rigid condition they will assume even 
during a short stop; (2) the springs in many of the couplers are more or less 
Comprest ‘during the backward movement, and their expansion materially assists 
in starting the cars; (3) if the train is very long, the total slack in the couplers 
is very considerable, and the locomotive will have moved forward several 
feet and will have a considérable velocity before the last car starts; the cars 
are therefore started one by one. Since so much depends on the method of 
handling the locomiotive, there is a corresponding variation in the results of 
tests which have been made to determine the value of this resistance. Thirty- 
five tests on the Rock Island system, with trains of 34 to 45 cars, gave results 
Varying from 10.6 to 18.2 lbs per ton. The weighted: mean of the values. was 
14.1 Ibs per ton. The same tests quoted 30 lbs per ton when a train had stood 
overnight and was “ frozen up”; also a resistance of only 6 lbs when the stop 
‘was merely instantaneous. Other tests have shown an average of 14 lbs per ton. 


Effect of Weight of Cars. ‘The resistance per ton of horse cars, light trolley 
cars and contractors’ dump cars is as high as 20 Ibs per ton and even more when 
thé rails are light or the track in poor condition. The heavier the wheel loads, 
the less the resistance per ton. The resistance of an empty standard gage 
car, weighing say 17 tons, on good track, is about 8 lbs per ton, and fora loaded 
‘ear, weighing say 60 (0 70 tons, about 4 lbs per ton or even less on a good track. 
Rating of Locomotives. Since grade resistance varies with the total 
weight, while tractive resistance depends on the concentration of weight on the 
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wheels, the gross weight of cars-which may be attached to a locomotive depends 
not only on the grade, but also on whether the cars are loaded or empty. The 
greater the number of cars for a given weight of train, the greater the necessary 
drawbar pull, and therefore, for a given drawbar pull, the gross weight of a 
trainload of empties must be less than that of a train of loaded cars. For 
example, assume that an engine, weighing with the tender 336 500 lbs, has a 
tractive effort at the rim of the drivers of 32075 lbs. On the basis of the 
resistance formula for “A” rating given in the next paragraph, the rating for a 
0.6% grade is 2091 tons, with an allowance or “ adjustment ” of 8.6 tons for 
each car.* Then the permissible weight of the train which could be attached 
to that engine when the ruling grade is 0.6% may be exprest by the formula 
W =A —8.6n, in which W =the weight of cars, A = the rating, and n= the 
number of cars. j : 

For 30 loaded cars.....,..... . .2091 —258=1833 tons; average 61 tons per car; 


For so partly loaded cars... . .+..2091 —430=166r tons; average 33 tons per car; 
FOr 90 CMPHPES..,. -.. a emsin- serene 2091 —774=1317 tons; average 15 tons per car, 


But a ruling grade of 0.6% is unusually low. As another example, with a 
ruling grade of 1.6%, the adjustment allowance is 3.6 tons per car, while the 
rating A is reduced to 770 tons. The possible train loads would be: 


SRO TT On GOES CATS: ai :ave_0/sisivisie/eie' etm sta 770— 36=734 tons; average 73 tons per car; 
For 25 partly loaded cars 
OFAC CMPlles. <.cc-.) ss ais’ sense gel 779 — 144=626. tons; average 16 tons per car. 


On the 1.6% grade the weight of the train of empties is 85% that of the loaded 
train; on the 0.6% grade it is only 72%; which shows the relatively greater 


importance of heavy loads with low ruling grades. Formulas for tractive — 


force of locomotives are given in Art, 21. ; 

Total Train Resistance. No one simple formula can be devised which is 
equally applicable to all conditions of wheel loading, character of cars, condition 
of track, weight of rail, etc. Dennis’ tests, corroborated by those of Shurt- 


leff, indicated a practically uniform resistance for freight trains at all velocities — 


between 7 and 35 miles per hour. Later experiments by Prof. Schmidt at 
Univ. of Illinois indicate some increase in resistance with increase in velocity 


for both freight and passenger equipment and the resistance of high-speed 


passenger’ trains unquestionably increases with the velocity, and some say, 


with the square of the velocity. Formulas based on tests made many years — 


ago, when the rails ‘were light, track conditions relatively poor, wheel loads 
light, and running gear not as perfect as present standards, are certainly not 
applicable to present standard conditions; and results obtained by tests of 
passenger trains are not applicable to freight trains, or vice versa. 


A very few of the cna series formulas which have been proposed are here 
quoted. 
Engineering News, 1892 ......... EN Wiha. ol shea ahd eheteta ol eter Sla bn ’ 
Baldwin Locomotive Works, prior to 1892 
Npurtletty 2906.4: taser weal en rateknew aah nena encttt ez Sin dienes 
Amer. Rwy. Eng. Assoc., Manual, 1915 Ed. 


A Rating, Temp. above 35° (Fab) iS gules, os Pee ae in 2.2t-+122n 

B Rating, Temp. 20° to 35°. T=3.01+137n 
C Rating, Temp. 0° to 20° 
D Rating, Temp. below 0° 


T=5.4t+17im 


*This assumes that the engine and tender form part of the train which is approxis, 
mately correct for A and B ratings on account of track and atmospheric resistances, 
not otherwise considered, os 

- | 
om 


=4.0l-+153n 


770— go=680 tons; average 27 tons per car; : 


* 
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in which R =total resistance in pounds per Short ton, V =velocity in miles per 
hour, 7 = the resistance in pounds per train, # = number of cars in train, t= 
weight of train in short tons, w= average weight in short tons of cars in train. 

The first two are based mainly on tests with the passenger equipment of 1890-92 and 
may be compared with the results obtained by Prof. Schmidt in 1916 as shown below. 
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' Fig. 1. Passenger Train Resistance 


The second two formulas are for heavy freight service and assume that the resistance 
per ton is constant at the ordinary freight speeds of 7 to 35 miles per hour. They may 
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Fig. 2. Freight Train Resistance 


in furn be compared with the results obtained by Prof. Schmidt with freight equipment 
in 1908-09 given in Fig. 2. ; 
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2. Compensation of Grade on Curves 


The Principle involved is that the grade should be reduced by such an 
amount that the saving in grade resistance will compensate for the additional 
resistance caused by the curvature. The proper rate of compensation evidently 
depends somewhat on the speed of the train; it also depends largely on the 
resistance to the rotation of the car trucks about their king-bolts, being very 
greatly reduced when ball bearings are used under the center and side plates; 
it is apparently far less per degree of curve on yery sharp curvature than on_ 
easy curvature. The rate of compensation should be made greater on a curve 
occurring immediately above a stopping place for trains. Since the added 
resistance of curvature virtually increases the grade, it is unimportant whether 
there is any compensation on curves which are on minor grades, provided the 
total resistance does not become greater than that of the ruling grade. The 
rules recommended by the Amer. Rwy. Eng: Assoc. are as follows: (1) Com- 
pensate 0.03 ft per degree when the length of curve is less than 14 the length 
of the longest train, when the curve occurs within the first 20 ft of rise of a grade 
or when curvature is in no sense limiting. (2) Compensate 0.035 ft per 
degree when the curve is between 14 and 34 as long as the longest train and 
when the curye occurs*between 20 ft and 4o ft of rise from the battom of the 
grade. (3) Compensate 0.04 ft per degree when the curye is habitually operated 
at low speed, when the length of curve is more than % that of the longest train, 
when the elevation is excessive for freight trains or at all places where cur- 
vature is likely to be limiting. (4). Compensate o.95 ft per degree wherever 
the loss of elevation can be spared.” 


3, Cross-Sections. of Railroads 


For Railroad Roadbeds the specifications adopted by the Amer. Rwy. 
Eng. Assoc. call for flat sub-grades having minimum widths of 20 ft, 16 ft, 
and rq ft for Classes A, B, and C respectively, see Art. 8: These are for depths 
of ballast shown in Figs. 14 and 15, Art. 10, and must be increased for deeper 
ballast in order to keep the same berm. They apply to both cut and fill, 
but in cuts the total width at sub-grade must be increased by the width of the 
two ditches. 


Side Slopes of Excavations should ordinarily be 1.5 to 1. Firm earth 
can sometimes retain its slope permanently at 1:1. Loose rock wilt stand at 
0.5 to 1, and solid rock at-o.25 to t. Very soft earth, such as quicksand, may 
require a slope as flat as 4 to 1. Such earth as is proper to use for embank- 
ments will stand permanently when made with 1.5 to 1 slope. Loose-rock 
embankments will stand with 1 to 1 slopes. ; 


Sodding the side slopes of embankments and excavations was formerly considered ~ 
as extravagant landscape gardening, but it is now being more and more realized that — 
the protection which it affords to the slopes from rain-wash is frequently more than 

worth its cost. The shoulders and toes of embankments should be rounded off to cireles- 
* of about 4 ft radius, rather than make sharp edges which are not easily maintained. ! 


4. Right-of-way 
The Usual Width for single-track roads is four rods or 66 ft. The usual 
width taken for western railroads is too ft. A Class A roadbed (width 20 ft) on 
a 15-ft embankment, with slopes of 1.5 to 1, will require a width of 65 ft. A 
double-track roadbed, 33 ft wide at sub-grade i in a level cut 20 ft deep, the slopes — 
being 1.5 to 1, will require 93 ft of width poss the berm, in which to locate 
’ 
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_ Area of Right-of-Way for Varying Widths 
Actes Ares 


per : i per per 
Feet Mile © Ft. Mile | 100 Ft. 
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For greater widths use sums or multiples; thus, for 87 ft width take sums of the acres for 
3 and 44 ft. 


he drainage ditches at the top of the bank which will keep surface water out 
[ the cut and the additional width required for side ditches. The area required 
er mile of‘road is 2 acres for each rod of width. : 


5. Fences 
Wire Fences with wood or concrete posts are recommended as standard 

ight-of-way fences by the Amer. Rwy. Eng. Assoc. The height is generally 
bout 4 ft 6 in but it and other features must conform to the statutory;require- 
1ents, if any. Four classes are provided, with the longitudinal wires spaced 
s follows: 

Class A: *5 in abdve ground, 4, 414, 5, Dg 6, 7, 8 and 9 in. 

Class B: 7 in above ground, 6%, 7, 714, 8, 84% and g in. 

Class C: 9 in above ground, 714, 8, 844 and 9 in. 

Class D: ro in above ground, 10, ro, 12 and r2 in: 


* This is reduced to 3 in and a barbed Wire strétched in the middle of the space to 
nake fence “ hog-tight.” 


Smooth, round wire of No. 9 gage is specified for Classes A, B and C, except 
hat for the top and bottom strands of a Class A fence No. 7 wire is required. 
tibbon, smooth, round or barbed wire may he used for Class D fences; thé 
mooth Wire béing preferred, tho barbed wire is still quite generally used. 
| héavy sindoth wire or plank at the top is recommended for use with barbed 
fire, Vertical stay wites of No. 9 gage are specified for classes A, B and C: 
paced 12, 18 and 24 in, respectively. These must be attachéd to the longi. 
tidinal Wires with a mechanical lock or fastening which will prevent slipping 

er longitudinally or vertically, or they may be electrically welded. 

‘oven wire fencing giving the same effect or any combination of spacing, both 
Sngitudinal and vertical, and material is increasingly used. It is preferably 
abricated in the shop if the ground is fairly level but may be woven in the 
eld to better fit rough ground if desired. In any case, all longitudinal wires 
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should be provided with tension curves or “ spring coiled” to take up expan- 
sion and contraction. Combinations of narrow woven wire fencing with 
barbed wire strands above are also used in some cases. Wires should be placed 
on the side of the post away from the track. Staples should be of No. 9 wire, 
t in long for hardwood and 114 in for softwood. They should be set diagonally 
with the grain of the wood and driven home tight. The top wire should be 
double stapled. . 


Wire for fencing and staples should be steel; galvanized with an even coating 
of zinc and the fence should be so fabricated as not to remove the galvanizing or 
impair the tensile strength of the wire. If electrically welded the galvanizing 
should be applied after fabrication. The galvanizing must stand one-minute 
immersion tests in a solution of commercial sulphate of copper crystals and 
water, the specific gravity of which is 1.185 and temperature between 60 and- 
7o degrees F. The sample should be washed with water and wiped dry after 
each immersion, and if the zinc is removed or a copper colored deposit formed 
after the fourth: immersion, the lot from which the sample was taken is rejected. 


Wooden Posts should be straight and free from splits, rot or other defects. 
They may be made of cedar, locust, chestnut, Bois d’Arc, white oak, catalpa, 
~ or other durable wood native to the locality or of treated timber. The dimen- 
sions of sawed or split posts should at least equal those given below for round 
ones. End, corner, anchor and gate posts should be at-least 8 ft long, 8 in 
in diameter at small end, and set 3 ft 4 in in the ground; intermediate posts 
should be at least 7 ft long, not less than 4 in in diameter at small end, and set 
2 {t 4 in in the ground. The posts should be set with the large end down. 
The spacing of posts should be 1614 ft. Holes should be dug to full depth, 
even if blasting is necessary. To avoid blasting holes in solid rock, intermediate 
posts may be set on 6 by 6 in sills, 4 ft long, braced on both sides by 2 by 6 in 
braces, 3 ft long. Not more than two such posts should be placed consecutively. 
When the posts and wire are set, the tops of the posts should be sawed off on a 
one-fourth pitch, the high side being that on which the wire is fastened and 
2 in above it. Intermediate posts in hollows or sags should be anchored 
down by gaining and spiking two cleats near the bottom. End and corner 
posts should be anchored by cleats set one near the bottom and the other just 
below the ground surface, and also braced by braces to adjacent posts. The 
cleats should be made of 2 by 6 in common lumber, 3 ft long. The braces 
should be 4 by 4 in common lumber. Wire braces made of a double strand 

of No. 9 wire should be used where bracing by tension is needed. 


Concrete Posts are recommended-as practical and a suitable substitute for 
wood where economy would result therefrom. The cross-section may be a 
square, rectangle, isosceles triangle, giving V section with rounding of acute 
angle, a T or a circle; the last having the most extended use while square or 
nearly square sections are slightly more efficient in resisting the forces that 
ordinarily cause failure. This may be offset by greater resistance to deteriora- 
tion and better methods of manufacture. Square corners should be rounded 
off to a radius of not less than 1 in and posts should taper from base to top. 
End, corner, anchor and gate posts should be at least 8 ft long, 8 in at base and 
6 in at top, set 3 ft 4 in in the ground and reinforced with four 3 in rods. 
Intermediate posts should be at least 7 ft long, 5 14 in at base and 4 in at top, 
set 2 ft 4 in inthe ground and reinforced with three or four 14 in rods, depending 
on design; which should be such that post, supported at the ground line and 
acting as a cantilever, will withstand a force of 180 lbs applied 60 in above the 
ground line. Braces should be 4 by 4 in, reinforced with four 14 in rods. 
Concrete should be made of one part Portland cement to not more than four 
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parts of clean, hard aggregate so proportioned as to produce a dense concrete, 
using screen analysis as a guide. The minimum size of gravel or crusht stone 
used should be not less than 14 in nor more than™% in. Concrete should be 
thoroly mixed in a batch mixer and of such consistency that water may be 
brought to the surface by tamping. Reinforcement of stiff round or square 
rods, preferably moderately deformed, made from steel with high elastic limit, 
should be placed as near the surface of the post as practicable, say 1 in from it, 
and should be positively held\in its proper place thruout its length. Molds 
should be soaped or oiled to prevent sticking and jogged or vibrated to com- 
pact concrete. Posts should be sprinkled with water for eight to ten days after 
being made and cured for go days before being set or transported. They 
should not be made out of doors in freezing weather or exposed to the sun. They 
should be carefully handled and packed in straw, sawdust or other suitable 
material for shipment. The fencing may be attached to the posts by means 
of wires wound around them, by staples, loops or lugs cast into the concrete 
or by casting holes in the posts thru which wires may be passed, tho the last 
method weakens the post somewhat. 


Steel Posts are used to some extent, the design depending on the manufac- 
turer. A comparison of costs is given below. Special types of fences from picket 
to solid board, sometimes surmounted by one or two strands of barbed wire, 
in wooden construction and from ornamental iron to woven wire on steel posts, 
also with barbed wire at the top, in metal construction, are used around yards 
and shops. ; 


Farm Gates should be of all metal construction and from 12 ft to 16 ft wide 
depending on the width of agricultural implements used in the vicinity or 
legal requirements. The height should be at least 4 ft 6in. They should swing 
away from. the track and, if hinged as is desirable, should shut by gravity and 
overlap the post so as not to swing toward track. 


The First Cost of fencing depends on prices of material and labor and 
efficiency of the latter and should be estimated-in each case from quotations 
on material and estimated output of labor. The Annual Cost involves also 
the estimated life and interest rate and should be used in making comparisons. 
The following data give a rough idea of costs and information from which 
detailed estimates may be prepared. Data collected in 1915 by a Committee 
of the Amer. Rwy. Eng. Assoc. showed the average cost and life of wood posts 
to be as follows: 


. Life, First Cost,| Handling, | Setting, Total, 
Bind ob Wood Years Cents Cents Cents Cents 
26 ‘14 1.72 8.52 244 

12 17 1.72 8.52 27% 

I5 16 1.72 8.52 264 

Tr 14 r.72 8.52 244 

Ir 20 I.72 8.52 304 

17 2044 1.72 8.52 30384 

9 144 1.72 8.52 248% 

8 Il. 1.72 8.52 214 


Information received in 1917 by the same Committee indicated an average 
first cost and cost of handling and setting of 27 and 7 cents, tespectively, for 
steel posts and 25 and 20 cents for the same items for concrete posts. With an 
estimated average life of 20 years for steel and so years for concrete and interest 
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at 6%, the total annual costs are 2.7, 2.96 and 2.85 cents for cedar, steel and 
concrete, respectively. At present prices, the average annual-cost of the steel 
post would be over 4 cents, that of the cedar, nearly 3 cents and of the concrete 
over 3 cents. These are averages and an exact comparison should always be 
made in a given case. 


Materials Required for Board Fences 


Per Mile of Fence One Board High 


The quantity of nails is figured on the basis of two nails to a board to each 
post and an allowance of 5% is made for loss. 


Nails in 

Spacing | Number Pounds 
of of 
Posts Posts 

8d | tod 
8 ft. 660 20.7 3125 1760 
to ft.. * 528 22.0 33-5 1760 
i2ft. 440 18.3 28.0 1760 
14 ft. 378 15.7 24.0 1760 
16 ft, 330 13-7 21.0 1760 


figured that 16 ft boards will be used. 


For Wire Fences the 16 14 ft spacing, if used, will require 320 posts per mile. 
Barbed wire varies in weight with the type but may be estimated roughly at 


x lb per rod, or 320 lbs per mile, while No. 7 and No. 9 wire weigh 439 and 306 


Ibs per mile, respectively. 


Materials, Except Posts, Required for Wire Fences. 


Lumber in Feet B M 


2640 
2640 
2640 
2640 
2640 


3520 
3520 
3520 
3520 
| 3520 


4400 
4400 
4400 
4400 
4400 


5280 
5280 
5280 
5280 
5280 


1X4in | rX6in | 1X8in ' 


1Xr1oin/1X12in 


Where posts are 8 ft apart it is — 


Standards 
Per Mile of Fence 


Amer, Rwy. Eng. Assoc, — 


Wire taples 
Class Longitudinals 
Verticals ' A 
ars Total t-in rin 
No. 7 | No, 9 

Lbs. Lbs. Lbs. Lbs. Lbs, Lbs, 

NG Nae 878 2142 1300 4320 31.1 46.4 
MBN 8 2 ea LG 2142 825 2967 24.9 37.1 
Oe ab inas ; 1530 450 1980 18.7 27.8 


One inch extra was allowed at each end of vertical or stay wires and 5% was allowed — 
Nothing was allowed for loss of locks or ties, as, if fabricated in the 
field, some of the stay wires would be omitted at posts. 


Staples are put up in 100-Ib kegs, the number per keg if of No. 9 wire being 
approximately as follows: 1-in, 10 800; 134-in, 8700; 1%4-in, 7200 and 2-in, 
5809. The number of pounds per strand per mile of fence with posts 1614 ft 
apart may be found by dividing the quantities in the above table for a Class 


for loss of staples. 


A fence by ten. Locks are of y 


25 lbs per 1000, 


é 


arious types, the weight may be estimat 


ed at 
inet 


¥ 
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- Prices of both materials and labor are high (1918) and subject to wide vatia- 
tions and fluctuations. Barbed wire costs from 5 to 7 cents per Ib and smooth 
from 8 to 10. Staples cost about the same per lb as the wire and locks 50 to 
75% more, 

The Output of Labor is affected by topography of site, presence of trees 
ot brush, and kind of soil as well-as experience and efficiency of workmen. 
Assuming that one man will dig the holes and carry and set 35 posts per day, 
Camp estimates the labor per mile for yarious types of fences as follows: 


Four board fence, 16 ft boards, posts 8 ft apart, without battens.......,.... 291% days 
Same, with [SEATS CORI a en tanepaeeter diene are ran rea ..-36- days ~ 
Barbed wire fence, 4 strands, posts ae ft apart...c2. ou E3 days 
same, PiaspSter ag te APAUt.:. «2, .0Mbws<ameses eet ...16 days 
same, with top board and three wires, posts-£2°ft-aparticiycswestiece esses 17°. days 
Same, with top board and four wires, posts Tate sae. tc. tats nce tesimecto etc 18 days 


He allows about one day’s labor, more or less, for each strand. Other data 
mdicate that inexperienced men, particularly on short jobs, will take from 25 
0 50% more time than stated above and cost of foreman, whose time may be 
estimated at one-sixth that of men, and of clearing brush and distributing 
material must also be considered, Holes may be dug with an auger or digger 
at about half the cost with bar and shovel or 100 holes may, be dug by one 
man in a day instead of about fifty. 

Highway Grade Crossings. Three inch planks, spiked to blocks on the ties: — 
mn either side of each rail, the outer ones tight against the heads of the rails 
and the inner allowing a flangeway of 1%4* in are commonly used for country 
roads and farm crossings. The space between the inside planks should be 
filled in flush with ballast. An old rail laid on its side with its head against 
the web of the track rail; or standing with separators between it and the track 
rail, is often used for the flangeway. The ends of such rails should be bent 
inward to give an opening of at least 4 in. On important crossings the planking 
should entirely fill the space between the rails and the ends of the planking 
should be beveled both between and outside the rails to a thickness of 1 in, 
commencing at a point ro in from the end. On improved roads and paved 
streets the macadam or pavement is continued between the rails leaying flange- 
ways as above. The width of the crossing should be not less than 16 ft. The 
width of a farm or private road crossing should not be less than 12 ft, 


Snow Fences. A snow fence is a structure erected for the purpose of 
accumulating drifting snow. Snow is carried by the wind close to the surface 
of the ground and is deposited in railway cuts on account of the eddies and 
diminution of velocities which these cuttings cause in the wind. A snow fence ~ 
is so placed that artificial eddies will form on the windward side of a cut at a — 
sufficient distance to cause the snow to be deposited between the snow fence 
and the cut. A tight fence of sufficient height will cause snow to accumulate 
on the windward side of a fence. An open fence causes snow to, accumulate 
principally on the leeward side. Frequently the best type of fence and its 
proper location may only be determined by experiment, therefore portable 
snow fences are used.. When practicable a permanent snow fence located on 
the right-of-way line i is the most economical. Where this line is 50 ft or less 
from the center of the track, the boards should be close. For greater distances 
space may be left between the boards. When the distance is 100 ft, 50% of 
the fence area should be open space. The height of the fence should not exceed 
10 ft. veiaes of California privet, Armour Barberry, evergreens, spruce. 
and locust have been planted in recent years for this purpose. Their economi- 


“For curved track increase 1/16 in for each 2 degrees over a 2 degree curve, + 


y 
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cal efficiency is still doubtful. Stone walls have been used effectually where 
-field stone are plentiful. 


A 1'x 6x 16/05 


Fig. 3. Portable Snow Fence 


A’specification, quoted from Orrock’s “ Railroad Structures and Estimates,” calls for - 
cedar posts 8 in diameter. 12 ft long set 3 ft 6 in in the ground and spaced 8 ft on centers. 
The boards are % in X 6 in X 16 ft, and are nailed on with 6 in clear spaces. This 
requires eight boards. four breaking joints at each post. A portable fence is made in panels 
16 ft long. Six boards 1 in X 6 in X 16 ft, spaced 6 in clear, are fastened onto three 
pieces 2 in X 6 in X g ft, spaced 7 ft apart. Two pieces 1 in X 6 in X 1o ft, act as 
stiffeners. Three other pieces, also 2 in X 6 in X Q ft, are bolted, using 14 in X 4% in 
carriage bolts, with plate washers, scissorwise to the other three similar pieces. Two 
more boards are fastened to the tops of the second set of pieces. These sections may be 
folded up flat for storage. When in use, the scissors are opened until the lower ends 
are spread about 6 ft 6 in apart, and are fastened to stakes, 3 in X 3 in X 2 ft, driven into 
the ground. On hard, rocky ground a tie-board, 2in X 6in X 7 ft, may be nailed to the ~ 
lower ends of the scissors and weighted down with old ties, stones, etc. This construc- ~ 
tion is estimated to cost $6 per panel of 16 ft. ; 


Fig. 4, Slide Fall, Northern Pacific Ry. Fig, 5. Slide Fall, Northern Pacific Ry, 


Snow Sheds are expensive to build and to maintain. Their probable neces- 
sity and the possibility of avoidirg them should have its influence in deciding 
on the location of the road. There are two types of construction: (1) those to 
protect the track against slides, the track being on a side hill or at the base of 
a hill, and (2) those to prevent the filling of cuts or to protect the track from an 
excessive level fall. Altho the detail design varies somewhat with nearly every 
location, typical designs for timber sheds are shown in Figs. 4 to 7. ‘ 


Sheds cut off the view considerably and are disagreeable to operate; hence 
‘a ‘‘summer track ”’ is sometimes laid outside. To partially open up level 
fall sheds and to localize fires, movable sections 100 ft long are provided which — 
are mounted on wheels and telescope into adjacent sections enlarged for that 
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purpose. The cost of maintaining” the extremely heavy avalanche sheds, 
particularly those for double track, and the great fire risk have led some roads 


Fig.6. Level Fall, Southern Pacific Ry, Fig. 7. Level Fall, Gananien Pacific Ry, 


to build combination concrete and timber sheds and reinforced concrete ones. 
See Eng. News, Dec. 15, 1910. 


6. Drainage and Waterway for Culverts 


_ Longitudinal Drains are of three kinds: (a) intercepting ditches which 
protect the slopes of cuts, and intercepting ditches or tile drains which similarly 
protect embankments on saturated soil; (6) side ditches in cuts; (c) sub- 
surface drains, which are usually made of 6-in tile pipes and are located about 
2 ft underneath those of class (b). The store must ordinarily conform to the 
natural slope of the ground for class (a) and of the roadbed for class (b). Since 
tile pipes will carry water on a flatter slope than mere earth ditches, drains of 
type (c) are particularly necessary when the grade of the road is level or very 


Fig. 8. Longitudinal Drains. 


flat, and especially if the soil is retentive and impermeable. Care should be 
taken that all such drains have a free and unobstructed outfall. 


Cross Drains are used only when it is necessary, on account of the lack of 
a proper outfall, to conduct the water thru the roadbed. When lumber is 
cheap, they may be made of boards so as to give an interior cross-section of 
6by 8in. 6-in cast-iron pipes are far better. 
_ The Area of Waterway, or size of opening, of a culvert should be sufficient 
to care for the flow resulting from all ordinary floods but, unless the probability 
of loss of life or damages from interruption of traffic be very great, it is not 
‘considered necessary to provide for those phenomenal floods which occur at 
very long intervals; it being more economical to repair such damages once in 
fifty to seventy-five years than to tie up additional capital. in construction 
for such long periods. It should be noted, however, that cost does not increase 
in proportion to capacity, this fact together with the impossibility of accurately 
‘determining required sizes and the advantages of standards in estimating and 


¢ 


£ 
a a) 
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construction, has led most roads to adopt a few standard sizes for small open- 
ings rather than try to fit each case accurately. 


The Maximum Rate of Flow, or Runoff, at a given point depends upon the 
following factors: 


(a) Rate of rainfall, not necessarily the maximum which is likely to be of such short , 
duration as not to give time for the water to reach the culvert from any considerable 
portion of the area unless the watershed is very small. 

(b) Area of thé watershed. ; 

(c) Permeability of surface and vegetation. Saturation by long continued rains 
makes most soils more or léss impérvious, also freezing. Vegetation retards flow. 

(d) Shape and slope of the watetshed, which affect the time required for the water 
te reach the culvert from different points. See (a). 


The Form of Entrance, Slope and Smoothness of a culvert affect somewhat 
its carrying capacity tho these factors are not usually considered in determining 
sizes but are simply made as favorable as local conditions and type of structure 
permit. 


A Theoretical Determination of the proper area of waterway being impos- 
sible on account of the unknown influence of the factors affecting the runoff, 
recourse is had to observation and the use of empirical formulas. Consensus 
of opinion seems to favor “ careful field observation and the use of intelligent 
judgment,” particularly in settled country where other culverts and bridges 
exist over the same stream, thus giving opportunity for a study of their suffi- 
ciency at times of high water. In new country, high water marks, preferably 


at points where the stream has a well-defined channel, will furnish valuable — 


evidence. Where there are no such guides the safest plan is to build a tem- 
porary trestle, which will not only provide an ample waterway for all floods 
during its life, but which will permit the construction of a culvert of proper 
dimensions under the trestle. The life of such a trestle should be sufficient to 
determine the area with all-sufficient accuracy. 


Empirical Formulas are useful as a guide where only general information is 


available but their use in other cases is warranted only to the extent: that the © 


formulas and the constants used therein are known from long usage and observa- 
tion of results to fit local conditions. All of the aboye conditions should be 
considered in estimating the value of thé constant to bé used in a particular ~ 
case in applying any empirical formula, of which some are quoted below. Let 
a@=area of waterway in square feet and A =drainage area in acres. 


E. T. D. Myer’s formula, a =CV A, i in which C is a coefficient varying from 
x for flat country. to 4 for mountainous country and rocky ground. : 

A. N. Talbot’s formula, @ =CVA®. “For steep and rocky ground €. 
varies from 2g to 1. For rolling agricultural country, subject to floods at tithes 
of melting snow, and with the length of the valley three of four times its width; 
Cis about 4; and if the stream is longer in proportion to the area, decrease C. 
In districts not affected by accumulated snow, and where the length of the 
valley is several times the width, 1/5 or 1% or even less may be used. C should 
be increased for steep side dichest especially if the upper part of the valley has 
a much greater fall than the channel at the culvert.” 


feck: Fanning’ s formula, a=o. 23V A5, in which no. allowance is made for 
variations in conditions which affect the flow. 
_ R. McMath’s formula, @=0.5908V A‘, which. was designed pritnarily ide 
application to Sewers. Like Fanning’s, it makes io allowance for variations - 
in conditions. we 


Cc. B. & Q, formula, a+0.46873 A/(3-+0.079V A). i) ue 


\ = Ps - 
\ icc 
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_ Fanning’s formula and the C. B. & Q. formula agree very closely, and also 
agree with Talbot’s for a medn‘value of C. But Talbut’s has the advantage 


I 5 
f S55 or i 
rete 4 ae : 
a [I 
a be et 
eae == a Es So eh, FR 
S| LAL oe 
E 5 3 
uf 4S) 
$ ya rimmed ey | 
= 4 » 
5 s $ ESV AY, yi ay » 3 
= x RY, 
3 tS i RyAS LH 
= 2000 refoA = 318... 
8 Hy am 3 
J 
JSSnnesuREReaZaEe mnasiiie 
Bh t S 
r=) Fi : 
ood HAT AA ams 
| = 
Af L 
of A CI im 
Sn/4aroe rH ee 
Aas) 60 100 150 200 250 300 360 


Area of Culvert in square feet 


Fig. 9. Required Culvert Areas by Different Formulas 
és flexibility: Curves for these formulas are plotted in Fig. 9, from ee 
_ values of a may be readily found. 
Areas of Full Semicircular Arches with Vertical Abutment Walls’ 
Span of arch, feet 
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As a check on the waterway area found by the above methods, the rules for the proper 
size of a sewer to carry the storm flow of a watershed may be used. See Sect. 10, Art, 
26, p. 1253. 


The table on p. 173 will be useful in selecting a culvert having a required 
waterway area. 


Pipes of standard sizes are extensively used for small amas and the fol- 
lowing table, based on Talbot’s formula, probably more used than any other 
given above, will be found convenient. For example, if the drainage area is 
14 acres, a 16-in pipe culvert might answer under the most favorable conditions, 
but the size should be increased up to 36 inches, according to the coefficient 
deemed proper for the locality. 


Drainage Area in Acres Drained by Standard Culvert Pipes, for Various 
Coefficients in Talbot’s Formula 


Formula: Drainage area = (culvert area)$/C3 cs 


| 
Diam. Talbot’s formula: C= 
of Pipe, Area, |= 
Inches sq ft - 
0.2 0.3 0.4 0.5 0.75 1.0 
8 0.35 2 I * * * * 
Io 0.55 4 2 2 I = * 
12 °.79 6 4 3 2 I ed 
16 1.40 13 8 5 4 2: 2 
18) 1.77 18 Ir 7 5 3 2 
20 2.18 24 14 Io 7 4 3 
24 3.14 39 23 16 12 VA 5 
30 4.91 71 42 28 at 12 8 
36 7.07 116 57 46 34 20 I4 
48 12.57 250 146 99 74 43 29 
* Indicates less than one acre. 
Circular Pipes for Culvert Openings 
; : 
Diameter ..... 12 in | £6 in | 18 in"| 20 in |-24 in | 30 in | 3 ft | 4 ft | 5 ft | 6 ft 
Area,sqft...... 0.79 1.40 | 1.77 | 2.18] 3.14 | 4.9 | 7.x | 12.6] 19.6 28.3 
Weight of r12-ft 
sections of cast- 
iron pipe... ...| 899 1322 | 1510 | 1798 | 2458 | 3325 | 4862 8038 12500 18500 
Thickness of | 
cast-iron pipe, i 
Tete Moen ape 16 | 5/3 | 5/3 | 1/16 | 3/4 | 18/16 | 11/16) r1/4 | 5/8] 2 


Cast-iron pipe of other thicknesses and weights can also be had in the market. See 
Sect. 10, Art. 20, p. 1235. Sewer, corrugated iron and concrete, both plain and reinforced, 
pipes are also used. 


26 Designs for Culverts 


The Length of the barrel of a culvert between the insides of the-head walls 
is L =2 sd+b, in which s =slope ratio of the embankment (horizontal to verti- 
cal), d =depth to top of culvert, b =width of roadbed. (Fig. 10a.) 
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| End or Wing Walls. These act as retaining ae for the lower part of the 
isc and are of three types (see Fig. 100): 


repag 


Fig. 10a Fig. 106... Types of End Walls 
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Type A is the simplest form, but the volume of masonry is usually greater 
than that required by the other types except in narrow gorges. It is generally 
used for pipe and other low and small culverts. 

Type B requires less masonry and is more commonly used for large culverts, 

Type C is liable to the objection that the water may work its way behind 
the wing wails, scour them out and endanger the embankment and culvert. When 
this can be unquestionably prevented, the type has the advantage of simplicity 
and economy of construction. 


The Length of an end wall of type A should be a little more than sufficient 
to keep the earth of the embankment spilling around its ends from reaching 
the opening or more than twice the slope ratio times the height under coping 
plus the width of opening minus twice the thickness of the wall. Type B is 
tapered down to a height of from 2 to 4 ft and type C, to practically nothing. 
The types are often combined for culverts on a skew in order to better guide 
the stream into the culvert. 


Standard Designs. Many railroads have prepared sets of standard ptans 
for culverts and other structures, track work, signs, etc. These usually give 
quantities and are convenient for both estimating and construction as the men 
become accustomed to their use. Some examples are given below. ; 

Pipe Culverts should be well bedded in firm earth or have plank, concrete 
or even piling foundation in soft soils. If slope is light they should be laid with 
a small camber and ends should usually be protected with end walls. Sewer 
pipe should have a cover of at least 3 ft of earth and no stones should be allowed 
in contact with it. Joints should be at least partially filled to smooth surface by 
centering spigots in hubs and prevent scour. 

Stone Box Culverts. The thickness of the roof slabs for stone culverts 
usually varies from ro in for a 2-ft span to 15 in for a4-ft span. Fig. 11 repre- 


<4 
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Fig. 11.. Typical Stone Box Culvert 


sents what may be considered as a typical design. Such a culvert requires 
4.0 cu yds of masonry for: each of the end walls and 1.41 cu yds of masonry for 
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each foot of length between the inside faces of the coping stones. This esti- 
mate does not include the volume of the paving. ; 
Wooden Box Culverts, similar in design to the stone box, are used to save 
time and expense during construction, where timber is cheap. They are made 
» large enough to allow a pipe culvert to be put thru them before the timber 
gives out. The sides are of 12 by 12 in timbers, laid up solid and the top varies 
in thickness from 8 in for 3-ft span to 12 in for 5 ft. The bottom should be ~ 
planked and the ends protected from undercutting. ; ; 


Masonry Arch Culverts. These usually are built as full semicircular arches 
unless the span is very great and the rise would be objectionably high. Designs 
are various, with resulting variations in quantities. Those for stone masonry 
and plain concrete are similar and data for Erie Railroad standards for the 
latter are given. The subscripts to the dimensions (41, A», etc.) indicate that 
all of the A dimensions are of the same genera] character. The plans indicate 
a culvert of type B for the up-stream end and of type C for the down-stream end. 
If there are two or more tracks, let Z=distance between track centers of the 
outer tracks and other notation as in Fig. 12; then 


For single track, Z =2(s1xy +T +71 +72). 
For two or more tracks, L =Z +2(ny+7+Ti BW, a 
The neat line is supposed to he U inches below the surface of the ground. Carty 


foundations as deep as conditions may require. Minimum depth [” inches 
except on rock bottom. 


The volume of one of these culverts may be easily computed by the yse of the 
quantities found jn the accompanying table. These tables can also be used tq compute 
the volumes of stone culverts if the quality of masonry is fairly good and joints thin. ‘For 
rough rubble the thickness of walls and arch should be increased, 


~ Volume of Standard Plain Concrete Arch Culverts, Erie Railroad 
Condensed from several oh A in Bulletin 105, Am. Ry. ial & Main. Way Assoc. 


Per lin ft Paving | Curtain} Two 
————_— | between | walls | portals, 
Span Paving | wing 1 ft. wing |. 
Barrel | under walls deep walls and 
barrel parapet 
3 0.873 0.055 0.60 0.30 II.o 
4 1.034 0.083 1.10 0.44 13.2 
5 r.387 | 0.111 | 1.32 0.59 13.8 
6 1.979 0.185 7.50 1.48 28.7 
8 2,784 @.260 | 12.7 2.0 48.2 
10 B-FO3 ©.333 | 20.38 2,63 74.5 
12 4.792 ©.408 | 29.23 3.04 105.2 
14 5.998 | 0.482 | 54.68 5.48 | 158.3 
16 6.703 | 9.556 | 65.11 6.00 | 186.7 
18 7.598 @.630 | 76.29 6.7 212.0 
20 8.087 ©.704 | 88.86 7.3 242.6 


“For example, if a fill for a single-track toad is 30 ft deep and an 8- oh ciliveris is to be 
used, since H=12'r", v=27 13" =17.02, 


L= 2 (3.5 X47! 11!’ + gt 6’ +1014"! 2! 6") +79! 6", 
Vol. 79.5 (2.784 -+0.260)-++12.7 +2.04-48.2 =304.9 cu yd. 
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Dimensions of Standard Plain Concrete Arch Culverts, Erie Railroad 
Condensed from Bulletin ros (1908) of Am. Ry. Eng. & Main. Way Assoc. 


Span in feet ; 
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The last line gives area of waterway in square feet. 


Reinforced Concrete Culverts. The ability to resist stress, which permits 
the_use of flat slabs, both in top and bottom, makes this method of construction 
of especial value. In general, any soil which is firm enough to support an em- 
bankment will support a reinforced concrete box culvert, with a slab bottom, 
with almost any span, without resorting to piling. Spread footings, unless very 
narrow, are less economical and less effective than the slab bottom. The design 
of culverts for railroad work permits the adoption’ of standard designs, using 
standard forms which may be removed and used several times with great 
economy. The forms may be standardized regardless of the use of a slab bottom, 


which in any case must be laid first. Excavation in the gully or stream bed 


will frequently expose a rocky bottom into which trenches may be dug which 


will not only give a sufficient footing but will also furnish sufficient resistance 


against any lateral thrust of the side walls, In each case it becomes a question 


of judgment whether to use a slab bottom or perhaps to dig a little deeper 


and make the side walls a little higher in order to set the side walls in firm soil. 
In either case the upper corners should be filled out and suitably reinforced 


* 
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in order to resist any unbalanced thrust perpendicular to the barrel of the 
culvert. When a bottom slab is used the thrust at the bottom of the side walls 
may be taken up by shallow trenches in the top of the slab, immediately under 
the side walls, but it is cheaper and sufiiciently effective to, place greased plugs 
in the slab at the proper places for the vertical bars of the side walls. These 
plugs_are afterward removed and the bars grouted in, Short pieces of scrap 
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. Half Séction 
Standard Reinforced Concrete Culvert 


Fig. 13. 


Longitudinal Section 


eld 

reinforcement may also be used as dowels by inserting them for half their length 
in the slab while still soft. ‘Typical plans and data for the same are here given. 
Some roads use longer spans but reinforced concrete girders are commonly 
used for spans from 15 to 30 ft and arches for greater spans. 


The longitudinal reinforcement is of 14-in bars. the lower spaced r2-in centers for all. 
spans, the upper used on 8- and ro-ft spans, only, and spaced ro and 12 in, respectively. 
The transverse reinforcement varies with span from 9/16 to 19/16 in and is spaced 3-in 
centers for the center section and 8-in for the end sections. One-third the bars are 
straight, one-third bent up near the side walls and one-third nearer the center as shown 
on the half section. Other designs carry reinforcing in the side walls and bottom as 
shown in Sect. 5, which see also for retaining walls and other structures. ; 


\ 
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_ Data fot Standard Réiiiforced Concrete Culverts, Nashville, Chattanooga and 
St. Louis Railroad 
Condensed from Vol. 10, Proc. Amer. Rwy. Eng: & Main. of Way Assoc. (1909) 


, j Span by Height 
Letter / 
4X5 6X4 6X6 8X6 8X8 | 10X10 
ft in |ft' id | ft.in jft in sft in (ft > ap 
Aire San He seis ac eee Bi 9 | 2 6 [eG SU oh scat isan 
SISAL SU: ope aaa coe ae 3.19 5 0 5.0 6.0 6 0 72 
PDidee< = siajale stasis atbceraie era0s'e o10 | O1FL oI TK 2 eer Tu 
Oe onbipee oes r,0 |: 6 |p) 6 Site Ogt Rb nares 
ee a wosistanls, ateye 2 0 5.4 716 8 8 j}x0 4 13 3 
eee Soe 19 2 33%) 2 24) 2 3 2 214| 2 134 
BRE a clas ss « 9 0 4 10 7 10 S45 ir 4 Uiza 6 
Hts Sacre air ove Tag a) ato 20 26 2 0 
TAP (Ses ape Saleis.2 ©. © |'o x2 oir ra er | ra 
WAXOR Se fo0 Bs a/eie-s's Ay Ae + 20 24 36 - 48 64 99 
Barrel (a) 1.222 | 1.497 | 1.829 |. 2.258 | 2.628 | 3.790 
Barrel (6) 2I 66 66 100 100 190 
Portals 16.0 16.4°| 28.4 | 32.5 \y 47-2 71.9 


Barrel (a) gives cubic yards of concrete and (b) pounds of steel per lineal foot of barrel. 


STEAM RAILROAD TRACK 
8. Classification 


The following classification of railways, based on tonnage and on maximum 
speed of passenger trains, is that used by the American Railway Engineering 
Association as the basis for recommended practise in the construction of road- 
bed, dimensions and quality of ballast, cross-sections, etc. 

Class “A” shall include all districts of a railway having mofe than one 
main track, or those districts of a railway having a single main track with a 
traffic that equals or exceeds thé following: Fréight car mileage passing over 

_ district per° year per milé, 150 0003; or, Passenger car mileage per yen per 
mile of district, IO 000; with maximum sed of 50 miles per hour. 

Class “‘B” shall include all districts of a railway having a single main 

' track with a traffic that is less than the minimum prescribed for Class “A,” 
and that equals or exceeds the following: Freight car mileage passing over 
district per year per tile, 56 000; or, Passenger car mileage per year per mile 
of district, 5000; with maximum speed of 4o miles per hour. 

Class “C” shall include - seis of a railway not méeting the traffic 
requirements of Classes “ A’’ or “ Bee : . % 


9. Ballasting 


The following definitions and specifications have been officially adopted 
by the Amer. Rwy. Eng. Assoc., and are therefore quoted as desirable standards 
” for the classification and gléction of ballast. 

Ballast: Selected material placed on the roadbed for the | purpose of yale 
the track in line and surface. Broken or Crusut Stone: Stone broken by 
artificial means into: small fragments of specified sizes. CHatTs: 1 
from mills in which zinc, lead, silver and other orés are separated from the rocks 
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in which they occur. Gravet: Worn fragments of rock occurring in natural 
deposits, that will pass thru a 214-in ring and be retained on a No. to screen. 
Sanp: Any hard, granular, comminuted rock which will pass thru a No. to 
screen and be retained upon a No. 50 screen. Cnert: An impure flint or 
hornstone, occurring in natural deposits. .CrnprRs: The residue from the 
coal used in locomotives and other furnaces. Stac: The waste product, 
in a more or less vitrified form, of furnaces for the reduction of ore; usually 
the product of a blast furnace. Burnt Cray: A clay or gumbo which has been 
burned into material for ballast. Gumpo: A term commonly used for a pecu- 
liarly tenacious clay, containing no sand. DismyrecraTep Granite: A natural 
deposit of granite formation, which, on removal from its bed by blasting or 
otherwise, breaks into particles of size suitable for ballast. 

Stone Ballast. Stone shall .be durable enough to resist the disintegrat- 
ing influences of the climate where it is used; it shall be hard enough to pre- 
vent pulverizing under the treatment to which it is subjected; it shall break 
in angular pieces when crusht. The maximum size of ballast shall not exceed 
pieces which will pass in any Position thru a 214-in ring; the minimum size 
shall not! pass thru a %-in ring. — It should be fzee from dirt, dust or rubbish, 


Grayel Ballast. At least 25% of sand is essential in gravel ballast to prevent 
the stones from shifting under their load. For Class A roads bank’ gravel 
containing more than 2% of dust (material finer than sand) or 40% of sand 
must be washed or screened and the product should contain between 25 and 
35% of sand. For Class B roads bank gravel containing more than 3% of . 
dust or 60% of sand should be washed or screened and the product should 
contain from 25'to 50% of sand. For Class C roads.any material which ites 
better track than the natural soil may be used. 


Cinders. The use of cinders as ballast is recommended for the feller 
situations: On branch lines with a light traffic; on sidings and yard tracks 
near point of production; as sub-ballast in wet, spongy places; as sub-ballast 
on new work where dumps are settling, and at places where the track heaves 
from frost. It is recommended that provision be made for wetting down 
cinders immediately after being drawn. 

Burnt Clay. The material should be.black gumbo or other suitable clay 
free from sand or silt. The suitability of the material should be deter- 
mined by thoro testing in a small test kiln before establishing a ballast kiln. 
The material should be burned hard and thoroly. The’ fuel used should be 
fresh and clean enough to burn with a clean fire. It is important that a 
sufficient supply be kept on hand to prevent interruption of the process of 
burning. Burning should be done under the supervision of an experienced 
and competent burner. Ballast should be allowed to cool before it is loaded 
out of the pit. Absorption of water should not exceed 15% by weight. 


10. Standard Cross-Sections 


The Cross-Sections in Figs. 14 and 15 are those officially adopted and recom- 
mended as good practise by the Amer. Rwy. Eng. Assoc., and on account of the 
care used to obtain the consensus of opinion of the best officials of the country, 
they may be considered as the most authoritative designs obtainable. 

These sections are intended to show minimum depth under the ties and are 
recommended for use only on the firmest, most substantial and well-drained 
subgrade. For the deeper ballast commonly used on heavy traffic lines, a 
similar shape and same slopes are recommended; resulting, for a section adopted 
by the association in 1918 for 12-in sub-ballast and 12-in top-ballast (total under 


“I 


ae 


1382 Steam Railroad Track Sect. 3 


tié 24 in), in a distance of 5 ft 714 in from end of the tie (8 ft) to toe of ballast. 
With 1 ft 6 in berms, toe of ballast to shoulder, this requires 22 ft 3 in for width 
of roadbed on embankments and same plus ditches for cuts. 
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Crusht rock and slag 
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Crusht rock and slag 
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Provide drains where needed. Select coarse stone for 
2 end of drain. 
Gravel, cinders, chats, etc. 
Slope }4'to the foot 


Gravel, cinders, chats, etc. 


Fig. 14. Standard Railroad Cross-Sections, Class A Track 


Note.—Slag is broken and similar in character to crusht rock. For granulated slag 
the same section as for gravel, cinders, etc., should be used. 


The Quantity of Ballast required in cubic yards per mile is as follows: 


~Class A 
Kind of Ballast Double Single Class B’ Class 'C 
track track 
Crusht rock and slag............- 6277 2074 2195 oR 
Gravel, cinders, chats, etc......... 6459 3156 * 2284. 1695 
Cementing gravel and chert....... dash) Ldineudts 1882 , 1309 


These computed volumes are based on the standard cross-sections as given 
in Figs. 14 and 15, and on the use of 6 in by 8 in by 8-ft cross ties, spaced 24 in 
on centers, for all classifications of track. The use of wider ties (same depth) 
would slightly decrease the required volume of ballast; the use of deeper ties 
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(same width) would increase the volume; wider spacing would increase the 
volume; the use of longer ties would decrease the volume.. 


‘Slope 16" to the foot 


a 
_ Gravels, cinders, chats, etc., Class C Track 


Cementing gravel and chert, Class C Track 
Fig. 15. Standard Railroad Cross-Sections 


_ Cost. The total cost is made up of three items: the cost of the material 
on the cars, the cost of hauling to the place of distribution, and the cost of 
placing and tamping under the track. The cost of LOADING GRAVEL at a 
grayel pit is quoted at 7 cents per cu yd. Another quotation, which included 
“washing ” the gravel, was 18 cents; still other quotations ranged from 5.62 _ 
cents to 13.9 cents. The cost of crusht limestone at the crusher is quoted 
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at 53.5 cetits; other quotatiotis for “ crusht stone’ were 48 cents; $9 ceiits, 
and 61.5 cents. The cost of HAULING So miles is quoted as §.5 cents; on 
another road, hauling 50 miles and unloading, 10.7 cents; on another road 
the cost of hauling combined with unloading and placing in track was given 
as 4o cents. The cost of PLACING IN TRACK is about 12 to rs cents for cin- 
ders, a little more for gravel, and up to 30 cents for broken stone; the cost of 
placing storie ballast is given in one case as 31.9 cents, and the cost of placing 
gravel under the same conditidns was rt. 8 cents. The cost of digging out 
old worn-out gravel ballast was given as 15 cents per cu yd. Tie renewals 
in stone ballast cost more than in gravel ballast; the relative cost (to quote 
one case) was 16.8 cents per tie for stone and 10.3 cents per tie for gravel. 


. These costs were all obtained before the present era of high and fluctuating 
prices and should be increased from 50 to 100% for the same methods. The 
increasing use of labor-saving machinery on many operations serves to partially 
neutralize these increases, but conditions are so variable that it is impossible 
to covér them. 


1 


11. Cross Ties 


Wooden Ties. The minimum thickness should be 6 in; the minimum 
width (of a sawed tie) 8 in. Pole ties should have a face at least 6 in wide 
and a cross-section not less than 48 sq in. The minimum length should be 
8 ft. For higher class roads the thicknéss is sometimes increased to 7 in, 
the width to 9 ahd even ro in, and the length to 8 ft 6 in and even g ft. 

Choice of Wood. About 44% of all ties used’ are made of the various 
species of oaks. The southern pines come next with about 18%. Douglas 
fir, cedar, chestnut, cypress, western pine, tamarack, hemlock, redwood, 
lodge pole pine and white pine are used in the order named. The average 
cost varies from 51 cents for oak to 28 cents for hemlock. The best of oak 
ties sometimes command 8o cents. 

Durability. This depends on the weight and amount of the traffic, the 
character and drainage of subsoil and ballast, the use of tie plates, the 
climate, the time of year of cutting the timber, the age of the timber, and 
the amount of its seasoning before. being placed i in the track, and chiefly on _ 
the kind of wood. Therefore any quoted figures are necessarily subject to 
wide variations. A quoted consensus of opinion as to the life of untreated , 
ties, which may be considered very reliable, is as follows: white oak, 7 to 12 
years; pine, 5 to 8 years; chestnut, 84% years; cypress, 7 to 9 years; cedar, 
15 years; tamarack, 5 to 6 years; hemlock, 5 years. From 75 to 98% of white 
oak ties fail from decay, the remainder failing from rail cutting and spike 
cutting. For pirié, chestnut, cedar, cypress, gum and similar timber, the 
corresponding figures for failures from decay are from 25 to 80%. The 
softer the wood, the greater is its liability to fail from rail cutting or spike 
cutting. Failures from these causes are practically eliminated by the use of 
tie plates. The durability of cheinically treated ties depends on the kind of 
chemical treatment and on the protection of the ties against mechanical 
injury, such as rail cutting and spike cutting. It is possible to treat ties 
chemically so that they will resist decay for 30 years, but it is useless to do so 
unless they are adequately protected against mechanical destruction by the 


’ use of screw spikes and tie plates. 


; Spacing. The usual standard spacing is 2 ft on. centers. Wider, heavier 
ties usually justify wider apace: The BERS. of ties per, mile fot various 
spacings is as follows: 


Number per 
33 ft rail. .:. 


7 le .. 1... . -|3520|3360|3200 3040/2880 2720|2640| 2560 |2400|2240 2080 
The Effect of Chetnical Treatihetit on the stréngth of cross-tie woods 
has beeh pattictlarly investigated by the U. S. Government, and the final 
eo are: (a) A high degtee of stéamihg {s injutious; (b) the presence 
Of zine Ehlorid does not decrease the static sttetigth, but it renders the wood 
brittle and therefore more liable to fracture under itipact; (c) creosote is not 
injurious, 

Cost of Treatment. Neglecting the variable items ‘of royalties on 
patents, profit, interest or depreciation, the cost of the thréé most Common 
types of treatment will average about as follows, for a tie containing threé 
cubic feet: zinc chlorid, 16 cents; zinc chlorid and creosote, 27 cénts; creo- 
sote, 10 lbs to the cu ft, 55 cents. 

conomics of Treated Ties. . The durability of ties treated by various 
methods and with various amounts of chemicals is approximately propor- 
tional to the expense incurred in treating them. It is possible to waste money. 
in’ extra creosote so that the tie will be worn out mechanically long before 
any appréciable decay has set in. The method of treatment should corte-~ 
spond to the other elements of deterioration. The true rélative value of 
two ties, one of which is long-lived but costly, and the othet is cheaper but 
less durable, may be readily determined from the table below when the cost 


" Annual Charge against a Tie; Baséd on Original Cost and Assumed Life of Tie; 


Interest Compounded at 5% 
From Webb’s Railroad Construction 


Original cost of tie in cents 


80 : 3 Each, | 


30 40 50 60 vic) 90 100 "| & carits 
ee tar ‘ 

3 17.34) 11-02]14.69| 18. 36 | 22.03] 25.70) 29.38] 33.05 36.72/1. 
A |5.64] 8.46]12. 28/14. 10/16.92] 19.74/22. 56)/ 25.38) 28.20). 
z 4.62| 6:93] 9:24|12:55|13-86] 16.17/18. 48] 20.79/23.10/T. 
3.94) 5.91| 7.88] 9.85]11t.82]13.79/15.76|17.73|19-70|9: 

# 13.46] 5.18] 6.91] 8.64) 10.37/12. 10/13.83]15.55}17.28]0. 
8 13.09] 4.64] 6.19] 7-74] 9.28|10.83/12.38|13.92/15.47/0. 
9 | 2.81] 4.22] 5.63] 7.03] 8.44] 9.85) 11.25|12.66|14.07]0. 
ro |2.59| 3.89] 5:18| 6.48] 7.77] 9.07/10.36|11.66) 12.95 /0. 
az |2.4i] 3.61| 4.81] 6.02] 7.22] 8.43% 9.63/10.84|/12.04/0. 
i |2.26| 3.38] 4.51] 5.64] 6.77] 7.90] 9.03|/10.15|11.28)o. 
13. [2:13] 3:19] 4.26] 5.32] 6.39] 7.45] 8:52] 9.58]10.65/0. 
14 |2.02] 3.03] 4.04] 5.05] 6.06] 7.07] 8.68} 9.09|10.10/01 
15 1.93| 2.89] 3.85| 4.82| 5.78] 6:74] 7-71| 8:67] 9.63/09. 
16 .|1.85| 2.77] 3.79] 4-61] 5-54] 9.46] 7.38] 8:30] 9.23/90. 
17 (1.77) 2:66) 3:55] 4:43] 5.32 6:21] 7.%0| 7:98] 8: 87/0. 
m8 | r.7r! 2:57] 3:42| 4.28] 5.13] 5-99] 6.84] 7.70) 8.55 )0: 
19 |1.65] 2.48] 3.31] 4.14] 4.96] 5.79| 6.62] 7.45 8.27]0. 
20 |1.60| 2.41] 3.21] 4.01] 4.81] 5.62] 6.42| 7.22] 8.02]0. 
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of each inthe trdck and the expected life of each in years is known. For 
example, assume that a cheap untreated hemlock tie costs 35 cents, that the 
cost of placing it in the track is 20 cents, and that the tie will last 5 years. 
Assume that a yellow-pine tie is bought for 35 cents, is treated thoroly with 
creosote at a cost of 60 cents, and that, as before, the cost of placing it in the 

, track is 20 cents. The cheap tie costs 55 cents in the track and will last 
5 years. By the table, the annual charge against it is 11.55 + 1.15 = 12.70 
cents. ‘The other tie costs $1.15, and is assumed to last 20 years, hence from 
the table the annual charge against it is (8.02 + 3 X 0.401) = 9.223-cents. 
Even if the treated tie lasted only 15. years, the annual charge would be only 
11.076 cents. Reducing the rate of interest from 5% to say 4% of course 
reduces the annual charge against any tie; it also makes the longer-lived 
ties relatively more valuable, or with a less relative annual charge. 


12. Rails 


Standard Length. The standard length is 33 ft. Shorter lengths, vary- 
ing by single feet down to 25 ft, are permissible up to 10% of the entire order. 

Expansion. The allowance for expansion should be 0.000 0065 of the 
length per degree Fahrenheit. For a 33-ft rail and a change of temperature 
of 25°, the expansion would be 0.005 36 {t =0.0643 in, or (46 in very nearly. 
_ The following allowances are therefore recommended for rail laying: 


Temp. (F.°) =—20° to 0°, o° to 25°, 25° to 50°, 50° to 75°, 75° to. 100° 

Railopening= 46 i in, 44 in,s |) SG iM, .. ign, Mo in. 

Weight of Rail. Baldwin Locomotive Works rule: “ Each ten pounds 
weight per yard of ordinary steel rail, properly supported by cross ties (not 
less than 14 per 3o-ft rail), is capable of sustaining a safe load per wheel of 
3000 lbs.”’ A consolidation locomotive with 170000 lbs on the eight drivers 


has a load of 21 250 lbs per wheel and should therefore have at least 71-Ib rails 
(say 75-lb), to run on. , 


Of the rails rolled in 1917, 10% weighed less than 50 Ibs per yard; 30%, 50 to 85; 
34%, 85 to 100 and 26%, over 100. The maximum is about 140 lbs per yard, but yes 
few of this weight have been used. 

The reported axle loads vary from 30 000 lbs to 68 000 Ibs, the most common maximum 
being from 45 000 to 55 000 Ibs. It may be noted that an axle load of 42 500 Ibs means 
a wheel load of 21 250 Ibs, which, by the Baldwin rule, would call for a rail 7x Ibs per yd. 

The New York State Law requires that on narrow-gage roads the weight shall not be 
less than 25 lbs per yard; on standard-gage roads it must not be less than 56 lbs per 

een yard on grades of 110 ft to the mile or under. and 
must be at least 7o lbs per yard on steeper grades. 
These are minimum requirements regardless of weight 
of rolling stock. 


The gross ‘tons per mile of rails of any wast 

: is readily found by multiplying the weight per 

Fig. 16 yard by 11/7. For example, 70 X 11/7 = 110, 

the gross tons of “7o- lb rail per mile of track. 

The rule is theoretically exact, but there should practically be an alee of 
about 2% for rail cutting. 


Curving. An approximate but practical rule for the middle ordinate m 
(Fig. 16) is that it is equal to the square of the length divided by 8 times the 
radius of the curve. Applying the approximate rule that radius of curve 
=5730/D, where D is the degree of the curve, the rule becomes, for a standard 
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33-ft rail, m (in inches) =0.285 D? or for any length rail) m (in inches) =0. — 
L?D, where L = length in feet. 


For ordinary curvature and lengths up to 33 ft ees is no practical error in 
this cule, the maximum error below for a 30° curve being 1 in and that for even 
a 50° curve being only 14 in. The following table was computed by its use. 
For greater lengths the error varies practically as the square of the distance. # 


Middle Ordinates for Curving Rails, in Inches 


Se ee 
: Length of Rail in Feet 
D : D 
| 
Io | 15 | 20 | 24 | 25 | 26 | 27 | 28 | 29 | 30 31 32 33 

Beetle ral 24) 24). $4) 34) 9 36) 34) 34). Me) Bak) 
3 Yel wel HK et Ml Us) SA) MH) S64) Ba) et CK 
4 Ml 4) 4% HK) 6) 84) 84) KH od x ry 1% 4 
5 Me 24) Ys) 34) Ke) V4) tr |e] re) tM] x rl) 1H) 5 
6 My 4%) %) fal rt | x | re ri4| 184] 1h] he] 154) 1%) 6 
7 Ye %| 34) x | re) ri4) 136) 194) 14) 156 ue 1K) 2 7 
8 | Ma) Ml 4) 134) 114) 134) 1)4) 196) 134) 1% 24% 24; 8 
9 | Mw Mir 134| 114) 154, 134] 1%] 2 2% 2M 2%%| 254 9 
10 YY) S44) 2 rg) 154) 134) 134| 2 2l4|. 23%). 214) 254] 274] -10 
12 34) 34) '1}4| 134) 134) 214) 214) 214] 254] 2% 3)4| 3%] 12 
14 3%! 74) tie) 2 | 244) 2h4| 254) 274) 3h4| 334) 3¥} -334]. 4 14 
16 34 rt | 156) 234] 256) 274] 3 | 334] 334) 334) 4 434| 4%] 16 
18 Ya) x | 134) 254| 234) 3 334) 334) 4 444) 4) 4% she) 18 
20°} | 14] 2 334| 314) 374) 4)4| 434] 434) 5 5%%| 534) 20 
25 54| 134) 254| 354! 424] 494] 434) 5¥6| 534) 5%} 634) 634) 74] 25 
30 34| 134| 34| 44) 474) 534| 534) 614) 654) 714) 734) 8 814) 30 
35 | 2 | 354) 534| 534) 614) 654) 7)4| 794) 834) 834| 934) 10 35 
40 |r | 234) 44) 6 | 6)a) 744) 754) 814) 834) 934). 10 | 1034) 1194) go . 
45 | 134) 254] 434| 634) 734| 8 | 854) 934| 976] 1054) 1156) 1246) 1276) 45: 
50 | 134) 3 | 534| 734) 814) 874) gleixol4|xx | 1334) 1236] 1334) 1434| 50 


Failures are classified by the Amer. Rwy. Eng. Assoc. under the following 
_heads: 


Broken Rail, rail broken thru or having crack which might result in break. 

Flow of Metal, rolling out of top without indication of breaking down of head. 

Crusht Head. 

. Split Head, split at or near center sometimes accompanied by seam or hollow head. 

. Split Web, longitudinal split generally starting thru bolt, holes, 

. Broken Base, any break in base, give sketch. 

. Damaged, broken or injured by wrecks, etc. Rails failing from causes 2 to 6 inc., 

are further classified as defective. Complete reports are required of all failures classi- 
fied as above, and giving also complete data regarding characteristics, manufacture, 

location and condition of rail, ties and ballast, alinement, weather, etc. These reports | 
are collected and summarized for study on various bases such as length of service, kind 
of steel, mills etc. 


The total average failures per 100 track miles (32 000 rails, 33 ft) classified 
_ on basis of length of service up to five years are given in the table on p. 188. 


The steady. improvement indicated by these statistics is due principally to 
_ the improvement in the metal used for rails, the adoption of heavier rails better 
adapted to the increased loads and the gradual replacement of Bessemer by ~ 
open-hearth rails. It should be noted that less than two rails per thousand fail 
each year on the average for the first five years and that the failures per year 
increase with the life of the rail, which is as it should be and just the reverse — 
ree ee “\ : : 
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Rail Failures per 100 Track Miles 
From Bulletin 203, Jan., 1918, Amer. Rwy. Eng. Assoc. 


Years of Service 


Year Rolled 
I 2 3 4 5 

1908 , Y @98.2 
1909 224.1 277.8 
190 , 124.0 152.7 198.5 - 
IQEI 77.0 104.4 133-3 176.3 
I9k2 28.9 32.1 49-3 78.9 
I9K3 12.5 24.8 44.8 
194 8,2 19.8 
1915 8.9 


of common experience some fifteen to twenty years ago when the inferior quality. 
of rails resulted in very heavy replacements from defects during the first two 
or three years of use. 

Life. Rails not replaced on account of failure wear out in service unless 
replaced by heavier sections and the life depends on the rate of wear and the 
total wear permitted before renewal, each road fixing its limit of wear to suit 
its own conditions. Wear is usually considered proportional to tonnage, tho 
heavy axle loads and high speeds undoubtedly increase the destructive effect 
of traffic. Grade also increases wear 50. to 100% due to the slipping of drivers 
and use of sand. The excess wear on curves may be taken at 1/6 that on 
tangents per degree of curve, or, the wear on a 6° curve will be double that on 
tangents. The normal wear of rails may be estimated at 1/16 in per 25 c00 000 
to 35 000 ooo tons of traffic. Assuming the allowable depth of wear for main 
track at 3/8 in gives, say, 200000000 tons as its total tonnage life in main 
track. It may then be used on branch lines or sidings, with or without reroll- 
ing. Since the quality of the metal inside the rail is inferior to that on the 
surface some roads remove rail from main track early and reroll it, thus again 
securing a better wearing surface but, of course, a reduced section. The ton- 
nage treated in this way and the practical displacement of Bessemer steel rails 
by open-hearth steel ones are shown by the table on p. 189. ; 


Sections. The section. in common use originated in the soncailed ** flat bot- 
tom” pattern designed by Col. Robert L. Stevens, Chief Engineer of the Cam-~ 
den and Amboy Railroad, in 1830. It was reinvented in England in 1836 by 
Charles Vignoles and is used as the.“ Vignoles ” rail in Europe and to some 
extent in England, tho the standard in the latter country js the double 
headed or “bull head ” rail which requires chairs for its support. The eatly 
rails had pear shaped heads, being designed for the use of iron, on account of 
the danger of the side of the head breaking down with that material. After 
the introduction of steel in 1865, many modifications were made by the various 
roads using rails until in 1891, nearly 300 different patterns were in use with 
27 different weights per yard practically all 80 lbs and less. This caused needless 
expense and higher prices due to the large stock of rolls which the eleven Bes. . 
semer steel rail mills had to carry on hand and in 1893 the Amer. Soc. of 
Civil Engrs. having studied the subject exhaustively thru various com mittees 
since 1873, adopted standard sections whose yse was recommended. ese. 
’ sections were extensively adopted as at one time about 75% of the output 
conformed to those standards, but when the heavier rails came into common 
se much difficulty was experienced. Tho much of this was due to poor quality | 
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Prodiiction of Rails by Processes, in Gross Tors 


Year |Open Héarth| Bessemer Rerolled [Electric Tron Total 

1902 6 029 29383902-.] paves 6 514 2947 933 
1903 45 054 2946756 | s.... 667 2992 477 
1904 145 883 2132097. ||) \ tebatne 871 2 284 711 
1905 183 264 3 192 347 Biles 318 3 375 929 
1906 186 413 3 79% 459 cep a0 15 3977 887 
1907 252 704 3 380 025 Sie -10< 925 3 633 654 
1908 87 791 I 349 153 72. | 1921 015 


1909 I 256 674 I 767 171 
1910 | 1751359 I 884 442 


> bbe 3 023 845. 
230 3 636 o31 


rgri | ‘1 676 923 I 053 420 QI 751 234 2 822 790 
1912 2105 144 1099 926 IIg 390 seh 3327915 
1913 | 2527710 817 951 155 043 cue RS 3 502 780 
1914 | 1$25 85% 323 897 95 169 fees 1945 095 
ae 1775 168 326 952 102 083 diane 2 204.203 
19r 2 269 600 440 092 144 826 2854 518 
I917 2 292 197° 533 325 118 639 2944 161 


* Small tonnages rolled but included with Bessemer and opén-hearth. Rerolled rails 
were also included 1902 to rgr0. “There were also rerolled from new second quality 
and ‘defective rails 22 oro tons in ig1r; 42586, 1912; 43793, 1913; 26772, 1914; 
9 129, 1915; 3 860, 1916 and 9 007, 1917. The totals show that the practise of rerolling 
has decreaséd markedly since 1913, but total production has also decreased. 


of metal and poor methods of manufacture a change in section was also necessary 
and the Amer. Rwy. Assoc. appointed a committee to consider the matter in 
‘Igos. This committee made its final report in 1909, recommending the adobe 
tion of two types of sections, A and B, the , i 
first. with shallower head and greater 
height than the second. The association 
concurred and referred the sections to the 
‘Amer. Rwy. Eng. Assoc. whose Com- 
‘mittee on Rail reported in 1915 in favor 
|of the “A” section for a single type for 
{the go-lb rail and in favor of sections of 
their own design for too-, 110- and t20-lb 
jrails, thus leaving the A. S.C. E. sections 
{standard for weights under 90 lbs per 
yard. These recommendations were 
jadopted. Considerable tonnage of both 
‘sections A and B has been rolled, how- 
ever, and they are likely to continue in 
to some extent as the A section satis- 
those who believe that the head 
uuld be thin and the moment of inertia 
great as possible and the B those who y 
that the head should be narrow and deep and that the moment of + 
ja is comparatively unimportant. The A section is used on the com- 
ratively straight prairie roads of the Central West while B section has been 
opted by some of the crooked, heavy-traffic, coal roads thru the mountains 
the East. i 


In Fig. 16 is given a diagram showing the dimensions which are common. 
o all os i and, indicating by letters the dimensions which vary. The, 
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Angles and Dimensions of Standard Designs for Rails (see Fig. 16) 


Radii, inches Angles Dimensions, inches 
i 
3 § Ss 
: a] [8 
Standard 3 3 2 ais 3 2 
§| 5/a/F/22] 8.|3|4|41|B|C|D\E|F) Gia) Kk 
Beye eae 
Wed as! ee) 
Slelsia|a |-a.le 
Ry | Ro| Rs | Rs a B 
60|2% Slat j4t | 42/285 | rer 
70|2% Si l4é lak | 38/235) 37a 
AS.C.E. | $,|°4°} 12] 12) 13° |Vert.| 80/24 ls |s %\28 (33 
go| 28 wy |5% [58>] $2 \28%| 143 25 
100| 24 wy[5t [52 | alae | ree 3ay 
pai: 60|24 45 i4 [43 | 43/298) 144} |2-37 
70|2% $)4t lat | good | x43] # 2-55} 
Al 2 | 4] x14) 14] 4:x -| dyex | 80/25 ab lab [st | g]2ag| axe] @ 2-82 
14° 02'|3° 35"| gol 2a 385 |S 5% |x 3a | T45| @ 3.08} 
Am. 100) 2% ¥5j5t |6 rps lad | xq] 8 [3-25 
Rwy. 
Assoc. 60|28 |2r5|dt/3at las] & j2ze|xt | 2a lott 
7o|2é |2f5|82 las (48h| §2/232| x93 | 2h |oet 
By} 8 |x| 12] 12) 13 3° | 80j2xe|24h [85 |4re[4th|x lag) rah laity 
go|2re|24$ |e |44o |Sat irr |2s | ret lap 2t98 
100] 25 |23% |ste |S (58h [tee | 28% | 145/82 l3ez 
gol2te| — ts|sb [sb |x [air] x38| [3.08 
Vet el 4it :I | 100} 244 #553 6 |tdslave|134| [3-25 
Aste BY] & | x4] r4}rq? 02/|3° 35|rr0j29| 83/54 Gt xk [od3) x28! [3.42 
f 120/25 6 |5 |63 |rye\adh| 135] |3-5z 
Penn. c 85/23 455 |s | & j28 | xt 2a5 
RR. ts | 4} to] 8} 13° | 4° |ro0/233 § | [sh | $8 )244| 14 294 
Areas, Proportions and Properties of Rails 
| 
Head Web Base 
Moment 
Standard |Weight | Area | of 


Lbs/¥d} SqIn | Area | Per | Area] Per | Area; Per | Inertia 
Sq In} cent | Sqtm} cent | Sq Inj cent 

75 7.40 | 3:11 | 42 1.55 ar 2.74 37 22.848 
80 7:89 | 3.31 42 1.66 ar 2.92 37 27.25 


Amer. Soc. 85 8.34 | 3.50] 42 1.75 2m 3.09 | 37 | 30.00 
CE. go 8,80 | 3.68.). 42 | 1.84 | oar «| 3.28 | 37 | 34.00) J 
“100 9.82 ].4.13 |’ 42, ).2.06 | ar | 3:63)]. 37 \jeaaree. 
f go 8.82 | 3:20 | 36.2 | 2.12 |. 24.0 | 3.50 i 39.8 38.7 
Amer. Rwy. 100 9.95 | 3.80 | 38.2 | 2 25 | 22.6 | 3.90) 39.2 | 49.0 
Eng. Assoc. 110 10,82 | 4.04 | 37.4 | 2.49 | 23.0 | 4.29 | 39.6 | 57.0 
i 120 11.85 | 4.40 | 37-1 | 2.69 | 22.7-| 4.76 | 40.2 | 67.6 


| 
: 


Art. 12 - Rails = vist 


A. S.C. E. designs including thirteen different weights of rails. The later 
designs recommended a reduction in the number of standards to five designs 
varying from 60 to roo lbs per yard. One dimension only is common to all 
standards and all sizes of rails, the radii of the upper and lower corners of the 
flanges and the lower corners of the head being invariably 1/,, in. Some other 
dimensions and angles are constant for a set of standards as shown in the 
table, p. 190. 


Specifications. The following are the standard specifications of the Amer. 
Rwy. Eng. Assoc. for carbon steel rails: 


x. Access to Works.—Inspectors representing the purchaser shall have free entry 
to the works of the manufacturer at all times while the contract is being executed, and 
shall have all reasonable facilities afforded them by the manufacturer to satisfy them 
that the rails have been made and loaded in accordance with the terms of the specifications. 

2. Place for Tests.—All tests and inspections shall be made at the place of manufac- 


ture, prior to shipment, and shall be so conducted as not to interfere unnecessarily with 
the operation of the mill. 


3. Material—The material shall be steel made by the Bessemer or Open-Hearth 
process as provided by the contract. 


4. Chemical Composition.—The chemical composition of each heat of the steel from 
which the rails are rolled, determined as prescribed in paragr. 6, shall be within the 
following limits: 


/ 


r Percent for Percent for 
Bessemer Process Open-Hearth Process 
Elements 
b zolbsandover| 85-roolbs |7olbsandover| 85-100 Ibs 
_|butunder8slbs} inclusive |butunder8slbs| inclusive 

KcAaTDOSA b hae Ua slate. 5 0,40 to 0.50 | 0.45 to 0.55 | 0.53 to 0.66 | 0.62 to 0.75 
Phosphorus, not to exceed 0.10 0.10 0.04. 0.04 
(Manganese............. 0.80 to1.10 | 0,80tor.10 | 0.60 too.g0 | 0.60 to 0.90 
Silicon, not less than .. 0.10 0.10 0.10 0.10 


When other acceptable deoxidizing agents are used, the minimum limit for silicon 
will be omitted. 


5. Average Carbon.—It is desired that the percentage of carbon in an entire order 
of rails shall average as high as the mean percentage between the upper and lower limits 
specified. 

_ 6. Analyses.—In order to ascertain whether the chemical composition is in accord- 
‘ance with the requirements, analyses shall be furnished as follows: 
| (a) For Bessemer process the manufacturer shall furnish to the inspector, daily, 
carbon determinations for each heat before the rails are shipped, and two chemical 
analyses, every twenty-four hours representing the average of the elements, carbon, 
‘manganese, silicon, phosphorus and sulphur contained in the steel, one for each day and 
“night turn, respectively. These analyses shall be made on drillings taken from the ladle 
test ingot not less than 14 in beneath the surface. 
(b) For Open-Hearth process, the makers shall furnish the inspectors with a chemical 
analysis of carbon, manganese, silicon, phosphorus and sulphur, for each heat. 
(c) On request of the inspector, the manufacturer shall furnish a portion of the test 
ingot for check analyses. 


_ 7. Physical Qualities.—Tests shall be made to determine: 
(a) Ductility or toughness as opposed to brittleness. (b) Soundness. 


, 8. Method of Testing.—The physical qualities shall be determined by the Drop Test. 


9. Drop Testing Machine.—The drop testing machine used shall be the standard 
of the American Railway: Engineering Association. 
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(a) The tup shall weigh 2000 lbs and have a striking face with a radius of five inches: 

(b). The anyil block shall weigh 20-000 Ibs, and be supported on springs. 

(c) The supports for the test pieces shall be spaced three feet between centers and 
shall be a part of, and firmly secured to, the anvil. The bearing surfaces of the supports 
shall have a radius of five inches. 


1o. Pieces for Drop Test.—Drop tests shall be made on pieces of rail not Jess than 
four feet and not more than six feet long. These test pieces shall be cut from the top 
end of the top rail of the ingot, and marked.on the base or head with gage marks one 
inch apart for three inches each side of the center of the test piece, for measuring the 
ductility of the metal. 


1x. Temperature of Test Pieces.—The temperature of the test pieces shall be be- 
tween 60 and roo degrees Fahrenheit. 


12. Height of Drop.—The test piece shall preferably be placed base upwards on the 
supports, and be subjected to impact of the tup falling free from the following heights: 
Farigorbiraidiis ts. these ak Doyle tepehiemteet bs 


For 80-, 85- and go-lb rail 
For 100-lb rail 


13. Elongation or Ductility—(a) Under these impacts the rail under one or more 
blows sha'l show at least 6 per cent elongation for one inch, or 5 per cent each for two 
consecutive inches of the six-inch scale, marked as described in paragr. ro. 

(b) A sufficient number of blows shall be given to determine the complete elongation 
of the test piece of at least every fifth heat of Bessemer steel, and of one out of every 
three test pieces of a heat of Open-Hearth steel. 


14. Permanent Set.--It is desired that the permanent set after one blow under 
the drop test shall not exceed that in the following table, and a record shall be made 
of this information. 


Permanent Set, measured by 
Rail Middle Ordinate in Inches _ 
in a Length of 3 Feet 
Section Weight Moment ; | Bessemer Process | OH. Process 
per Yard of Inertia 
A.R.A,-A Bole} 48.94 1.65 1.45 
A.R.A.-B 100 41.30 2.05 1,80 
A.R.A-A go 38.70 1.90 1.65 
A.R.A-B go 32.30: 2..20 2.00 
A.R.A-A 80 28.80 2.85 2.45 
A.R.A.-B 80 25.00 3-15 2.85 
A.R.A-A 7o 21.05 3.50 3.10 
AR.A-B 70 18.60 i 3.88 3,50, 


15. Test to Destruction.—The test pieces which do not break under the sy or 
subsequent blows shall be nicked and broken, to determine whether the interior metal 
is sound. The words “ interior defect,” used below, shall be interpreted to mean seams, - 


laminations, cavities, or interposed foreign matter made yisible by the destruction tests, 
the saws, or the drills. 


16. Bessemer Process Drop Tests.—One piece shall be tested from each heat of 
Bessemer steel. 

(a) If the test-piece does not break at the first blow and shows the required elonga- 
tion (paragr. 13), all of the rails of the heat shall be accepted, provided that the test 
piece when broken does not show interior defect. 

(b) If the test piece breaks at the first blow, or does not show the required elonga- 
tion (paragr. 13), or if the test piece does not break and shows the required elongation, 
but when broken shows interior defect, all of the top rails from that heat shall be rejected. 


rt. 12 Rails 193 


(c) A second test shall then be made of a test piece selected by the inspector from 
e top end of any second rail of the same heat, preferably of the same ingot. If the test 
sce does not break at the first blow, and shows the required elongation (paragr. 13), 
of the remainder of the rails of the heat shall be accepted, provided that the test piece 
1en broken does not show interior defect. 


(d) Tf the test piece breaks at the first blow, or does not show the required elongation 
aragr. 13), or if the test piece does not break and shows the required elongation, but 
1en broken shows interior defect, all of the second rails from that heat shall be rejected 
(e) A third test shall then be made of a test piece selected by the inspector from 
e top end of any third rail of the same heat, preferably of the same ingot. If the test 
ece does not break at the first blow and shows the required elongation (paragr. 13), all 
the remainder of the rails of the heat shall be accepted, provided that the test piece 
.en broken does not show interior defect. 
(f) If the test piece breaks at the first blow, or does not show the required elonga- 
mn’ (paragr. 13), or if the test piece does not break and shows the required elongation, 
t when broken shows interior defect, all of. the remainder of the rails from that heat 
ull be rejected. 
17. Open-Hearth Process Drop Tests.—Test pieces shall be selected from the 
sond, middle and last full ingot of each Open-Hearth heat. 
(a) It two of these test pieces do not break at the first blow, and if both show the 
juired elongation (paragr. 13), all of the rails of the heat shall be accepted, provided 
at none of the three test pieces when broken show interior defect. 
(b) If wa of the test pieces break at the first blow, or do not show the required 
mgation (paragr. 13), or if any of the three test pieces when broken show interior 
fect, all ie the top rails from that heat shall be rejected. 
(c) Second tests shall then be made from three test pieces selected by the inspector 
ym the top end of any second rails of the samé heat, preferably of the same ingots. If 
‘© of these test pieces do nat break at the first blow and if both show the required’ elonga- 
mn (paragr. x3), all of the remainder of the rails of the heat shall be accepted, provided 
at none of the three test pieces when broken shows interior defect. 
(d) Tf two of these test pieces break at the first blow, or do not show the required 
mgation (paragr. 13), or if any of the three test pieces when broken show interior 
fect, all of the second rails of the heat shall be rejected. 
(e) Third tests shall then be made from three test pieces selected by the inspector 
ym. the top end of any third rails of the same heat, preferably of the same ingots. If 
‘o of these test pieces do not break at the first blow, and if both show the required elonga- 
mn (paragr. 13), all of the remainder of the rails of the heat shall be accepted, provided 
at none of the three test pieces when broken shows interior defect. 
(f) If two of these test pieces break at the first blow, or do not show the required 
ngation (paragr. 13), or if any of the three test pieces when broken show interior Soa 
of the remainder of the rails from that heat shall be rejected. 
18. No. 1 Rails.—No.- 1 classification rails shall be free from injurious defects and 
ws of all kinds, 
19. No. 2 Rails (a) Rails which, by reason of surface imperfections, or for causes 
sntioned in paragr. 29 hereof, are not classed as No, 1 rails, will be accepted as No, 2 
Is, but No. 2 rails which contain imperfections in such number or of such character 
will, in the judgment of the inspector, render them unfit for recognized No. 2 uses, 
ll not be accepted for shipment. 
(b) No. 2 rails to the extent of 5% of the whole order will be recciyed. All rails 
cepted as No. 2 rails shall have the ends painted white and shall have two ‘prick 
nch marks on the side of the web near the heat number near the end of the rail, so 
uced as not to be covered by the splice bars. 
20. Quality of Manufacture.—The entire process of thanufacture shall be in accord- 
ce with the best current state of the art. 
21. Bled Ingots.—Bled ingots shall not be used. 
22. Discard.—There shall be sheared from the end of the bloom, formed from the 
pot the ingot, sufficient metal to secure sound rails. 

23. Lengths.—The standard length of rails shall be 33 feet, at a temperature of 
"abr; 3 10% of the entire order will be accepted in shorter lengths varying by x ft 


a 
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from 32 ft to 25 ft. A variation of 14 in from the specified lengths will be allows 
excepting that for 15% of the order a variation of 34 in from the specified lengths w 
be allowed. No. 1 rails less than 33 ft long shall be painted green on both ends. 


24. Shrinkage.—The number of passes and speed of train shall be so regulated th 
on leaving the rolls at the final pass, the temperature of the rail will not exceed th 
which requires a shrinkage allowance at the hot saws, for a rail 33 ft in length and 
1oo-lb section, of 634 ins and ) in less for each 10 lbs decrease in section. 


25. Cooling.—The bars shall not be held for the purpose of-reducing their temperatut 
nor shall any artificial means of cooling them be used after they leave the finishing pa: 
Rails, while on the cooling beds, shall be protected from snow and water. 


26. Section.—The section cf rails shall conform as accurately as possible to the tei 
plate furnished by the Railroad Company. A variation in height of '/s:-inch Itss or 1/ 
in greater than the specified height, and 1/is in in width of flange, will be permitted; b 
no variation shall be allowed in the dimensions affecting the fit of the splice bars. 

27. Weight.—The weight of the rails specified in the order shall be maintained 
nearly as possible, after complying with the preceding paragraph. A variation of 44 
1% from the calculated weight of section, as applied to an entire order, will be allowes 


28. Payment.—Rails accepted will be paid for according to actual weights. 


29. Straightening. (a) The hot straightening shall be carefully done, so th 
gagging under the cold presses will be reduced to a minimum. Any rail coming to f€! 
straightening presses showing sharp kinks or greater camber than that indicated by 
middle ordinate of 4 ins in 33 ft, for A. R. A. type of sections, or 5 ins for A. S. C. 
type of sections, will be at once classed as a No. 2 rail. The distance between the su 
ports of rails in the straightening process shall not be less than 42 ins. The suppor 
shall have flat surfaces and be out of wind. 

(b) Rails heard to snap or check while being straightened shall be at once rejecte 


30. Drilling.—Circular holes for joint bolts shall be drilled to conform to the dra’ 
ing and dimensions furnished by the Railroad Company. 


31. Finishing. (a) All rails shall be smooth on the heads, straight in line a1 
surface, and without any twists, waves or kinks. They shall be sawed square at t 
ends, a variation of not more than 1/39 in being allowed; and burrs shall be careful 
removed. 

(b) Rails improperly drilled or straightened, or from which the burrs have not be: 
removed, shall be rejected, but may be accepted after being properly finished. 

(c) When any finished rail shows interior defects at either end or in a drilled he 
the entire rail shall be rejected. 


32, Branding.—Rails shall be branded for identification in the following manner:. 

(a) The name of the manufacturer, the month and year of manufacture, and tl 
weight and type of section of rail shall be rolled in raised letters and figures on the si 
of the web. The type shall be marked by letters which signify the name by which it 
known, as for example: 


Sections of the Amer. Soc. of Civil Engrs 
Sections of the Amer. Rwy. Assoc....... 
Sections ofthe Amer. Rwy. Eng. Assoc........+++-0eeeee- BR ROS Hee BRIS R. 


(b) The number of the heat and letter indicating the portion of the ingot fro 
which the rail was made shall be plainly stamped on the web of each rail where it w 
not be covered by the joint bars. ‘The top rail shall be lettered “ A ” and the succeedir 
ones “B”, “C”, “DD”, etc., consecutively; but in case of a top discard of 20 to 35‘ 
the letter “‘ A” will be omitted, the top rail becoming “ B”’. If the top discard be greats 
than 35% the letter “‘ B ” shall be omitted, the top rail becoming “ C ”. 

(c) Open-Hearth-rails shall be branded or stamped ‘‘ O-H ” in addition to the oth 
marks. 

(d) All markings of rails shall be done so effectively that the marks may be read : 
long as the rails are in service. 


33. Separate Classes.—All classes of rails shall be kept separate from a other. 


34. Loading.—Rails shall be carefully handled and loaded in such manner as not ' 
injure them. 
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. “18. Elevation of Outer Rail on Curves 


(See also Sect. 2, Art. 60.) The theoretic formula is e= dV2/gR, where d= 
stance between centers of rails, V= speed of train, g= acceleration of gravity, 
d R=radius of curve, or, very closely for standard gage, e= 0.00069 DV, 
uere D is degree of curve, V is speed in miles per hour, and ¢ is elevation of 
iter rail in inches. The elevation to be chosen evidently depends on the:speed, 
1ich should be that of the fastest passenger trains. The Lehigh Valley R. R. 
s successfully used a superelevation of 10 inches; 8 inches is generally con- 
lered the limit, while some roads limit it to 6 inches. Whatever the limit, 
e speed of trains on sharp curves should be reduced, if necessary, to that 
rresponding to the limiting elevation. A common rule for level grade is one 
ch for each degree of curve, which agrees with the above formula for a speed 
38 miles per hour. An extension of this rule is that if the grade is over two 
rcent, the elevation is 34 inch for each degree, which is the equivalent of 
ying that on the 2% grade the speed up the grade would not be greater than 
mp h, and that the speed down the grade should be limited to that. 


Superelevation of Outer Rail in Inches, Standard Gage 


(Elevation of center of outer rail above center of inner rail) 


Deg Velocity in miles per hour 


g 


40 | 45| 50| 55 | 60 


14] 134] 134) 214) 2% 
234) 234) 334) all 5 | 514 
34| 434| 5¥6| 614) 7}4) 834 
4%) 554| 636) 834)10 
54| 7 | 85 


0 OT QUBRWN 


Standard Gage of Track is 4 ft 814 in on tangents and on curves of 8° and 
s. For sharper curves gage is widened 14 inch for each 2 degrees of curve up 
a maximum of 4 ft 914 in, for tracks of standard gage. Gage should not be wi- 
unless the locomotive wheels bind in going around the curve. The gage 
track is the distance between the heads of the rails, measured at right angles 
to at a point 5% in below the top of the rail. Gage, including widening due 
wear, should never exceed 4 ft 9144 in. Gage of track at a frog should be 
ndard even when on a curve, tho the flangeway may be widened to com-‘ 
pasate for the increase in gage in this case. 


14. Rail Fastenings 


fd 


Requirements. The ideal rail joint should have the same strength, 
Iness and elasticity, no more and no less, both laterally and vertically, as 
rails which it joins. Such a joint therefore would not be deformed or take 
ermanent set under any load which the rail can support without yielding. 
joint must also permit longitudinal slipping of the rail to allow for expansion 


J \ 
i 


‘ 
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and contraction. . It is impossible that any form of scarfed joint should have 
at the same time, the same strength, stiffness and elasticity as the original rail 
Only a perfect butt welding would accomplish this, but welding would no 
permit expansion and contraction. Therefore the above conflicting require 
ments must be filled as perfectly as possible by a compromise design whos 
cost is not prohibitive. 


F Designs. The old-fashioned fish-plate design (see Fig. 172) proved so ‘neff 
cient, especially in lateral strength, that its use has been abandoned except it 
connection with the very light rails used in industrial railways or the light 
temporary track used by contractors. A typical modern design for the ordinaty 
angle plate is given in Fig. 17b. Atnong the multitudinous designs which have 
been brought out the. following have come into more common use: the Con: 
tinuous, Fig. 17c; the Weber, Fig. 17d; and the Wolhaupter, Fig. 17e. The las 
three designs furnish a plate which runs under the rail between the two joini 
ties and which keeps the ends of the rails absolutely in line vertically as wel 


f. Bonzano joints 


e Wolhaupter joint 
Fig. 17. Various Types of Rail Joints 


as laterally. The Bonzano rail joint, illustrated in Fig. 17/, isa developme 
of the angle-plate joint with an extended flange which is bent down between 
thertwo joint ties thus giving a stiffer joint. This can be used only 
suspended joints or those in which the rail gap is midway between two tie 
and the three base, joints shown above are also intended for such use. Tht 
supported joint, with the rail gap directly over a tie, is very little used ane 
then generally in the so-called three-tie joint. The Bonzano bars are usually 

heavier and therefore more expensive than the common angle bars and the bast 
joints are not only subject to this disadvantage but also require adzing of tht 
joint ties or setting them on an angle, thus being more expensive to insta 
The consensus of opinion seems to be that their advantages over the angle b: 
are not commensurate with the extra cost and many roads are returning to t) 
use of angle bars, sometimes heavily ribbed to furnish additional stiffness, b 
more often of high-carbon or quenched carbon or alloy steel as specified belo 


Specifications. Bessemer steel is no longer specified for joint bars, hig 
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eel being the materials covered by the present (1918) specifications of the 
mer. Rwy. Eng. Assoc. The principal requirements are as follows: 


Quenched 


, ! High-Carbon arbor Alloy” 

HDG EROR at asetetrs Fre voy’ 2 = 0.30 es 0.42 to 0,55 s 
hosphorus, percent, maximum........ 0,04 0.04 0.04 
ensile strength, Ibs persqin ......... 85 000 100 000 110 000 
lastic limit, Ibs. persqin ......... ick 70. 000 “85 000 
\ . Wines ta lenet I 600 000 ; 
longation percent in 2 in length .. Tens Str 

Minimum,,percent..... ..- 16 12 

rn i 3 500 000 

duction in Pet rss slaus ered 
eduction in area, percen' : Tens Str 

Minimum, percent......++0065- | 25 
ending- .........+ Ree aorta. yralvingca Cold bending without sign of fracture on 


outside of bent portion thru are of go° with 
diameter 3 times the thickness of the test 
specimen. 


.* Nickel and chromium to the extent of 1.0% and 0.35%, respectively, are considered 
mivalene to 0.07% carbon. 


All test specimens must be cut from finished bars and all bars must be punched, slotted © 
hd shaped at a temperature of not Jess than 800° C (1470° F.) 

“ Quenched ” bars must be quenched in oil, or water if so specified, from a tempera- 
are of about 810° C (1490° F) and kept in the bath until cold enough to handle, 
faterial requiring quenching in water but otherwise meeting specifications may be 
ceepted at the option of the purchaser. All bars must be finished smooth and true 
lith no yariation in fishing angle and height, which factors affect the fit of the bar to 


Splice Bars, Bolts and Spikes for Various Weights of Rails 


Rail, Length Proper size Proper size of 
pounds of bar. Pounds per Pounds Pe | of track bolt. spikes. 
‘per yard | Inches foot alr Inches Inches 
go. - ar 4.49 fr. 216 x58 4 x 
35 2r 407 15.9 234 x 58 41 x1o 
40 at 5.54 18.8 3 X56 5s eae 
45 ar 6.3 21.5 Sin KS Gus 514 X %6 
sa au 6.97 23-4 3ux% 516X046 
By 55 23 75 28.0 334 x 94 512X%, 
| 60 23 814 31.4 334 x 94 545 x 
i Gs ea 9.2 3g. 4 x% 514 x %e 
| 33 9.6 51.5 44x 7% 514 X %e 
| es 23 9.0 33-6 4 x% 514 X %e 
"Fg 10.0 5axQ 4 X34 548 X %o 
75 10.68 39.9 44 x 516 X Ig 
33 12.9 63.7 4 eed 512 X 946 
Be 10.61 39-7 4 X 5X %o 
33 14.65 78-5 41, x 1% 545 X Ue 
33 12.4 66.4 Alp X 7 516 x Se or 5% 
33 13-5 72-3 494 x 54 X %o or 56 
33 14-7 737 44X16 514 X Me or 96 
33 15-78 85.0 494 X 7g ‘SX Meo or 58 


‘Three hundred and twenty pairs of splice bars will be required per mile of single track, 
ising 33-{t rails. The maximum number permitted by the rail specification governing 

-length rails is 330. Allowing individually for switches and sidings, the number 
* mile sould not exceed 325. 
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the rail. Branding indicating manufacturer, year, design, material and treatment 
if any, is required and the number of the melt must be stenciled on the bars. 
Bolt Holes. The standard spacing for bolt holes recommended by the 
y Amer. Rwy. Eng. Assoc. is 5% in, giving lengths of about 24 in and 32 in 
respectively, for the 4-bolt and 6-bolt splices. The hole in the rail should be 
3/15 in larger than the bolt used and the centers of the end holes should be 2 24/3 
in from the end of the rail to allow for expansion and contraction. This com: 
bination of measurements permits a total relative motion of the rail ends o} 
3% in. The holes in the bars are made oval, fitting the bolt and preventing ii 
from turning. 


| Dimensions of Angle Bars. Altho the dimensions and weight per linea 
foot of angle bars, even for the same weight of rail, vary with different manu: 
facturers, the table at bottom of p. 197 gives average figures. The net weight 
of the bars is from 2.5% to 4% less than their weight unpunched. 

Spikes. It has been demonstrated that of all the various forms of driver 
spikes which have been proposed, the plain spike of uniform section has the 
greatest holding power. Making the spike jagged, twisting the spike, or ever 
swelling the spike at about the middle of its length, actually reduces its hold- 
ing power. ‘The adhesion, however, is increased by having cutting edges a 
the lower end which shall cut rather than crush the fibers, and by haying 
beveled wedges whose length is about twice the width of the spike rather thar 
a short blunt point. The sizes of spikes recommended with different rails 
are given in the table. 


Railroad Spikes 


Ties 24 in between centers, 
4 spikes per tie, quantity 


Size measured | Average num- Suitable rail. 


under head. ber per keg per mile. Pounds per 
Inches of 200 pounds yard 
514 x 58 275 85 to 100 

375 43,to 100 
400 4o to 56 

450 40 
530° 35 | 
600 30 


680 25 to 30 


The specifications of the Amer. Rwy. Eng. Assoc. require the steel to be made by the 
open-hearth or other approved process and permit of heat treatment if necessary tc 
secure the desired properties, which are: 


Ultimate strength, not less than 55 000 Ibs per sq in. 

Elastic limit, not less than 50% of ultimate strength. 

Elongation, not less than 20% in 2 in. 

Reduction of area, not less than 40%. 

Bending, the finished spike when bent back upon itself 180° shall show no signs of frac: 
ture. When the head of the spike is bent backward cold it shall show no signs of fracture 

Twisting, when the body of the spike is twisted cold 114 turns it shall show no signs 
of fracture. 

Other requirements cover workmanship, finish, inspection, etc. . 


The Driving of Spikes should be by blows which are in line with the spike 
Eccentric or glancing blows tend to enlarge the spike hole and reduce the hold: 
ing power of the spike. The spikes should not be driven directly opposit 
each other, but should be staggered. The staggering should be reversed fo) 


\rt. 14 | Rail Fastenings 199 


he two rails on one tie; that is, the spikes on the inner side of the two rails 
hould be nearer the same side of the tie. 


Screw Spikes. The advantages of screw spikes are: (z) The increase in the life of 
he tie by the avoidance of spike killing; (2) The decreased cost of maintenance (altho 
his is denied), and (3) their greater holding power. It is said, as an objection to their 
se, that when they are rusted 
x the head broken off by 
cident, it is difficult or im- 
yossible to extract the stump. 
[hey were adopted as stand- 
rd by the D. Lx & W. R. R. 
Fig. 18), after extensive trials 
ind are reported as continu- 
ng to give satisfactory service 
yn that and other roads. The 
Pennsylvania Railroad, on the Fig. 18, Screw Spike 
wther hand, has | recently 
1918) rejected them after nine years of trial and careful observation in two sections of 
rack carrying very heavy traffic. The figures in this case show them to be more costly, 
90th in. first cost and maintenance, than drive spikes and the report states that they 
were unsatisfactory and less efficient than the ordinary spike. Oné strong objection 
vas the entire loss of holding power when the wood fiber between the threads became 
vorn as it did under the action of the extremely heavy traffic. The screws cost consider- 
ubly more than common spikes, and require more work to put them in place. The 
screwing must be done with a track wrench. The auger hole should have the same 
diameter as that of the screw at the base of the thread, or perhaps 1/1, in larger. The 
A. R. E. A. specifications require them to be made of open-hearth steel, having not more 
than .o5 per cent of either phosphorus or sulphur. The minimum allowable figures for 
the finished spike are 1ltimate strength 60000 Ib, elastic limit 50 per cent of ultimate, 
slongation 22 per cent in 2 in, reduction of area 40 per cent. The material must be 
capable of being bent 180° and hammered down?flat and_the finished spike’ bent 90° 
without sign of fracture. 


Track Bolts. ‘The length of track bolts necessarily depends on the distance 
between the outer faces of the angle plate, and to this must be added the thick- 
ness of the nut lock and the thickness of the nut. Sometimes there is a slight 


Track Bolts 


Average number in a keg of 200 pounds 


eee 


Size of bolt.| Square | Hexagonal | Suitable rail. 
Inches nut nut Lbs per yd 
216K% 39° 425 30 = 
234K % 379 410 35 
3. X% 366 395 40 
3° xX% 250 270 ‘ 
314X34 243 261 
314X% '236 253 50° 
834X394 - 229 244 55 to 60 
4°X% 222 236 65 to 70 
4x 215 228 15 
BYuXK 170 180 
334X% 165 175 
4 XK 161 17o 
4Yyxi 157 165 80 
44x 153 ) 160 85 
4X 149 156 go to x00. 
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margin beyond this, but any unnecessary length is objectionable. The head: 
of track bolts are usually hemispherical. Directly under the head the bol 
has an oval form which fits loosely in a corresponding oval hole in the angl 
plate. This prevents the bolt from turning. The table gives proper size o 
track bolt for various weights of rail and their corresponding angle bars. f 
typical design for a track bolt is shown in Fig. 19. 


' 

On the basis of 325 joints per mile, the number of bolts per mile of single track is 136 
for 4-bolt splices and 1950 per mile for 6-bolt splices. Divide r300 (or 1956) by th 
number per keg to dbtain the number of kegs per mile. 

The specifications of the Amer. Rwy. Eng. Assoc. call for steel made by the Open 
Hearth of other approved process and permit of heat treatment if necessary to secur 
the desired properties which are as follows: 


Elastic Limit* | Elongation in Reduction 


Material Minimum 2 in Minimum in Area 

Lbs per Sq In Percent Percent 
Catbon) steele Jesus acti ee 35 000 7 25 50 
Nickel or other alloy steel, treated. .: 45 000 15 40 
Nickel or other alloy steel, untreated. 45.000 20 40 


' * The elastic limit shall in no case be less than 50% of the ultimate strength. 


The material must bend cold thru 180° and flatten on itself without fracture. Othe 
requirements cover workmanship, finish, inspection, etc. 


Nut Locks area practical necessity to prevent the nut from working loos¢ 

The most common kind is essentially an open ring made of spring steel, th 

ends of the ring being bent otittward. Screwing u 

— the nut compresses the spring and makes the shar 

Seu cae edges bite into, the nut and thereby prevent it 

turning, backward. Another form combines’a mi 

Verona, _ National and nut lock, the nut being slightly open on or 

Fig. 20. Nut Locks side. The hole is drilled thru the nut and tk 

thread is cut slightly smaller than the bolt. Whe 

the nut is screwed up, it -is forced slightly open, which makes such a pressw 
on the screw threads that vibration cannot jar it loose. 


The 5; mies Be of the Amer. Rwy. Eng. Assoc. for prety spring nutlocks requi 
steel mite by the open-hearth or other approved process, containing not more than 0.05' 
of either phosphorus or sulfur. The physical tests specified are: After the finish 
rutlock has been subjected for one hour to a pressure sufficient to compress it flat ar 
has been released, its reaction shall not be less than two-thirds its height or thickne 
of section provided its thickness is less than width of section. If section is square, tl 
reaction must be not less than one-half its thickness. If height or thickness of secti 
is more than width, the reaction shall be not less than the width of the séction, (The 
requirements ate for nutlocks of internal diameters from 13/1g to 1°/j, in.) With o 
énd of the finished nutlock secured in a vise, and the opposite end twisted to 45°, the 
must be no sign of fracture. When further twisted until broken, the fracture mu 
show a good quality of steel. 


Tie Plates reduce the unit pressure of the rail on the tie, and prevent tl 
rail from cutting the tie. They relieve the lateral pressure of the rail again 
a spike, since the tie plate distributes the lateral pressure to both spikes. T 
pressure against the spikes is still further relieved by the lugs or corrugatio 
which are found on the under side of many forms of plates. The wear on spik 
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‘ealled “necking ’? which is caused by the vertical vibration of the rail-against 
the spike is very much reduced. 


Design of Tie Plates. The 
following statement of principles 
to be followed in the design of 
tie plates was ordered incorpor- 
ated in the Manual of the Amer. 
Rwy. Eng. Assoc. during their 
Convention in 1913. 3 ; 

| The plates: shalli not be less |. Fat bottom Tie Plate Economy Tie Plate 
than. 6 in in width, arid as thuch’ ©) Fig. 21. Tie Plates 
wider as consistent with the class.of ties to be used. 


The length of the plates shall not be less than the safe bearing area of the 
ties divided by the width of the plate, and, when made for screw spikes, shall 
be So Shaped as to provide proper support for the screw spikes. 


The thickness of the plate shall be properly proportioned to the length. 


The plates shall’ have a shoulder at least 14 in high. The distance from the 
edge of rail base fo the end of the tie-plate on the outér side must be uniform, 
and in excess of the projection inside of the rail base. 


Where treated ties are used or where plates are used with screw ae a flat 
bottom plate is preferable. Where ribs of any kind are used.on base of plate, 
these shall be few in number and not to exceed 44 in in depth. 


The punching must correspcnd to the slotting in the splice bars and, where 
advisable, may be so arranged that the plates may be used for joints. Spike 
holes may be punched for, varying widths of rail base where the slotting will . 
permit such punching: without the holes interfering with each other and where 
the plate is of such design that the additional holes will not impair the strength 
of the plate. 


“In the above statemiénts the width is thé distance parallel to the fail and the length is 
the distance perpendicular to it,, The length of a tié plate should be about ‘4 in greater 
than the width of the rail base. Joint tie plates must be longer still on account of the 
greater width of the rail joint as assembled. The tie plates used underneath frogs (Fig. 
27) are extra lengths. _ 


~ The specifications of the Am. Ry. Eng. Assoc. provide for steel, both Bessemer and open- 
hearth, and wrought and malleable iron, the latter being used on account of its com- 
parative immunity from rust. Steel.plates are required to have an ultimaté strength 
of fot les$ that §5 600 Ibs per sq ‘in with elastic limit-at least 50% of ultimate; élonga- 
tion, not less than 207% i in 2 in and reduction of area, not less than 40%. They must 
also bend cold for go° without sign of fracture. Wrought-iron plates must have an 
ultimate strength of at least 45 000 lbs per sq in and bend cold across the grain go° with- 
out sign of fracture. Malleable plates must be cast with a lug for test purposes which, 
when broken off must not break easily, as cast-iron, but must bend and show signs of 
toughness. The fracture must show a narrow band of white metal onthe surface, center 
portion being dark and fibetless. 


An Order for Tie Plates should include the following items of information; (a) width 
of rail base; (b) size of spike under head; (c) number of spike holes, two, three or, four; 
(d) spacing, lengthwise of rail, of slots in opposite ahgle bars on one tie; (e) net width, 
Wedstired perpendiculir to rail, between such slots. The proportion of joint plates to 
intermediates will depend on the number of ties per tail, on whether the joints are ‘sup- 
ported, suspended, or are thrée-tie joints. In the latter case there will bé no slots in the 
angle bars over the middle joint tie, and the spacing of the holes must be a little wider 
than the extreme width, out to out, of the angle plates as assembled; 


Setting Tie Plates. The efficiency depends largely on proper:*etting: Plates may 
be set on soft-wood ties by merely raising the rail, setting the plate squarely in place ~ 
and driving the spikes. The first train passing over will force any corrugations or claws 


202 ; Steam Railroad Track ; ‘Sect. 3 


into the tie. The spikes should at once be driven home. Plates must be set in hard- 
wood ties by direct driving. A follower plate of steel about 34 in to % in thick and about 
the size of the tie plate, will protect the tie plate from the direct blows of the swages used 
in driving. A still better method is to use a maul or beetle to strike a straddler which 
just straddles the rail and rests on the ends of the plate. A hand car carrying a ham- 
mer similar to a small-scale pile driver is far better and more effective than a hand maul, 
They are most economically and efficiently set in large numbers by means of a pedis 
machine. 


15. Switches and Frogs 


Mechanical Features. A switch usually implies at least two breaks in 
one of the main rails. The flanges on the wheels make it necessary either 
to lift every pair of wheels so that the flanges can pass over the rail, or else 
to make breaks in the rail so that the flanges mey pass thru the head of the 
rail. The two most common* methods are those sketched in Figs. 22 and 
23. Both methods employ a frog at F. The Srup SwircH cuts both of 
the main rails at H and K. Both rails from S’ to H and from S to K are 


C 
Facing Trailing 
pet Sy sae 
Switch Switch 


Fig. 22. Stub Switch 


not fastened to\the ties, but are mutually tied to each other by four or more 
tie-rods. The gap at H and K is always sufficient to cause a considerable 
jar to the rolling stock. 
When operated as a trail- 
ing switch, a derailment is 
inevitable if the switch is 
misplaced. Their use is 
now confined to. sidings 
running from switch tracks; 
they should never be used 
in main tracks. A Port 
Swircu leaves one main 


Fig. 23. Point Switch rail S”H varies in length 
from 10 to go ft and is 


planed and bent to give a straight gage line with a thickness of 14 in at the © 


point. The point is afterward ground to a thickness of 4 in beginning at a 
point 2 ft from the end. The angle of the switch point varies from about 
0° 45’ to about 2° 30’ according to the dimensions and frog anglé of the 
switch. There is an abrupt bend in the main rail at the point 5S’, equal to 
the angle of the point rail. The point rails, S’H and SK, are tied together 
with tie-rods. They are held in places by a very stiff spring (see Fig. 24) 
which will yield scfficiently to permit the wheels to remain on the rails if a train 
trails thru with the switch misplaced. The Swirca Ports should "fit the 
Btork rail thruout the planing. The planing must be such that the point is 4 


rail unbroken. The point . 
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\in below the top of stock-rail at the end, rising to 14 in above same in about 
\yo% of length of point in order to care for hollow treads on car wheels. The 


: St aaige 7 


Vig. 24. Section of Main and Switch Rails about 2 ft. back of Point 


rails of the frog are always made straight, therefore the lead rails between the 
switch point and the frog must be curved to a circular arc which is tangent 
both to the switch rail and the wing rail. . 

Frogs. A diagrammatic design of a frog is illustrated in Fig. 25. The 
frogs are always built up of four pieces of rail, which are usually of the cross- 


Th 
Po 
A 


Fig. 25. Diagrammatic Design of Frogs 
section and weight used on the main track. The actual point of the frog is 
rounded off as shown. F1ixep FROGS are made either by riveting the four 


i 


\\ SZ 
pS WH a 


Section on A B 


'B 
Fig. 26. Stiff Frog 


rails to a base plate, or else by placing cast-iron fillers between the rails and 
bolting or clamping the rails and fillers together or by a combination of riveting 
i. 


Fig. 27. Spring”RailiFrog 


and bolting. Sprinc RAIL FROGS usually have one wing rail (the one connecting 
with the main rail) movable (both may be made so) and yet normally pressing 
‘against the frog point so that there is no gap to be past over by the wheels 
running on the main track. “When wheels are running thru the frog onto the 
switch, the guard rail opposite the frog forces the opposite wheel to run in its 
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proper line, and this causes the inside of the flange of the wheel running thru 

- the frog to press against the wing rail and force it back so as to leave a sufficient 
opening between the wing rail and the frog point for the wheel flange to pass 
thru. Movaste PoInt FRocs operated with and in the same manner as 
switches controlling routes thru them are used at slip switches in yards to 
avoid breaks in rail for high speed traffic. The FROG NUMBER (m) may be deter- 
mined by dividing CH by AB (Fig. 25), or SH by (AB+DE). When no 
tape or scale is available, use any unit of measure about 4 in long, such as 
a stick or piece of paper, and find by trial two points on the frog where 
the distance between the gage lines (as at AB and DE) just equals the assumed 
unit of length. Then step off that unit of length between the points H and S$ 
and note the number of times the unit is contained in the distance HS. The 
result equals twice the frog number. 


Unbroken Main Rails. A switch which permits the use of unbroken main 
rails necessarily lifts the train a vertical height somewhat greater than the 
depth of the wheel flange, and as this must be accomplished in a distance of a 
very few feet, it is impossible to operate such switches at high speed. Altho 
there are undoubted advantages in having an unbroken main rail, these devices 
have not come into common use, 

The Dimensions of Stub Switches are usually computed on the basis that 
the lead rails are circular from the switch point to the frog point. For 


¢ Trigonometrical Functions of the Frog Angles 


Frog 
angle F 


Bo 
°o 
rR 


aH 
ao 


un 
on 


4 
4. 
5 
52 
6 
6.5 5 
7 
7: 
8 
8. 


wn 
wm 


ial 
owe 
a 
iy 


.30076 | 7.09663 
8.61959 | 9.99962 |11.38008 | 6.93835 


blunt frog angles such a theory may be practically applied, and the compu- 
tations are very simple. Let / =the lead or the distance SF in Fig. 22, ry =mean 
radius of. the. switch rails, »=number of the frog, g=gage of track. Then 
1=2gn, and r=nl=2gn?. The length of switch rails (S/H =SK in Fig. 22) 
must be such that the offset to the curve at the point Q shall equal the required 
switch-throw.. If 4=the switch-throw, then ?/r=yvers of the angle. (a) sub- 
tended by the switch rails; then length of switch rails=r sina, The above 
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eat ignores the fact that the wing rail between the frog point and its junction 
vith the switch rails is straight rather than curved, 

A Point Switch also has straight point rails, Fig. 28. The effect of ese 
wo details is M9 shorten the lead and also decrease the radius of the switch rails, 


Let a=angle of point rails 
F =angle of frog = in Fig. 28 
g =gage of track 
n =frog number 
w =length of wing rail =PH 
¢ =chord of switch rail arc =HM 
#’ =thickness of switch point 
s=length of switch rail=MD 
?=length of lead = BF’ 
r=radius of center line of lead — 
curve =OT =OV 
h=heel distance =MQ 
f=distance FF’ 
t =thickness of frog point 
Then 
g—wsinF-ssina-—?# 


sin 44(F + a) f be 


¢ 


7S ine) ne 
or 
aig wsin F—h 
Fig. 28. Point Switch ing 4 DSS eg 
'1=(g—wsin F—h) cot % 
(P+ a)+wcosF+scosat+f 
ir 1= (7+ 4g) (sin F—sina)+wcosF+scosat+f 
F in W(F— 
ir l=(s— gn ME ao. eey coi 4(F +a) +f 


ie sin 4(F +a) 


ay 
a@=sin—1 ( ) 
s 


The dimensions of a point switch for a given frog number, as computed from the 
ibove equations, depend on the values of w, s, t’ and k, all of which may be chosen at 
jleasure within certain narrow limitations. The length of the wing rail (w=FH), as 
vell as other frog dimensions, depends (within narrow limitations) on the switch manu- 
acturer. The Am, Rwy. Eng. Assoc, recommends -as standard practice for standard 

(g =4 ft 8% in), 614 in. for 4 and 4 in for ?¢’ (for computation purposes, actual 
‘hickness i is 4% in as alzeady, given) and values of s and w for the various frog numbers 
{s giyen i in the table on page 206, 

| The length (ZL) is measured from the point of the switch to the actual blunt point 

the frog (F’). This distance is greater than the distance to the theoretical point of 

frog by the amount of the “ frog bluntness (f).” On the basis that the actual width 

f the blynt point is 14 in as recommended the frog bluntness equals the frog number 

¥4 in or times 0.0417 ft, and is given in the second column in the table. 

| The closure is the distance from the heel of the switch rail, or “ point,” to the toe of the 
and equals, for the straight rail, L—(s+w-+-/) and, for the curved rail, an (R748) X 
'—tx)/360, or, approximately (F —a)/D. 

The lengths and closures given in the table are the theoretical ones for the 
ensions given, those for other values of s, ¢, # and w are easily computed 
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Switch and Frog Dimensions 
(Condensed from Manual of Amer. Rwy. Eng. Assoc., 1915 Ed.) 
«| | Frog | Switch rail Switch dimensions 3 
#\4 E 
3 | 4 =) o 2 OO » a Closure 3 
| wlegife| bl] B | 3 |88E) © bape | 8 
So) Sane aera ie < a As 3 is Sa] fs iy 
| & ie La | f Oo gf| 58 
n | f w |HK| s a r D L=BF’| H S) n 
fti\ft inkkter in)’ £659 fo)! a eee AML ft ft ft 
4 0.17) 3.2} 8 G6lrz |2 36 19] 112.'26|52 53 56] 37.22 | 22.88] 23.29) 4 
5 |0.2T] 3 7|t0. ojrz |2 36 19] 183.22/31 40 24] 42.98 |\28.19| 28.55] 5 
6 |0.25] 4 olrr of1z |2 36 19] 273.95|21 or 58} 48.36 | 33.11| 33.38] 6 
7 |o.29]} 4 5|12 6|16%4|r 44 11| 364.88]15 47 19] 62.23 | 41.02] 41.24] 7 
8 j0.33} 4 9/13 6/164/1 44 11] 488.71|11 44 40] 67.80 | 46.22] 46.42] 8 
g |0.37| 6 ofr6 o/16!4|x 44 1] 516.27] 9 18 27] 72.61 | 49.74] 49.92] 9 
gl4]0.40] 6 o]16 o}1644\r 44 11] 699.97| 8 rr 33] 75.30 2.40] 52.58] 914 
Io |0.42| 6 oj16 6|1634|r 44 11] 790.25] 7 15 18] 77.93 | 55-01] 55.17] 10 
Ir |0,46} 6 oj17 6/22 jr 18 08] 940.21] 6 o5 48]. 92.52 | 64.06] 64.20] rr 
12 |o.50! 6 5|18 6/22 |x 18 38)1136.34] 5 02 38) 97.75 | 68.83] 68.96] 12 
I5 jo.62} 7 8)j22 6/33. ;0 52 05/1744.38| 3 17 06] 131.12 | 89.83) 89.94) 15 
16 |0.67| 8 2)24 0/33 |o 52 05/2005.98| 2 51 24| 136.62 | 94.95] 95.05] 16 
18 |0.75| 8 10/26 6/33 [Oo 52 05/2587.66| 2 12 52] 147.13 |104.54|104.61] 18 
20 0.83} 9 8)29 0/33 Jo 52 05/3262.98] 1 45 22] 157.18 |113.68|113.76] 20 
24 |1.00j1r 4|34 6/33 |o 52 05/4932.77| 1 09 42| 176.09 ‘130.66 130.77] 24 


by means of the formulas. 


Frog 
Number 


The theoretical closures 


are usualy modified ir 

practice to avoid if possible cutting more than one rail per turnout, giving 

“ practicel” closures and “ practical”’ leads (or lengths) as given below. 
Practical Leads and Closures and Ordinates for Curving Lead Rails 

For Standard Turnouts of Amer. Rwy. Eng. Assoc. 


Ordinates 


Closures 
Straight Rail | Curved Rail Center Quarter 
Points 
. ft in ft in 
123.60 1-24 0.59 74%] 0-44 "536 
1-27.68 1-28 0.55 654 |'O:4r” 5 
1-32.73 I-33 0.50 «6 0.38 414 
1-13.89 -1=27 | T14:4r 1-27 |'0.58° 7-7 0.43 «5% 
1-16.40 1-30 | 1-16:60° 1-30] 0.55 654 |} 0.41 © 5 
1-26.41 1-33 | 1-16.59 1-33 |'0.50 6 0.38 «644% 
1-25.82 1-27 | 1-26 I-27 | 0.49 5% | 0.37 43% 
I-27, 1598) L427. C7)) A328) On48 6584 0.36 4% 
1-32.85 1-33 | 2-33 0.55 65% | 0.41 4% 
1-23.88 2-24 | 3-24 0.52 614 | 0.39) 43% 
2-30. 1-29.89 | 3-30 0.58 7.) 0.43 5% 
1-29.90 2-33 | 1-30 2-33 | 0.56 634 | 0.42) 54 
1-25.93 3-26 | 4-26 0.53 63% | 0.40 434 
%=26.92 2-27 | 3-27 I-33 | 0.50 6 0.37. 44 
y Nery EH 39 , ace 
1-32.89 3-33 | 4-33 0.44 536 | 0:33 4 
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Rails shorter’ than 12 or 13 ft should not be used. The maximum modifi- 
tion from the theoretical leads is siightly over 3% while modifications up to 
to 8% in either direction may be made without seriously affecting the riding 
lalities of the turnout. 

Turnouts from Curved Tracks. (a) Stub Switch, lead rails considered to be 
rued with uniform curvature from switch point to frog point. 


1. Dimensions for turnout from the inner side of a curved track; see Fig. 29. 


sin @ 


tan 4e=gn/R (r+ 4g) =(R—- 148) = (P+ 0) 


Lead = BF =2(R — 14g)sin 40 


2. Dimensions for turnout from the outer side of a curved track; see Fig. 30. 
' sin 6 

in (F — 6) 

the curvature of the main track is very sharp, @ may be greater than F and 
en the center of curvature C will be on the concave side of the curved main 


ick. Fig. 29 may then be used for this case by merely transposing O and 
@ and @, and “‘ main track ” and “ siding.” The equation for r then becomes 


tan 4o=gn/R (r+) =(R+ ADs serra 


(Me) =R+ 0) — Lead = BF = 2 (R+%e) sin 149. 
sin (0—F. 


The lead is practically the same as for straight track and is most easily found 
ym the. formula, Lead =BF =2gn. Then 6 = 2gnD, where D is degree of main 
ick curye. The degree of the turnout curve is also approximately that of 
e main track’curve plus or minus that of the turnout. curve from straight track 
f the same frog number according to whether the turnout is from the i inner 
Outer side of the main track curve. 

(b) Stub. Swilch, with-straight frog. Frogs are usually made straight, with 
é result on.straight track of shortening each tangent to the turnout curve, 
d therefore the lead, by the length of the leg of the frog. The radius and 
gree of the new turnout curve are easily computed’ for the new tangent 
igth. For curved track, the effect on lead may be assumed the same as on 
‘aight track and the new degree of curve used as above. 


(c) Point Switch.’ The gage lines of the switch rails have the curvature 
the track so that the turnout at the heel of the switch rail makes the angle 
vith the main track the same as for straight track. The precise mathematical 
mputations are quite complicated and it will be sufficient to assume the same 
ference in lead between stub and point switches as obtains on straight track, 
at is, use the table for leads, and to find the degree of the turnout curve in 
manner described above for the stub switch. 


} -_ 
> 
_ 
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Double Turnout from Straight Track.’ The computations are’, quit 
simple when it is. assumed that all of the frog rails as well as the switch rail 
are circular thruout.. As may be seen from Fig. 31, the dimensions would b 
considerably changed by assuming the frog rails to be straight, and mud 
depends on the length of the straight rails. In any case, the sections of curves 
rails would be very Short. Only the equations for curved lead rails will her 
be given. g ; 

; vers 46 Fy = 


2 (r +%% &) —_ 2m 
in which nis the frog number corresponding to the middle frog F',. Theabov 
equations also depend on the assumption that F; and F, are equal. Thei 
values are obtained from the relation that vers 4% F,, =1% vers F;=% vers F, 
Altho approximate, there is no sensible error in the relation = 0.707 
between the frog numbers, in which 1 is the frog number of F,, and #i 
the frog number of F; and F,. 


Fig. 32 


If both turnoltts-ruh to the same side as indicated in Fig. 32, the relation of the frog 
will be practically identical with those in the previous paragraph, since the inner switc 
may be regarded’ fiiérely as a curved main track, and since, as previously shown, th 
dimensions of switches are but little altered by a moderate curvature of the main track. 

Connecting Curves from Turnouts. The following solutions for con 
necting curves and crossovers between straight parallel tracks are based o} 
the use of straight frog fo beyond the frog point. Let d= distance betwee 
track centers, g = gage, F = frog angle, w’ = length of wing rail back 6 
theoretical frog point = (HK— w) of the Switch Table = DF in the figures, 


Fig. 33 “ Fig, 34 


R=raditis of main curved track, ¢ = tadius of connecting curved - dtecl 
n = frog number corresponding to frog angle F, ¢ = central angle, measurs 
at) center © of main curved track, required for connecting curve, #= cen 
tral angle, required for connecting rec measured at center O of conned 
curve. 
For 4 connecting curve from a straight track, see Fig. 33, 


d-—g-w’sin F 
vers F 


7=%e= 


+= 
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_ Altho the distance from F to the “fouling point” (which is on the line ab) 
may be shortened somewhat by using a sharper curve and using a short tangent 
at each end, the method indicated in Fig. 
33-is preferable. Under such conditions, 
using the standard dimensions given in the 
Switch Table, the length of the connecting 
curve for a straight track, measured along 
the main track, is a definite quantity for 
any frog number; and is as giveh in the 
accompanying table for d= 13; g = 4-708! 

For a connecting curve oh the outside of 
a main curved track, see Fig. 34, 


Connecting Curve from Turnout, 
Straight Main Track 


Frog A . Deg. of 
[Fe Dist. | Radius aera 


4 61.31 | 229.20 | 25°r2’02"’|, 
5 76.50] 356.92 | 16 06 20 
6 90.55] 519.49 | Ir 0247 
Vi 108.02 706.05 8 07 18 
8 123.91 | 928.77} 6 toz9 
9 | 139.25 | 1269.72 | 4.5400 
9% | 147-54 |.1313.15 | 4 2208 

To | 155.35 | 1455-03 | 3 5619 

Ir 170.93 | 1760.31 3 15 18 

| 12 187.29 | 2108.98 | 2 43.02 

IS | 234-42 | 3300.35 | I 4410 

16 250.52.| 3777-05 | 1 31 00 

18 280.90 | 4743.75 || I 12 28 

5866.22 | 0 58 36 

8447.05 | 0°40'42” 


2n (d= g—w’ sin F) 
2R+d+w’sinF 
i 7 ot sinY | 
(r—4 ) = (R+ M4 et+w sin) F+Y) 
DS = 2 (r — 342) sins (F + ¥) 


For a connecting curve on the itiside 
of a main curved track, ste Fig 35, 


tang y= 


on(ds¢—-w’sin F) 


tena’ — Re ore P 
(+ ho= R-Ke- win Oe 


Fig. 35 Fig. 36 


In case the frog angle F is larger thah ¢, the center of curvature of the con- 
necting curve rails will be on the other side of the main track as shown in 
Fig. 36. Then ; 

sing 


< aa) =I ae wisn Fy Oa 


Th case @ shotild exactly equal 7, the cohnecting rails Would be straight and 
+= infinity. This is true wheh 
} 2R-d-w'snF =4n? (d —-g — w'sin F) 


The solution of this equation will show the value of R which makes this case 
possible for any given values of n, d, g and w’, p 


7 
aS 
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Crossover between Straight Parallel Tracks. With straight connecting 
track, the length between the frog wing rails 


sorta pd ajjtenae 
VZi= dnp ?™ gcot F. 


The distance between frog points measured along either track 


ele ary BD 

FiY = (d —'g) cot F ink 

The distance (measured along either track) from the switch point on one 
track to the switch point on the other track equals FY plus twice the theoretical 


lead, or twice the distance from either switch point to the theoretical frog point. 


Distance between Switch Points, Crossover between Straight Parallel 
Tracks, with 13 feet between Track Centers 


Total Frog Fo¥ Total 
2 


distance no. distance 


176.37 


9% | (33-71 183 . 51 16 57-13 | 329.03 
Io 35551 190.53 18 64.32 | 357.08 
It 39.13 223.25 20 7I.5I | 384.22 
12 42.73 |_ 237.23 24 85.87 | 436.05 


With reversed curve connecting track, but with F, = F, = F,w, =w.= w’, and 
7, = 7, = 7, an indefinite number of combinations of y and @ may be selected 
- by choosing some reasonable value of 7 in the following equation and solving 


Fig. 37 Fig. 38 


the equation for @, which is the only remaining unknown quantity, provided 
the frog angles are equal. (Similar to Fig. 38.) In this case the point M is. 
midway between the tracks and between the frogs. The use of reversed curves 
saves distance measured along the main track, as shown in the illustration. 


% (dd — g) = w'sin F + 4% ¢ cos F +, [vers (F + 9) — vers PF) ~r 
‘and F,Y = 2 [w'cos F + 4 g sin F +7 (sin (F + 9) — sin Fl] as 
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In case it is desired to make the crossing with two unequal frogs it may be done 
within limitations as shown in Fig. 88. The following equation may be derived: 
d—g=wsin FP, + 4 g (cos Fi + cos Fx) +7: [vers (F, + 61) — vers Fi] + 

ro [vers (F2 + €2) — vers Fe] + we sin Fe. 
But since (7, +6.) must always equal (F, + 62) above equation becomes 


vers (F; + 61) 
d—g—wisinF; — wesin Fs — 44g (cosFi1+ cos F2) +7 vers Fi + r2 vers Fe 
; rit re 
All of the quantities in the right-hand side of the above equation are known 
except 7; and 7g. Their values may be selected at pleasure (within limitations) 
and may be equal or unequal. The distance along the track 


FoY = wi cos Fi — % g sin Fi + 1 [sin (Fi + 61) — sin Fi] + 
we cos Fz — % g sin F2 + re [sin (Fe + 62) — sin Fo] 

Cross Ties for Turnouts and Crossovers. The following table is based 
on the dimensions of the turnouts and crossovers given in previous tables. 
The switch block rests on two ties which are 4 ft longer than the standard. 
The tie under the point of the frog is 5 ft longer than the standard. The longest 
tie for a turnout is twice the standard length. The ties between the frog points 
(for the distance F2Y, Fig. 37) are standard length plus 73 ft. 


Wumber and Lengths of Ties in Turnouts and Crossovers 
Standard tie, 8 ft 6 in long; 13 ft between track centers 


Frog number 


ese TO iat | 8 9 914.) 70 | rr | 12] 15 | 16 | 18 | 20} 24 

5) 5} 6] 8] 9) 910] x0} z2] 13 ] 75 | r5 | 16) 28 | 20 

6 Sh Anh AG oss 5: G1 Gh Os) col eB oed| ne aa gs ee 
Os Bol) Zehi Bhat ahs josh so} 6] 6) 9) 9] 9 | ro) x 
6 SHS: ghGel raha, pos | Lae Sal S|, 6 18) | 8 | Og hare 
° yt auiinse lB) Aad! [nth 4y] S| SLE Te 8 | 9 to 
6 Blsrau | Bale SislrnBoll sanlersislaray| 4.) 4b OM IZ) Sil 29 
° ih (RE pe (A a Mo a a ae UW fh | fal 
6 Big | eereaa 5 He OReN Se! 6) 6) ye Fela NS tg) 
a) mre! <2 pai Mang |, eatderse| <3 |) Sf Siissah Onk Gal: o7 
6 1.) Ir I rt Ir 2 2 2 2 2 2 2 2 2 4 
° ri) x I I 2 een 2) 2) 2°18 | 30Sa) Ais 
6 I I t I 2 2 2 2 3 3 3 4 4 4 5 
° riz | sida es | 2 | ach Bub Sal 4 4a pee 6 
6 I I 2 2 2 2| 2 2° 3 |) ea gears & ate: 6 
° ax 2 2 2 2 2 | Mules higabeqpee §-(- 6a 6 
6 Dipti Bey ee)! 2 || Zl. Spr tid eSupel. 4. [Sale Geter 
° fh tas} raha a hee. | 2h Sal 3. tS) Meee A Se ra 
atfit6in| 8 | 10 | 12 | 13.| 15 | 16 | 18 | 19 | 22.| 23 | 28 | 30 | 35 | 38 | 46 


For a turnout, use the number of ties called for from 9 ft o in to 17 ft o in inclusive; 
for a crossover use twice the number from 9 ft 0 in to 13 ft o in inclusive, plus the number 
of 21 ft 6 in ties. The average spacing of these ties is 22 inches. 

The standards of the Amer. Rwy. Eng. Assoc. for Nos, 8, 10, 11 and 16 turnouts 
and crossovers show an average spacing of 20 to 21 in, the detailed spacing being 
arranged to give increased support to switch points and frogs and to give suspended 
*oints with the arrangement of lead rails recommended. The two ties for the switch 
block are rs ft long and the maximum length is 6 in less than double the standard. 
For cross-overs the long ties ate used for the entire distance between the toes of the 
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Bill of Timber for Standard Turnouts and Crossovers. Amer. Rwy. Eng. Assoc. 
Standard tie, 8 ft 6 in long; 13 ft between track centers, 


Turnouts Crossovers 
Length 
No. 8 | No. 10 | No. 11 | No. 16 | No.8 | No. 10 | No. rr | No. 16 

Ft In 

9 oO 9 9 12 20 16 18 24 40 

Or 7 7 10 14 14 I4 20 28 
Io oO 5 5 8 10 Io 10 16 20 
io. 10) 4 5 5 S 8 Io B do) 18 
TE: 27 3 4 5 6 6 8 10 12 
Ir. 6 3 4 5 6 6 8 Io I2 
12. 0 3 3 3 5 6 6 6 10 
12 6 3 4 3 5 6 6 8 Bie) 
13 0 ge, 4 4 5 

re 2 3 4 5 

14 0 3. 3 3 5 

14 6 2 3 3 4 

15 0 5 5 4 7 4 4 4 4 
roa (6 2 3 3 5 

16 0 3 3 3 4 

16 «6 2 4 3 5 

at— 6 24 31 32 49 
TotalBM| 3651 4407 4814 711 6925 8156 9534 13878 
Distance | 25.77 | 36.29 32.60 | 49.68 7.97 10,00 10.98 15.98 


Total BM is in feet, board measure, on the basis of 7 X9 ‘in ties and the distance given 
in the last line is for turnouts from the actual frog point to the ‘end of the ties provided 
} for in the table. Beyond that point standard ties 
are used, For crossovers the distance is the change © 
in length between frog points due to change of r 
ft in distance between track centers. 


Crossover between Curved Parallel 
Tracks. (a) Using a Straight Connecting 


Fig. 39 Fig. 40 
Track: There are two cases as illustrated in Figs. 39 and 40, depending on 
whether Fo is greater or less than @,. The following equations apply to both 
figures. One frog (say Fy) may be chosen at pleasure within narrow. limita- 
tions, then the relation between 7; and Fy is given by 
PUM SG Made ttc ches at awe 
eee R= Mad +48 . 
The distance between the frogs measured along the inner rail of the outer track is. 
GF; =2(R+}d — 4g) sin 4 (Fi —F2) 
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F, will not in general equal the angle of any standard frog, even though 
the frog F, be standard. 

(b) Using a Reverse Curve for the Connecting Curve: In Fig. 41 the lead 
rails are assumed to be circular thruout, and the lead rail curves are assumed 
te have been continued until they meet at the point of reverse curve. Within 
narrow limitations F, and F, may be selected at pleasure, and wil) of course be 
made of standard sizes. The problem should be solved on this basis, which 
will determine the dimensions of the connecting curve, and then the switch 
rails may be altered if desired. 


a(t, +%- 4) Aer sis R+t%ed-r, 
(R-i%d+r.)(R+ Teen ee ry +T, 
0,0,D =$ + 0,0,0; NF, =2(R=%d+ % g) sins (p — 4, — 4). 


vers J = 


Fig. 41 


Crossings. For Two STRAIGHT TRACKS the frog angles are the angle (and 
its supplement) made by the two alinements. For ONE STRAIGHT AND ONB 
CURVED TRACK, Fig. 42 applies with these equations: 


eae RceosM+"W%g cos F Rcos M+ % g 
: EEA Ae Fi tap ct 8, 
eo A eae 

peal, soe Me Eg pia Ros Yo g 


R+%e ’ i ks R-Vg 

F,F, = (R+%% g) sin Fy -— (R=% #) sin Fy 

HPF, = (R= g) Gin Fj = sin F,) ¢ 

FF, =(R+%g) sin F, — (R- 4g) sin F, 
For TWO CURVED TRACKS all four frogs are unequal, see Fiz. 43. ‘The radi 
of the two tracks are of course known and also the anglé of intersection of 


their tangents (/). Then 7,, 7,7, and 7, becotie known by addiiig (or 
subtracting) 44 g to the known track center radii. In the triangle C:MC2, 


4 (C, + Cy) = 90° —% M 


awe 
tan %4(C, -C,) = cot uM RR, 
Froth these equations C, and C, become known. 
hen sin M 
c= GiCy = R, sin C, 


For abbreviation s, = 4% (¢ +r, +7); 5 =% 
D(+r, +7,); 53 =e +7, +7.) ands, =% 
TG +2 + 73). qr ake : 


tp 
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2 (s,—7;) (s, — = = 
Then vers F, = i he vers F, = a4) (1) 
ns TI s 


2 (83=11) (53 — 75) vers Fx 2 01 — 12) (Sy = 13) 
fi%s i Ufa 


® i r r) a 
sin C,C,F,=sin F,"*; sin C,C,F, = sin F, “4 HY EEN Opt rte oo 


vers P= 


5 z r . wa 2 
sin F,C,C, = sin F, 4; sin F,C,C, = sin i,” ; FCW, + FCC,- FCC, 


From these equations the chords 7,/, and FF, are readily computed. 


16. Stock Guards 


Essential Features. A stock guard consists essentially of wing fences 
extending from the right-of-way fences to APRONS, which are short sections 
of fence, usually flaring, set parallel with the track at the track end of the wing 
fences; also a pit ora rough surface, on which stock will not walk, which extends 
the entire width of the track between the outer ends of the ties. A pit is about 
three feet deep, five feet long (parallel with track) and as wide as necessary; 
it has vertical walls of masonry or wood; the rails are supported on two wooden 
stringers spanning the pit. A surface guard covers the ties for a distance of 
about 8 feet with some one of a variety of wooden or metal slats or tiles. 


Recommended Practise. The Amer. Rwy. Eng. Assoc. recommends surface 
guards in preference to pit guards, chiefly on account of the disastrous conse- 
quences due to a derailment at the guard or a failure of the pit structure. A 
surface guard should be so designed that it will not catch dragging brake chains 
or other rigging; it should not endanger employees who must necessarily walk 
over it; it should not rattle during the passage of trains; it should be reasonable 
in first cost, durable and easily applied and removed for track repairs; finally, 
it should be effective to deter all kinds of live stock from attempting to cross 
and yet should not catch and hold such as should make the attempt. . 


Surface Guards. Home-made wooden guards consist of slats about 8 ft 
long, 214 in wide, 4 in high, spaced 414 in c.c. using 2-in fillers and tied together 
with three. %-in round rods running thru slats and fillers.. The slats are 
chamfered on the upper corners. Metal guards are usually patented and 
consist of rods (replacing the\slats) or some one of a variety of designs in 
stamped sheet metal which, by bending out lugs, will make a rough surface. 
A surface may also be made by a combination of interlocking tiles about 4 in 
wide, 15 in long, and whose upper surface forms ridges. This type is free 
from rust or decay but is more liable to breakage. 


17. Yards and Terminals 


(Condensed from Definitions and Recommended Practise of the Am. Rwy. Eng. Assoc., 
as published i in its “‘ Manual.”’) 


A Yard is a system of tracks arranged in series within delnied limits for 
separating and making up trains, storing cars and other purposes. A large 
yard will have some or.all of the following features. An incoming train leaves 
the main track and enters a receiving yard where the train may wait tempo- 
rarily until the separation of the cars begins. The train runs from the receiy- 
ing yard to a separating yard, in which the cars are separated according to 
district, commodity or other required order. Some cars will be run to a clas- 


Arie? >: Yards and Terminals 215 


sification yard in which cars are classified or grouped in accordance. with 
requirements preliminary to forwarding. in trains. Some cars may be sent 
to a storage yard, awaiting further disposition. Others will be sent to special 
tracks referred to later. The cars.which are to be sent out of the yard are 
then sent to the departure or forwarding yard, where they are assembled into 
trains. The distribution of separate cars on to various tracks is often accom- 
plished by pushing them over a summit, beyond which they run by gravity. 
Such a yard is called a summit or hump yard. A yard in which the classification 
is accomplished by the use of a pole operated by an engine on an adjacent parallel 
track is called a poling yard. Tracks in a group or set of parallel tracks all used 
for some one purpose are called body tracks. They should be spaced from 
13 to 14 ft c.c. A group of such tracks all lead into a ladder track which should 
be not less than 15 ft c.c. from any parallel track. No. 8 is the minimum frog 
number which should be used on such tracks. The track connecting either end 
of the yard with the main line is called a lead track, which should be interlocked 
with the main line. Running tracks,and open tracks are provided so as to 
permit the free movement of cars and switching engines from any portion of 
the yard to any other. Caboose tracks should be located between the receiving 
and forwarding yards, and are preferably so constructed that a caboose may be 
readily pushed thereon from a receiving track and then dropt by gravity to 
the train departing in the direction from which the caboose has arrived. Scale 
tracks should be located between the receiving and separating yards. Coaling, 
ash-pit, sand and engine tracks should be located on the route to and from 
the engine house; they should be so arranged that water, coal and sand may 
’ be taken and ashes disposed of in convenient rotation and also provide that 
switching engines may clean fires, take coal, water and sand and’ pass around 
the waiting engines. Bad-order tracks should be convenient to the classi- 
fication yard, so that bad-order cars may be set off and easily run to the repair 
tracks.’ The repair tracks should have a maximum capacity of about 15 cars 
each and be spaced alternately 16 and 24 ft apart c.c. Fifty linear feet of 
track should be estimated in rating the capacity of freight-car repair tracks, 
in order to provide working room about each car.- Part of the yards should be 
provided with air and water pipes with outlets so ft apart for testing cars. 
A material supply track should be placed in the space between each pair of 
tracks. Heavy freight car repairs should be under cover and provided with 
overhead traveling cranes to facilitate heavy lifting. Icing tracks should be 
located between the receiving and separating yards so that the cars to be iced 
may readily be moved from the receiving to, the icing tracks and thence to the 
separating yard. A coach-cleaning yard should be located for ready and 
quick access to and from the station. The tracks should be long enough to 
accommodate trains without cutting, and should preferably be stub-ended, 
with a car cleaners’ repair supply building located at right angles at their ends. 
Yard track capacity is estimated by allowing 42 linear feet of track to each car. 
Team delivery yards should be located convenient to the freight house so that 
the receipt and shipment of freight may be easily under the control of the freight 
agent’s force. The tracks should be stub tracks in parallel pairs, the tracks of 
each pair 12 ft between centers and the pairs 52 ft between centers. For con- 
venience of shifting, the tracks should have a capacity of about 20 cars each. 
A crane for handling heavy freight should be provided. If possible, ingress and 
egress for teams should be provided for each end of each teamway. Wagon 
scales should be provided near the team entrance of the yard, and sesh scales 
should be provided and located for convenient switching. 


A Hump Yard should have receiving, classification and departure Aare 
Trains may be handled thru it faster and at less cost than thru any other form 
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of yard. The receiving tracks should be of sufficient length to hold a maximum 
train, and should be sufficient in number to hold as many trains, arriving in 

- quick succession, as the character of the road renders probable. If possible 
the grades of the receiving tracks should be such that one engine can push the 
maximum train over the hump. The length and number of the classification 
tracks must depend on local conditions. The departure tracks should be of 
full train length and sufficient in number to provide ample standing room for 
trains while being tested for air and while waiting for engines. An air hose 
and an air brake testing plant should be provided conveniently near the depar- 
ture tracks. The grades after leaving -the summit should be sufficient to run 
the cars to their proper destination in the yard. The following grades are 
recommended: 60 feet of not over 2% and 50 feet of 4% with vertical curves 
6o ft long between ascending grade and 2% (at hump), 4o ft long between 2% 
and 4% and about 155 ft from 4% to head of ladder tracks; thence on 1% 
down thru ladder tracks and turnouts and 0.5% thru classification tracks. 
The length of 4% grade may be reduced to a minimum of 30 ft and the grade 
thru ladder track and turnouts to a minimum of 0.8% as proportion of loaded 
cars to be handled increases. Where the traffic and climatic conditions require 
it, the grades should be made steeper in winter and restored again in the spring. 
When required, scales should be located at such a distance from the summit 
(75 ft is recommended) that when the car to be weighed reaches the scales 
it will be properly spaced from the following cars and running slowly enough 
to render correct weighing easy. For average conditions it is recommended 
that a No. 8 frog be the sharpest used for classification yards. 


Freight Houses, For an inbound-freight house 50 ft is recommended as good average 
width. Platforms should be provided beside the tracks and coontinuous doors so as to 
obviate the necessity for spotting cars. For an outbound freight house the recom- 
mended width is 30 ft. Not advisable to load thru more than four to six cars. For a 
very great number of cars there should be stub tracks in pairs with covered platforms 
between, the pairs, the platforms leading to the freight house at the ends of the tracks. 
For a roadway between freight house on one side and wall on the other, minimum width 
30 ft; with team track or another freight house on the other side, minimum clear width 
4o ft. ‘ 

Stock Yards for receiving cattle vary from a small pen at a way station to a series of 
large pens at a terminal. They include arrangements for feeding and watering, as well 
as loading and unloading. : 


STEAM RAILROAD EQUIPMENT 
18. Water Stations 


Chemical Treatment is necessary when the water contains objectionable 
amounts of incrusting or corrosive.matter or of alkali salts. When water is 
boiled at a pressure of over 6o Ibs the carbonates of lime and magnesia will 
-precipitate and form mud or soft scale whose presence in the boiler is objec- 
tionable. It may be blown off but this wastes water and more or less heat. The 
sulfates of lime and magnesia when: boiled form a hard scale which adheres 
to the tubes and is only remoyed with difficulty. Treatment with lime in a 
tank will precipitate the carbonates, which are thus easily removed. The cost 
of this treatment is very moderate. The use of sodium carbonate (or soda 
ash) in a water containing sulfate of lime will produce carbonate of lime, which 
precipitates, forming soft-scale and also sulfate of soda which is objectionable 
because of ‘‘ foaming.” Foaminc is produced by the alkali salts, sulfate, 
carbonate or chloride of sodium, and is objectionable because it is difficult to 
maintain the proper amount of water in the boiler and keep wet steam out of 
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the cylinders. If the sulfate hardness is very great the water is practically 
worthless, since too much alkali salts would be developed by treatment. Even 
when the sulfate hardness is comparatively low, the simultaneous presence of 
considerable amounts of alkali salts renders the water useless, since the sulfate 
cannot be treated without producing a foaming water. Water may be’ classified 
as follows, the figures representing parts per 100 000: 


With respect to Very good Fair Very bad 


Tncrustation..... | Nosulfates;sodium | Sulfate hardness, 5-| Sulfate hardness 
carbonates and to 10; total hard- over 15; total 
carbonate hard- ness less than 30 hardness over 50 
ness less than 35 

Foaming......... | Alkali salts less | Alkalisalts between | Alkali salts over 40 


than 7 I5 and 25 


The Quantity of pure reagents required to remove 1 |b of various scaling 
and corroding substances is given in the following table. These should be 
increased to give equivalent quantities of pure reagents in case commercial 
products are used. The pounds of matter per 1000 gal may be found by diyid- 
ing parts per 100 000 by 12 or grains per-gal by 7._ The total amount of lime 
must be sufficient to take care of the free carbonic, acid as well as the solids. 


Reagents Required for Water Softening. Per Pound of Substance 
Amer. Rwy. Eng. Assoc. 


: Foaming 
Substance Reagent and Amount Matter 
Increased 
SMMURICICIA ccs cee sc ce wacie 0.57 Ib lime and 1.08 lbs soda ash...... 1.45 lbs 
Free carbonic acid .... miailbs Hime...c Sehetec.s sleet Ome None 
Calcium carbonate o.5Gilbylimeses .cvatlinetn Jide. taal. None 
Calcium ‘sulfate. :-.....6..50; 6.78 tb) sada lashes aslay aps bara «ane setae 1,04 lbs 
Calcium chloride.... ......- 0.96 lb soda ash... 
Calcium nitrate.......... ,...| 0.65 lb soda ash... 


Magnesium carbonate....,... Td [bs limesupiogiyts qed - smelt de- 

Magnesium sulfate........... 0.47 Ib lime and 0.88 Ib soda ash 

Magnesium chloride.......... 0.59 lb lime and 1.11 Ibs soda ash. 1.22 Ibs 
Magnesium nitrate........... 0.38 lb lime and 0.72 Ib soda ash. . 1.15 lbs 
Calcium -carbonate......°. 0.20.5 3-15 lbs barium hydrate.......... None 
Magnesium carbonate........ 3.76 lbs barium hydrate None 
Magnesium sulfate........... 2.62 lbs barium hydrate. . . None 
*Calcium sulfate..... ...... 2.32 lbs barium hydrate None 


*Tn precipitating the calcium sulfate, there would also be precipitated 0.74 Ib of cal- 
cium carbonate or 0.31 Ib of magnesium carbonate, the 2.32 lbs of barium hydrate per- 
forming the work of 0.41 lb of lime and 0.78 lb of soda ash, or for reacting on either 
magnesium or calcium sulfate, r Ib of barium hydrate performs the work of 0.18 Ib of 
lime and .034 Ib of soda ash, and the lime treatment can be correspondingly reduced. .. 


These data will enable one to determine the quantities of reagents necessary 
to treat a given water and local quotations will supply data for a cost estimate. 
The cost of operation (aside from chemicals) will depend largely on the method 
used and local conditions and may be very little in addition to the cost of 
operating a water plant. 
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Concentration of foaming solids reaches the critical point between roo and 
200 grains per gal, depending on the character of the solids and the amount of 
suspended matter in the water. The percent of wastage by blowing off for 
keeping below the limit of too grains per gal equals the number of grains of 
foaming matter per gallon in the water as supplied to locomotives, and varies 
inversely as the limit for other values. 


Another method of treatment is to pass the water thru tanks between steel plates. 
A 110-volt current sent thru the plates passes thru the water. Hydrate of iron is liberated 
which precipitates the incrusting solids. The cost depends on the quality of the water and 
the amount of current used. At one station the cost was 47.9 cents per 1000 gallons. 
This is more expensive than the chemical treatment, but it permitted the treatment and 
use of a badly foaming water. 

As an illustration of the importance of the subject, the El Paso and Southern Railway 
found that even after chemical treatment of the hard-water supply on a division 128 miles 
long, the engine tonnage was reduced 25%, while the cost of locomotive maintenance was 
increased $rooo per year per engine over the normal amount. To avoid this a waterworks 
system from.a supply of pure mountain water 130 miles distant was constructed at a cost 
of $1 300000. Even this expenditure was proven to be amply justified. 

Tests have proven that for a scale thickness of say 1 in the loss of heat fransmission 
may amount to ro or 12%. A porous scale increases the heat loss even more than a solid 
scale. The chemical composition has no practical effect except as it may produce a 
porous scale. The heat loss increases as the thickness of the scale. 


Supply. The Amer. Rwy. Eng: Assoc. recommends’the purchase of water 
where it can be obtained in’ sufficient quantity and of suitable quality at a 
reasonable price. Otherwise the source may be springs, lakes, ponds, creeks, 
rivers or wells and it may be possible to supply the tanks by gravity, tho usually 
pumping will be necessary. ‘The quantity and quality of the water should be 
investigated for a sufficient time to give accurate results, future increased 
demands and possible necessity for treatment being taken into account. 
Ordinarily the quantity should be sufficient, if economically possible, to give a 
24-hour supply in 7 hours at terminal stations and 4 hours at intermediate 
stations, except for large stations when one may figure on 1to-hour or even 
20-hour pumping service. 

Pumping. Steam and gasoline engines are most used in this service; the 
former especially in regions where slack coal is obtainable and the latter on 
account of the small amount of attention required. The sharp advances in 


Costs of Fuel for Various Types of Pumps and Engines 


As 
Type Fuel BHPHou | EfHP 
Pump Engine Kind Price Fuel Used | Cost | No.)Cost ro Hr 
Recip |Steam, S] Val} Bit Coal |$2.00 per ton|14 Ibs $0.0126] 40 $3.15 
Recip |Int Combust | Gasoline | 0.16 per gal|1% gal 0.0200} 50 4.00 
Recip |Int Combust | Ill Gas 0.75 Mcu ft|z2 cu ft 0.0090| 50 | 1.90 
Recip |Int Combust | Nat gas || 0.25 Mcuft} 8 cu ft ©,0020} 50 0.40 
Recip |Int Combust |} Fuel oil 0.06 per gal| 1 gal ©.0075] 50 I.50 
Recip |Electric Mot | Elec 0.03 KWH |0.746 KW | 0.0224) 50 4.48 
Centr |Electric Mot | Elec 0.03 KWH |0.746 KW | 0.0224! 50 4.48 
Centr |Int Combust | Gasoline | 0.16 per gal} gal 0.0200] 50 4.00 
Centr Int Combust | Fuel oil | 0.06 per gal | gal 0.0075! 50 | ~ 1.50 


Note.—The last column covers the work required to elevate 4oo gals per min roo ft, 
this being equivalent to the delivery of 240 000 gals per day of ten hours, which is an — 
average requirement of a railroad water station. 
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the price of gasoline have led to the introduction of other forms of power such 
as oil, producer gas, etc. Electric motors are practically automatic and may be 
used to advantage where current is cheap. The Amer. Rwy. Eng. Assoc. recom- 
mends steam for plants up to 5 E.H. P. (E. H. P.=gallons per minute times 
sum of static and friction heads divided by 3960) where 100 lbs of coal delivered 
at the pump house is cheaper than 1 gal of oil delivered at the oil storage tank, 
especially where a steam plant is maintained for other purposes and the interest 
on its cost is less than on an oil plant and unless the quality of the water is 
such as to occasion heavy boiler repairs. The table on p. 218 of costs of fuel 
presented by the Comm. on Water Service of the Amer. Rwy. Eng. Assoc. in 
1915 will be useful in comparing methods: 


Tanks of ordinary size are commonly built of wood, cedar or cypress. Steel 
is also used especially for the larger sizes and permanent installations and a few 
reinforced concrete tanks have been constructed with varying results. No 
doubt these will be more used in the future as they should be permanent and 
satisfactory if properly constructed. The construction of wooden and steel 
tanks is now a specialized business which may be left to the builders under 
general specifications. See Manual of the Amer. Rwy. Eng. Assoc. Their 
capacity usually varies from 10 000 to 80000 gals. Two or even three smaller 
tanks are preferable to one excessively large tank. 


Capacity in U. S. Gallons of Tanks of Various Inside Dimensions 


n) . 1 
Height | Diameter ! Height !Diameter Height |Diameter 

Gallons Feet Feet Gallons Feat Feet Gallons 

8 460 14 16 21 057 18 22 51 185 

9 929 18 26 650 24 60 914. 

IE S15 | 20 32 9OI 26 71 489 

13 219 22 39 810 28. 82 910 

16 20 

13 817 18 30 457 24 67 682 

15 863 20 37 601 26 79-432 

18 049 22 45 498 28 Q2 123 

22 843 24 54 146 30 ( 105 752 


The total cost of wooden tanks per rooo gals capacity may be roughly estimated at 
from $30 to $35 for 100 coo gal tanks to $45 to $50 for 30 000 gal tanks to $70 to $75 
for 15 000 gal tanks to $130 to $140 for 5000 gal tanks. Steel tanks will cost from 50% 
to 75% more. 


Track Tanks are used to obtain a supply of water while the train is in 
motion—even 6o miles per hour. A scoop, lowered from under the tender, 
is attached to a pipe leading to the tender tank. The rapid motion forces the 
water up the pipe from the long shallow tanks between the rails. The height 
of the top of the scoop above the track tank is usually about 9 ‘ft, and this means 
that water will not flow into the tank unless the speed of the engine is more 
than 16 miles per hour. Even at 20 miles an hour more water is wasted by 
slopping over the sides than reaches the tender. The minimum wastage is 
about 4 and occurs at a speed of 45 to 50 miles per hour. 


- The track tank is made of 3/,¢-in plate, is r9 in wide, 6 in deep, bottom rounded to 114 
in radius, plates are rs ft long, riveted with 7/;¢-in rivets, 20 rivets per joint; on each side 
is riveted anangle rl by 2 by 14 in; the edges are stiffened by a molding of 1 by }4 in bar 
jron. The ties are dapped 114 in deep so as to lower the tank a little. At the center of its 

zth it is rigidly attached to the ties. Ordinary track spikes are driven beside the angles. 
hus holding the tank in place laterally and vertically, but permitting longitudinal expan- 
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sion with temperature: There are inclined planes at each end, both inside and outside 
the tank, which will automatically raise the scoop in case the fireman neglects to raise 
it or lowers it too soon. About 1200 ft is an ordinary length, tho double this is some- 
times used where trains are frequent, and the track must be absolutely level, which 
frequently requires reconstruction of the roadbed. They are usually placed on tangents 
but are Successfully used on flat curvés when necessary. To prevent freezing in winter, 
steam pipés having 14-in nozzles are inserted every 4o to 50 ft thruout the length of the 
tank, and jets of live steam are forced thru them from the boiler in the pump house in 
the “direct ” system. In the “circulatory ” the water is kept in circulation and steam 
is fed in with it at the inlets. The size of the required boilers depends on the amount 
of pumping required and on the severity of the climate, as it affects the demand for 
steam to prevent freezing. Altho 25 H.P. would generally suffice for warm-weather 
pumping, 150 H.P. might be required to prevent freezing. The cost of installation may 
amount to $10 0co and the cost of maintenance may be $125 to $150 per month, 


19. Miscellaneous Structures 


Coaling Stations. Located at division terminals and in general near 
engine houses. HAND SHOVELING of coal from a gondola car directly to 
engine tender involves delay of car until coal is required. A trestle costing 
$250 to $500, or a convenient natural embankment which lifts the car about 
5 ft above the locomotive track, facilitates the work of shoveling. ‘The shovel- 
ing has been done for about 17 cents per ton. ‘To save delaying the cars the 
coal is sometimes shoveled onto a platform, or bin with low sides, and again 
shoveled into the tender. This doubles the cost of shoveling and with bitu- 
minous coal produces more slack. As an improvement a JIB CRANE is set on — 
a platform, which lifts buckets of about one ton capacity and stores them on 
the platform from which they are again lifted and dumped in the tender when 
needed. Two quoted costs for this method are 23.2 and 32.0 cents per ton, 
but in these cases the plants handled only 12 and 13 tons per day. ‘The use 
of small dump cars rather than buckets at a plant handling 235 tons a day 
reduced the cost to 17.8 cents per ton. ‘The next step in reduction of operat- | 
ing costs by increase in cost of plant is to construct a TRESTLE with coal-car 
track 30 to 40 ft above the engine track, the grade of approach hot exceeding 
5%. Self-dumping cars, dumping the coal directly into bins, eliminate the 
cost of shoveling and reduce breakage of the coal. ‘The cost of coal handling 
on 26 such plants varied from g to 12 cents per ton. When space for a 5% 
approach is not available, the grade may be increased to 20%, and the cars 
hauled up the grade by the tse of cable and hoisting engine. Another type is 
@ LOCOMOTIVE CRANE, which is essentially a jib crane mounted on a self-moying 
car. Such a crane, costing about $7500, can load 70 engines per day. It 
loads directly from the cars to the locomotive tender and can handle cinders 
and ashes as well as coal. It is also particularly useful when self-dumping 
cars are not regularly obtainable, especially since flat-bottom cars are almost — 
useless for many types of coal-handling plants. ‘The average cost of operating 
seven locomotive crane plants, each handling 106 to 230 tons of coal per day, 
Was 7.3 cents per ton. Another crane handling only 45 tons per day cost 
14.0 cents per ton. An added advantage in it is that such a crane may be © 
transported and can be utilized for temporary emergencies, especially where — 
permanent construction is for any reason inadvisable. The bucket conveyor 
type has the advantage of minimum ground space and indefinite flexibility 
to suit local conditions, provided the amount of coal to be handled is very large. — 
The advantage and economy are in these particulars, The cost of handling 
coal in nine plants varied from 9.4 cents to 14.3 cents per ton. Storage bins 
should be constructed with hopper bottoms 86 as to facilitate the movement 
of the coal and also to prevent the accumulation of slack coal which sometimes 
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ignites spontaneously. Coal is sometimes weighed by passing it thru auxiliary 
bins holding 5 to 1o tons and mounted on scales. Sometimes the scales are 
omitted, and the measuring is done by volume. When sand and cinders are 
handled in the same plant, the handling machinery should be separate, 
since sand and cinders produce excessive wear on moving parts. The growing 
scarcity of lumber is constantly increasing the relative ultimate economy of 
plants of reinforced concrete and fireproof construction is desirable. 

Ash Pits. The simplest form of ash pit is made by laying the rails on 
t2-in by r4-in wooden stringers, which rest on cross ties leaving a net space 
4 ft wide.. The stringers and ties are covered with old boiler plate to pro- 
tect them from the hot ashes.. Water service with: hose and suitable drainage 
are almost essential to quench burning cinders. Altho such a pit is justi- 
fiable for a road doing small business, 1¢ requires prompt removal of the 
ashes by shoveling. The next step is to construct a pit with concrete walls 
and bottom and with a clear depth of about 3 ft, Light all-metal cars may 
be provided in the bottom of such a pit for the prompt removal of the ashes. 
Another method makes the pit wider (perhaps 10 ft), runs one rail on one 
side wall and the other rail on a series of cast-iron columns. ‘This affords 
greater freedom in the remoyal of the ashes. A variety of designs agree in 
dumping the ashes from the locomotive into a hopper or car directly under 
the locomotive. The hopper or car is then drawn out sidewise, or, after the 
locomotive has past on, the car is lifted vertically by some form of mechan- 
ical hoist and dumped into a gondola car on a storage track. Ashes are also 
handled by the belt type of conveyor, the same as coal. 

Sand Houses. A sand house consists essentially of a wet sand storage 
bin and a sand drier and screen. ‘The dried sand may be stored in buckets 
from which it may be dumped by hand into the sand boxes on the engine. 
A more elaborate and economical plan uses comprest air to pump the dry 
sand into an elevated storage tank ons which it falls by gravity through a 
pipe to the engine. 

Oil Houses., The essential Paes are a fireproof place of economical 
construction for the storage of oil, combined with conveniences for its dis- 
tribution. The oil should. be stored in tanks located in the basement, the 
basement haying masonry walls and the floor above being made preferably 
of reinforced concrete. A trap door of fireproof materials should be the 
only opening into the yault beside the pipes. No iliumination except elec- 
tric lights should be permitted. The vault is surmounted by a house which 
may be of wood, and which is used for pumping the oil from the tanks into 
small cans and to distribute the oil to the employees. Since the oil is put in 
and removed entirely by pumping, the vault need not be opened except for 
occasional inspection and repairs. 

Track Scales for freight-car service have a capacity of from roo to 150 
tons. The platform is generally from 36 to 46 ft long, but the length is 
sometimes increased to 60 ft, which permits the weighing of cars without 
stopping them as they cross the scales on a gravity track. Scales roo ft long 
have been built, but their use is diminishing on account of greater unrelia- 
bility. To economize yard room and yet not subject the scale mechanism 
to needless wear, a pair of thru rails is run about ro to rz in from the weigh- 
ing rails. One of these thru rails rests on the wall of the scale pit and the 
other rests on iron posts which extend thru the platform and are separate 
from it. The weighing rails switch into the thru rails by means of point rails 
at about one rail length each side of the scales. The cost varies from about 
$25 to $35 per ton capacity, according to capacity and style, the lower prices 

pplying to the larger-capacity scales, 
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Turntables. Length for modern locomotives must be from 60 up to 100 
ft, the most common length being 70 ft. The pivot pier foundation must be 
designed for a load of perhaps 300 tons. The depth of the pit depends on 
whether a deck table or one made of two pony girders is used. The circular 
walls of the pit should be made of masonry, but are sometimes made of 
wood. ‘They must support the circular rail on which the end of the table 
runs when unbalanced. The pit floor should be paved. A drain pipe with 
suitable outfall should be provided. The cost of a 7o-ft steel turntable will 
vary from $4500 to $8000 according to the details of depth of foundation, 
lining of pit, etc. ‘Temporary structures which will serve the purpose for 
light-weight engines may be built for $700 to $800 where timber is cheap. 


20. Block Signaling 


(The following has been condensed by permission from the Manual of the Am. Ry. 
Eng. and Main. of Way Assoc. It is largely a statement of “ recommended practise.”) 


Signals, if practicable, should be placed either over (on a signal bridge) 
or upon the right of and adjoining the track to which they refer. Sema- 
phore arms which govern should be displayed to the right of the signal mast, 
as seen from an approaching train. A mast may have a crosspiece on 
which two uprights (no more) may be mounted on which to place signals. 
One upright may be a stub to indi- 
cate that the corresponding track 
has no governing signals. Not more 
than one track should intervene be- 
tween a bracket signal mast and 
the track for which its left upright 
carries a signal arm. There should 
bea definite place for fagsand hand © 
lanterns when used for signals; they 
should be fixt by a flag socket and 
lantern hook on the side of thesignal 
station toward the direction of an 
approaching train and convenient 
for the operator to reach from one 
of the windows. The recommended 
semaphore for either train order, 
interlocking or automatic block sig- 
nal is as shown in Fig. 44. The 
arm should have 2 sweep of 90°. 
The design may be used for either 

Fig. 44. Semaphore a two-position or a three-position 
signal. When the lamp is on the 
side (as in figure) spectacle A is always blank. Spectacle B has red glass. 
Spectacle C is red for a two-position signal and yellow or green (whichever 
color is used for “‘caution”’) in a three-position signal. Spectacle D is white 
or green, whichever color is used for ‘‘clear.” Sometimes for economy on a 
single-track road the post is cut off so that the lantern is placed on top of the 
post directly back of (A) in the figure and another arm and spectacle casting 
is swung on the other side of the pole. In such a case spectacle A is red; 
B is red for two-position and yellow or green for three-position signal (like — 
spectacle C in other design); spectacle C is white or green and spectacle D is 
blank. It is recommended that the ‘‘electric slot,’ an appliance for auto-— 
matically disengaging the signal arm connection from its actuating lever and 


| 
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returning signal arm to “stop,” asa train passes, should be utilized. High- 
speed movements should be governed by high signals and low-speed move- 
ments by low signals. Not more than two high-speed signals should be 
displayed on one mast, the top arm to govern unrestricted speed and the 
lower arm to govern all other high speeds. All low-speed movements should 
be governed by one-arm low signals of dwarf construction. A distant signal 
should be provided for each high-speed route. ‘Red’ should be the ‘‘color”’ 
stop indication, and the “horizontal” position of the arm should be the 
“position” stop indication for all home signals. A mark of distinction should 
be made between automatic block signals and all other home signals, whether 
interlocking, train-order. or manually operated block signals. Home block 
signals should be provided at all interlocking plants used as block stations. 
All mechanically operated high-speed signals should be pipe-connected. Low- 
speed signals may be wire-connected. One distant signal only should be pro- 
vided for a high-speed route, and when “clear” it should mean that all 
high-speed home signals along that route thru the interlocking plant, including 
the-home block signal, are “‘clear.’? Every movement within the limits of an 
interlocking plant should be governed by an interlocked signal. In view of 
the recent trend of the development of the art, the following recommendations 
were made as desirable improvements on present practise: (a) that a red 
light shall be the night indication for ‘“‘stop,” .a yellow light for ‘‘caution” 
and green for ‘clear ’’; (b) that day indications shall be given by semaphore 
signals in the upper right-hand quadrant; (c) that the semaphore arm hori- 
zontal shall indicate ‘‘stop,” inclined upward 45° ‘‘caution,” and inclined 
upward go® “proceed.” 

Compensators. One should be provided for each pipe line over so ft 
in length and under Soo ft in length and the crank arms should be rr in by 
13 in centers. When the length is between 800 and 1200 ft, the crank arms 
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Fig. 45. Compensator for Signal Pipe Lines 


all be 12 in by x6 in centers. Pipe lines oyer 1200 ft long shall have two 
compensators. The compensators shall haye one 60° and one 120° angle- 
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cranks and connecting link mounted in cast-iron base, having top of center 
pins supported. The distance between center of pin-holes shall be 22 in. | 
The standard design is as shown in Fig. 45, where P and P’ are the bearing 
pins, A = distance between them, ¢= temperature Fahr., a = temperature 
angle, w = stroke angle, and m =a +w. The distance U between the ends 
of the arms should be adjusted for the temperature at the time of adjustment 
as per following table. 


Values of Spacing for U in Compensator (Fig. 45) 


Length of lines compensated in feet 


7oo | 800 | 900 


188) 1734 


300 | 400 


20%8| 20% 18§ 
2rts| 203 


ary | orf 


Values of U are based on 0.08 of an inch as coefficient of expansion for an increase of | 
‘0° Fahr. for each roo ft of line, and the nearest 14, in is given. Since the mean tempera- | 
ture varies, it must be taken for the latitude where the work is done. | 


21. Locomotives. 


Classification is indicated by three numbers, of which the first is the 
number of pilot-truck wheels, the second is the number of drivers and the third | 


is the number of trailing wheels. 


number is zero. 


All three numbers are given even tho the | 
For example, the common American type having four pilot | 


wheels, four drivers and no trailing wheels is indicated by 4—4~0; the six-whee] | 
switching engine, having neither pilot nor trailing wheels, by o-6-o. 


Classification of Domestic Locomotives Ordered in the U. S.,1911 to1917 


| 


Type Class Igtr | 19r2 | 1913 | 1974 | TOTS | 1976 
5 

Mikado: . 5... sweees 2-8-2 590 | 1309 | 796] 333] 562 | 754 
Switching .... +59 + | eaig sat isa Sal be ae 
Switching .... 0-6-0 443 Sar 638 201 22X 730 
Switching. - . °-4-0 ste sists a sal Biesd Ser 
Consolidation: ie. 2-8-0 577 858 | 823 166 194 63 
Mallet...:... .| A-B-B-C*| 112 | 168 72 59 | 320] 218 
Pacific. ..:... 4-6-2 496 594 566 174 102 278 
Santa Fe..... 2-10-2 < Bs sae 63 75 325 
Ten-Wheel 4-6-0 238 | 364 255 48 39 4° 
Mogul. .... 2-6-0 127 61 42. 24 12 28 
Mountain 4-8-2 2 ‘eS 24 12 9 182 
Atlantic ....... 4-4-2 9 5 46 34 I 2 
American 4-4-0 27 8 8 19 I I 
Electric. ..... Various 133 75 94 59 69 32 
Others. <.- Various 406 252 103 73 168 238 
Motaleantesk teens 2850 } 4515 | 3467 | 1265 | 1573 | Sor 


2704 


* A and C are truck wheels, usually 2 or o and B drivers, usually 6 or 8. There may 
be three sets of drivers, as 2-8-8-8-2 for the large Mallet mentioned below, the nt ng 


set coi under the — in this case, 


ET 
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The tendencies as to types up to the present year (1918) is indicated by the 
able at bottom of p. 224, showing locomotives ordered. i 
As each of these types has been made of various weights, the number of 
ifferent kinds and sizes of locomotives in service is very great. The present - 
Inited States Railroad Administration intends to reduce this number and has 
dopted twelve standards, only, tho just what leeway if any, will be given 


Locomotives 


he roads in deviating from these is at present unknown. 


Standard Locomotives U. S. Railroad Administration, 1918 


Weight Cylinders : 
6 3 Trac- 
Speci} On pee evel Ria? 
No Total | Driv- | Kind} “gf nee 
% lbs ers : 
Ibs in in |lbs/sq in| lbs Ibs 

1-A_ | 2-8-2 | 290000] 220 000/Simple| 26X30 63 200 54 600) 55 600 
2-A | 2-8-2 | 325 000] 240 o00|/Simple] 2732 63 190 60 000} 60 o00 
7 2-10-2 | 360 000] 275 o00|/Simple| 27 32 57 200 69 400) 55 000 
8  |2-10-2 | 390 000} 300 d00/Simple|) 30X32 63 190 74 000] 60.000 
Ir 2-6-6-2| 440 000] 360 000/Comp |23&35%32| 57 225 80 300] 60 000 
i2 2-8-8-2| 540 000} 480 o00/Comp ||258&39 X32| 57 240 | 106 000) 60 000 
5-A | 4-6-2 | 270000] 165 c00|Simple} 25X28 73 200 40 700} 55 000 
6-A | 4-6-2 | 300000] 180 coo/Simple| 27 X28 719 200 43 800) 60 0090 
3-A | 4-8-2 | 320000] 220000|Simple| 27X30 | 69 200 53 900] 55 000 
4-A | 4-8-2 | 350000] 240 000/Simple| 2830 69 200 58 000) 60 o00 
9 0-6-0 | 165 000] 165 o00/Simple| 21 X28 51 190 39 100} 55 000 
Io | 0-8-0 | 220 090] 220,.000/Simple} 25 X28 5I 175 5I 200) 55 a 


The first group of six are for freight service, the first four of the second group are fot 
assenger and the remaining two for switching-service. All are designed for the use of 
ituminous coal and all are-equipped with superheaters and brick arches, Probably 
he Santa Fes and Mallets, Nos. 7, 8, 12 and 12, will have mechanical stokers. The over 
ll height is x5 ft except for the heavy Santa Fe, No. 8, and the 2-8-8-2 Mallet, 
fo. 12, where it is 15 ft 9 in. The width over cylinders is ro ft 4 in for all designs 
xcept small Mallet, No. 11, which has ro ft 6 in and the hecvy Santa Fe, No. 8, and 
irge Mallet, No. 12, which have roft gin. The width over cab body and cab eaves, 
icluding the cab handles, is the same for all designs, being ro ft in the first case and 10 
L 2 in in the second. ‘ 

Weights. These vary from about 25 tons for a 4-4-0 type of narrow-gage 
scomotive to that of a Mallet standard-gage locomotive weighing 853 050 Ibs 
vith 63 466 Ibs on each of twelve driving axles. Between these limits there are 
scomotives of any total weight and any reasonable ratio of driving weight to 
otal weight tho the limits in any given type would of course be smaller. In 
916 there were 64.073 locomotives in the U. S., or 252 per 1000 miles of line. 
fhis emphasizes the practical difficulties of reducing to the twelve standard 
lesigns while clearances and strength of structures will prohibit their use in many 
ases without extremely expensive reconstruction. For instance, none of them 
ould pass thru the Hoosic Tunnel. ; 

The tenders for the first three standard freight locomotives carry 10 000 
als of water and weigh 172 000 lb while the other three carry 12 000 gal and 
yeigh 206 000 Ib. Those for the Pacific and switching locomotives carry 8000 
al and weigh 144 000-Ib and the other two carry ro 000 gal and weigh 172 000 
b. All carry 16 tons of coal and are mounted on two four-wheel trucks. 
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The Maximum Weight and clearance dimensions of locomotives are required 
by an engineer when designing structures and these vary on different lines. 
They will usually not exceed the standards given above tho a few roads are 
using locomotives of greater total weight and with slightly greater axle loads. 


Wheel Bases, Heating Surfaces and Grate Areas for U. S. Standard Locomotives 


1918 

Number THA. |) 2=A 7 8 IL 12 

Wheel Base: ft, imjft injft injft in}! 

Loe Wire c ponnageBaoeenaD Tae Sec az.0.)22 44 |3t 2 4a or i 

Rigid... 3. to 4 |I5 6 | 
Mata)... cia ieee th tes Uaehe vines aieutele 40 4|42 2|s50° 2 157 4 

Eng and Ten 76 of!82 103188 rol93 3 |! 

Square Feet | 

Grate Alte aip rie siela, cya utored ea avarelarvnienatatert 66.7 -| 70.8 | 76.3 | 88.2 | 76.3 | 96.2 

Heating Surface : } 

siete) Le MOT eee arc: Mbt: 3783 | 4297 | 4666 | 5156 | 5456 | 6217 || 

St{perheater.. - Sag. silay cps coats 882 993 | 1078 | 1230 | 1260 | 1475 || 

Equivalent}! “Waeiescu-selsv ests wastes 4706 | 5787 | 6283 | 7oor | 7346 | 8420 || 

| 

} 

| 

Number 5A )|..6=A || 3A: | 4-A 9 ro || 

f 

Wheel Base: in/ft inlft in'ft  injft in|) 
Driving = Me ache eters it ost tei slelaln a teeats 18 318 3 |1r o|15 o 
Regt ie wy ctetala, cvtlaiesess ove) eiesstere cta'e\ ais age) ane | orebevasarel| suanaraeasi|tetorstor heal teteancate elle caletcl tall eee 

RG LAL. starved tertetn a Brevi ae 40 0,|40 0 jIr 0 [15 6 |) 

BG AMG LENS Fer hols «aviators slate,» oh ieis= 7o 84!75 83!75 83'48 10}'52 ro} } 

‘ Square Feet { 

Grate Areat jmevis. oil Heel eek att 66.7 | 70.8 | 70.8 |-76.3 | 33 | 46.6 |) 

Heating Surface: H! 

Mota HA. Ales Ae Es tra vere rate eke 3333 | 3808 |-4130 | 4666 | 1894 | 2781 | 
Superheater... . 882 | 957] 1078 | 475] 637 

Equivalent} 5133 | 5566 | 6283} 2607 | 3737 | 


* Total is for tubes, flues, firebox and arch tubes. 

t Equivalent is otal evaporating surface plus 1.5 times superheating surface, ; 
The Tractive Force of a locomotive may be limited by any one of three 

factors: 


(a) Frictional force or “ adhesion” between drivers and rail, a function of the 
weight on the drivers. 

(b) Capacity of the boiler to produce steam, depending on design of boiler, fuel, 
water and stoking. 

(c) Capacity of the mechanism to convert the energy of steam into motion, depend- 
ing on size of cylinders and drivers. 


At low speeds, adhesion is usually the limiting factor as most locomotives 
are “ over-cylindered”” and the rate of steam consumption is low; hence they 
are able to “ slip their drivers” and the tractive force using sand may be as’ 
much as one-third the weight on the drivers, tho it is not usual to count on 
more than one-fourth as amaximum. As the speed increases a point is reached 
where the boiler is no longer able to furnish steam at full cut-off and maintain 
its normal pressure. So the cut-off is reduced and the “ Mean Effective Pres-_ 
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sure’ becomes smaller and smaller as the speed increases. Hence boiler 
capacity limits tractive force at speeds beyond the point mentioned above as 
could be expected, since weight on drivers and size of cylinders can be increased 
easily while the size of the boiler is limited. 

Determination of Tractive Force. The tractive force of a locomotive 
may be determined by actual measurement with a dynamometer car or at a 
locomotive testing plant or by computation. With a.dynamometer car, speeds, 
alinement and grades must be accurately known in order to make the proper 
allowances. The Amer. Rwy. Eng. Assoc. recommends that speeds be deter- 
mined to the nearest o.t mile per hour. Cylinder power may be determined 
by means of indicator cards and used to find tractive force. By computation: 
for low speeds (or maximum tractive force) one may simply take one-fifth to 
one-fourth the weight on the drivers, assuming reasonably good design. For 
higher speeds, recourse must be had to the theoretical formula with empirical 
coefficients or to empirical methods. Let P =the boiler pressure in pounds 
per sq in; S, the length of stroke in inches; d, the diameter of piston for simple 
engines; dj, and dj, the diameters of high-pressure and low-pressure pistons 
respectively for compound engines; R, the ratio of the area of the low-pressure | 
to the high-pressure. cylinders; D, the diameter of drivers; and T.F. the tractive 
force at the circumference of the drivers. In a simple engine the work done 
by both cylinders during a complete revolution of the drivers =piston area X 
effective average cylinder pressure Xstroke X22. But the work also equals 
the tractive adhesion developed at the circumference of the drivers x the dis- 
tance traveled by the drivers during one revolution, which of course equals the 
circumference of the drivers. Therefore, for simple engines, 


Theoretical Piston area X effective cylinder pressure x stroke X 2 X 2 
tractive force f/~ circumference of drivers 


The effective area of the piston is reduced about 1.5% on account of the area 
of the piston rod. The effective energy at the wheel rim is reduced on account 
of friction of the piston, piston rod, crosshead and the various bearings. The 
effective steam pressure in the cylinder is always considerably less than that 
in the boiler, even at low speed and full cut-off. These reductions may be 
allowed for by figuring the steam pressure (effective at the drivers) to be 80 to 
85% of the boiler pressure. Therefore, dividing both numerator and denomi- 
nator by (3.1416) we have 
-T.F. =0:8Pd?S/D (for simple engines) 
To prevent racking the engine frame, two-cylinder compounds or four-cylinder 
compounds of the Baldwin type are designed with R at such a ratio that the 
work done by the high- and low-pressure cylinders is approximately equal. 
Altho there is not such necessity for balancing with a tandem compound, the 
same ratio is used, which averages 2.81. The formula is 
LF. ats (.67dn2 + .25d02) for Baldwin compounds ai) 
D tandem compounds 

Even greater power may be temporarily obtained when starting a train, or, 
in an emergency, on a grade (if not limited by poor adhesion) by exhausting 
from the high-pressure cylinder directly to the atmosphere and by admitting 
high-pressure steam directly’ into the low-pressure cylinders. Of course all 
economy due to compounding is lost while this is done. 

The Tractive Force of a Two-Cylinder Compound, when the work is 
equal in both cylinders, and when working compound, is 


8Pd?2S 
TE (R4)D 


q 


(for two-cylinder compounds) 
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As before, the tractive force may be increased when starting by exhausting 
the high-pressure cylinder directly into the atmosphere and by admitting boiler 
steam to the low-pressure cylinder thru a special valve which proportionately 
reduces its pressure. Here the T.F. is the same as that of a simple engine 
with both cylinders of the same diameter as the high-pressure cylinder. 

The Equivalent Diameter of Simple Cylinders which, with the same 
boiler pressure, diameter of drivers, and stroke, will have the same tractive 
force, may be exprest as follows, when all cylinders perform the same work: 


\ cols (for two-cylinder co ds) 
=V =— >" s«(for two- r compounds 
df we dj? y 7 Pp . 
d y aR? (for four-cylinder compounds) 
=I. SS = s 
SN GPa a zs 
The Tractive Force as a Function of the Velocity is exprest by the follow- 
ing formula by Isaacs and Adams (Bulletin 112, Am. Ry. Eng. and Main. 
Way Assoc.), the notation being somewhat. revised to correspond with that 
given above, and in which V =train speed in miles per hour, 
Ss _ 3925 _ s 
TF. =€?P — V 
D (c aap Ir 000 D 
The reduction of tractive force with increase in velocity is shown in the table 
(computed on the basis of the above formula) in which is given the ratio of 
tractive force at speeds between to and 30 miles per hour to the tractive force 
at ro miles per hour for eae with five combinations of ratio of stroke to 
diameter of drivers. 


Ratio of Tractive Force at Various Speeds to Tractive Force at 10 Miles per Hour 


Stroke= 24 in 28 in 24 im 28 in goin 


Drivers = 56 in 62 in soin 56in 56 in 
RatioS$/D=| 0.429 0.453 0, 480 °.500 0.536 
Velocity, 

miles per hr 

10 I.000 1.000 1.000 I.000 'I,000 

Il 9.981 0.980 0.978 0.977 - 0.975 

12 -962 +959 -956 -954 -950 

13 +942 -939 +934 +931 +925 

14 +923 918 -Q12 -908 -899 

15 -9O4. 898 -890 885 -874 

16 885 877 868 -862 -849 

17 866 857 -846 838 824 

18 847 “837 -824 815 -799 

19 .827 816 802 -792 “774 

20 - 808 «796 .780 -769 -748 
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Average Evaporation in Locomotive Boilers in Pounds of Steam per Potind of Coal 


J 

Thermal Value Pounds of Coal Fired per Hour per Sq Ft of Heating Surface 
of Coal | : 

B. T. U. | t 

0.8 |z.0 |r.2 |r.4 |1.6 |2,.8 [210 |2.2 |2.4 12.6 |2.8 |3.0 

10 000 §.24/4.87/4.55|4.25/3.98|3.74/3.5113-3113-13) 2-96/2,80/2.66 

“12 000 6.29)5.85)5.46)5 40) 4.78)4.49|4.22/3.9813.75|3.55|3-37|3-19 
14 000 7-34 6.8216 .37|5.95|5.57|5.24 eo code 38 4.3413.93/3.73 


Feed water at 60° F, boiler pressure 200 Ibs’per sq in. In bad water districts deduct 
10% for each 1/16 in accumulated scale and 1% for each grain per gal of foaming salts. - 
Heating surface does not include superheater if used but is water evaporating surface 
only. 

Weight of Steam Used in One Foot of Stroke in Locomotive ila a 


For Locomotives Using Saturated Steam 


Diameter Gage Pressures 
of 
Cylinder 
160 lb 170 lb 180 lb 190 Ib 200 Ib 210 lb 220 lb 
Inches |. Ib Ib Ib lb lb lb lb 
12 0.304 0.321 0.337 0.354 0.370 0.389 0.405 
13 0.357 0.376 0.396 0.415 0.435 0.456 0.475 
14 0.414 0.436 0.459 0.482 0.504 0.529 0.551 
15 ©.476 0.501 0.527 0.553 0.579 0.607 0.633 
154% | 0.508 0.535 0.562 0.590 0.618 0.649 0.675 
16 0.541 0.570 0.599 0.629 0.658 0.691 ‘0.720 
~ 17 °.611 0.643 0.676 0.710 0.744 0.780 0.812 
18 0.685 0.722 0.759 0.796 0.834 0.875 O.QIr 
1844 | 0.724 0.762 0. 80r 0.841 0.881 0.924 0.962 
19 0.763 0, 804 0.845 ©. 887 0.928 0.975 1.015 
19144 | 0.804 0.847 0.890 0.934 0.978 . 1.027 1.069 
20 0.846 0.891 0.936 0.983 1.029 1.080 1.125 
204 | 0.888 0.936 | -0.984 1.032 1.081 1.134 1.181 
ar 0.932 0.982 1.032 1.083 1.134 1.191 1.240 
22 1.023 1.078 1.133 1.189 1.245 1.307 1.361 
23. 1.118 I.178 1.238 1.300 1.361 1.428 1.487 
28 1.657 1.745 1.835 1.926 2.017 2.117 2.204 
For Simple Locomotives Using Superheated Steam 
18 0.415 0.443 0.470 0.498 0.524 0.951 
“Ig 0.465 0.496 0.526 0.557 0.587 0.618 
20 0.515 0.549 0.582 0.617 0.650 0.684. 
21 0.565 0.605 0.641 0.679 0.715 0.752 
22 0.623 0.665 0.705 0.747 0.787 0.827 
23 0,682 0.728 0.772 0.818 0.861 0.905 
24 0.741 0.791 0.838 | 0.889 0.931 0.984 
25 0.804. 0.859 0.gI10 0.965 1.016 1.065 
26 |* 0.868 | 0.927 0.983 1.041 1.097 1.150 
27 0.937 1.000. 1.057 1.123 1.183 1.24 
28 1.008 1.078 1.143 1.209 1.275 1.349 
29 1.083 1.156 1.225 1.199 1.368 1.438 
30 1.157 I.234 z 1.387 1.460 1.533 


.308 


7 Cylinder diameter is for high-pressure cylinders in compounds. Supérheat of 200° F 
and drop of five pounds per sq in between boilers and cylinders are assumed. 
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The Amer. Rwy. Eng. Assoc. recommends the following method of deter- 
mining tractive force. Assuming that the maximum amount of coal that can 
be fired is 4ooo lb per hour for hand-fired locomotives and 6000 lb per hour 
for stoker-fired locomotives with grates of less than 70 sq ft and 8000 lb per 
hour for stoker-fired locomotives with grates of more than 7o sq ft, find the rate 
of steam production from the first table on p. 229. 


The steam used per revolution at full cut-off equals the quantity given in the | 
second table on p. 229 multiplied by four times the length of the stroke in feet for 
simple and four-cylinder compounds and by twice the length of stroke in feet 
for two-cylinder compounds. The weight of steam produced by the boiler per 
minute divided by the weight used per revolution will give the maximum number 
of revolutions per minute at which.full cut-off can be maintained. The cor- 

-responding train speed is found by multiplying by the diameter of the ceiver 
in inches and dividing by 336.13 and this speed is called M. 
The pounds of steam used per I. H. P. hour at speed M are: 


For Locomotives Using Saturated Steam | 

160 170 180 190 200 210 220 

- 39-45 39.10 38.80 38.53 38.30 38.11 37.99 | 

26.57 26.34 26.%4 25.95 25.80 25:67 miso 
For Locomotives Using Superheated Steam 

POMC 5 5,0icie aisle pisretaie fe 24.72 24.50 24.31 24.14 24.00 23.88 23.82 


} Percent of Cylinder Tractive Force for Various Multiples of M 
For Locomotives Using Saturated Steam 


Speed baee? Simple Speed Rd Simple Speed ha nat Simple ; 
Percent Percent Percent Percent Tetedk Percent 
M M M & | 
Start | 135.co* | 106,00 3.6 | 32.40 44.75 (ale BEE 23.59 
0.5 | 103.00 103 .00 37, 31.25 43.56 Dee duane 23.18 
I.0 | 100.00 190.00 3.8 | 30.10 42.39 OG Too pares 22.79 
step 96.28 95.57 3-9 29.14 41.24 Geral uae ierie 22.42 
1.2 92.55 9r.53 4.0 28.24 40.10 G8 amen at 22.06 
94 88.83 87.83 4-1 27.38 39.00 O35. Nelbeek oi 21.71 
1.4 | 85.22 84.46 4.2 | 26.56 37.96 ON Sere miata 21.38 
1.5 | 81.40 81.37 4-3 | 25.77 36.97 PA a Cae 21.06 
1.6 77.68 78.55 4.4 25.03 36.03' Fae ee cere a 20.75 
1.7 73.96 | 75.97 4.5 24.34 35.13 TB | we yee 20.45 
1.8 70.25 73.60 \ 4.6 23.69 34.26 Ce Ie rt 20.16 
1.9 66.54 71.41 4.7 23.07 33-41 CLA erro 19.88 
2.0 63.21 69.37 4.8 22.48 32.59 (fA Pal Ne S20 19.61 
2.5 60.20 67.47 4.9 21.92 31,82 Sal A Mal ich Bese a yr 19.34 
9,2 57.48 65.67 5.0 21.38 31.11 7S, aaa eer 19.08 
2.3 54.97 63.94 5. 20.87 30.42 7 5G) ORS ete 18.82 
2.4 | 52.68 62.22 igi 2 20.37 29.75 8.0) |e es 18.57 
2.5 50.42 60.55 5-3 19.89 29.10 8.1.) (Fee 18.33 
2.6] 48.16 58.92 5.4] 19.43 28.48 eM ee ec 18,09 
2.7 46.08 | 57.33 5.5 18.99 27.87 8.3" )| Peas 17.86 
2.8 44.10 55.78 P| |e 27.33 8.4 : 17.64 
2.9 | 42.29 54.26 Cee ae opine 26,81 5) Peers 17.43 
3.0 40.57 52.78 Bony woes 26.30 RS eis 17.22 
Bik 38.95 51.33 SO) Alena 25.81 Sez | ees rae 17.01 
3-2 | 37-42 49.91 OP Anan. 25.34 8.8] Peas 16.82 
3-3 | 35-98 48.55 6S Bs see 24.88 S29) [see 16.63 
3-4 | 34.66 47.24 6.2 24.44 920%) tyhener 16.45 
3-5) |. 33:53. 45:97 6.3 24.01 


* Operated as simple engine. © ; ht 
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For Simple Locomotives Using Superheated Steam 


Speed | Percent Speed | Percent Speed Percent Speed /|{Percent 
M { M M M 
Start 106.00 27, 47.12 4.5 31.19 6.3 22.90 
0.5 103.00 2.8 45.82 4.6 30.61 6.4 22.56 
1.0 TOo,00 2.9 44.61 4.7 30.05 6.5 22.21 
Er 92.42 3.0 43-49." 4.8 29.52 6.6 °| 22.89 
T.2 86.55 3.1 2.30 4.9 29.00 6.7 21.57 
3 81.20 3-2 41.21 5.0 28.48 6.8 21.24 
r.4 76.95 373 40.17 ie 27.96 6.9 20.92 
zeR 73.00 3-4 39.22 5.2 27.47 7.0 20.62 
1.6 69.55 3-5 38.30 oe) 27.00 baw 20.32 
Bay dl 3:66.60 3.6 37-42 5.4 26.53 iB 20.07 
1.8 63.66 3.7, 36.61 Bpp 26.10 7.3 19.78 
1.9 61.27 3.8 35.89 5.6 25.69 7.4 19.52 
2:0 58.96 3-9 35.11 BSF 25.26 7.5 19,26 
oe 56.94 4.0 34.39 5.8 24.86 7.6 19.01 
2 2 55.12 4.1 33-72 5.9 24.46 Laws 18.76 
2.3 53.26 4.2 33.06 6.0 24.04 7.3 18.52 
2.4 51.53 4.3 32.40 6.1 23.66 7.9 18.28 
2.5 48.50 4-4 31.79 6.2 23.28 8.0 18.06 
2.6 48.50 


The steam produced per hour, divided by the amount used per I. H. P. hour will 
give the I. H. P. at speed M and the corresponding tractive force =375 times 
I. H. P. divided by M (in miles per hour). The tractive force at other speeds 
may then be found by use of the preceding tables. 


The cylinder tractive force must be reduced by the engine resistances (see 
Art. 1) to give draw-bar pull and the tractive force between drivers and rail 
found by the theoretical method should be reduced by items “b” and “c” 
of those resistances, tho the uncertainty in the value of the coefficients makes 
it useless to attempt refinements. ; 


The Horse-Power Developed by a Locomotive equals the actual tractive 
force developed, multiplied by the speed in miles per hour, and divided by 
375; if the speed is given in feet per second, divide by 550 instead of 375. An 
actual test of the draw-bar pull of a locomotive measured with a dynamometer 
showed that at very low velocities the pull was about 30.000 Ibs, which corre-: 
sponded to an adhesion ratio of about 22%. At a velocity of 10 miles per 
hour the pull had decreased to 26 500 Ibs, which indicated a development of 
706 hip. At 20 miles per hour the tractive force had dropt to 17 000 Ibs, in 
spite of the fact that owing to the greater velocity the horse-power developed 
had increased to 906. At 30 miles per hour the tractive force had dropt to 
‘to 509 lbs, which indicated 840 h.p. Since the above figures represented draw- 
‘bar pulls at the rear of the tender, the actual power developed at the drivers 
‘was greater, and the actual horse-power developed by the cylinders was still 
greater in each case. At. low velocities the horse-power increases almost 
directly as the velocity. At velocities above 13 miles per hour, the horse-power 
pares very slowly, and at high speeds it decreases as the velocity increases. 


he Cost of Locomotives varies with details of the construction and with the particular 
“makes of the attachments which are used, as well as with general fluctuations in business. 
sent prices are abnormal and fluctuating but the government will fix prices on standard 
comotives. A common pre-war figure (1915) for rough estimates was, $300 per short ton, 


Fuel Consumption. Woop is used jonly where it is comparatively cheap 
and coal is comparatively expensive. Green wood contains about 50% of 
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moisture and has far less calorific value than dry wood. About 2.5 lbs of 

dry wood are required to produce the same heat as one lb of average soft 

coal. One cord of dry hickory will weigh about 4500 lbs and in calorific 

value equals about 1800 Ibs of average soft coal. One cord of average pine — 
will weigh only 2000 lbs and is the equivalent of 800 lbs of coal. Om is used — 
for locomotive fuel where crude petroleum is cheap. One pound has a heat 

value of about 21 ooo B.T.U., or 1.5 times that of the best coal. Less weight 

to be carried in the tender, ease of handling and firing, more uniform heat, 

less repairs to firebox and no expenses for ash handling are additional advan-— 
tages to be considered in comparing relative economy. In 1911, 3627 loco- 
motives out of a total of 61 327, or nearly 6% burned oil for fuel. Its use is 
constantly increasing, ANTHRACITE COAL is used on a few railroads passing 

thru the anthracite regions. The calorific value is no higher than the best 
grades of bituminous and it costs considerably more, but it makes less smoke 
and soot and for passenger traffic this has its advantage. Wood, oil and 

anthracite may be considered the exceptions. Birumrinous CoAt is the standard 
locomotive fuel. The average cost of fuel per train mile in the U. S. increased 

from 8. 73 cents in 1897 to 16.8 cents in 1907. This is chiefly due to the large” 

ncrease in weight of locomotives and in the weight of trains hauled. 


Economical Speed. When the velocity of trains is very low (say 5 miles. 
per hour) the coal burned per mile is greater and train wages are greater both 
on train under consideration and others due to greater interference with traffic, | 
while any saving is small. For high velocities the cost per train mile is like- 
wise comparatively high, The most economical speed is about 17 miles per 
hour for single track and nearly 20 miles per hour for double track according 
to results of computations by Isaacs and Adams, in Bul. 115 of the Amer. | 
Rwy. Eng. and M. of W. Assoc. These were, of course, based on certain 
assumptions but there is no doubt that it is often not most economical to haul | 
maximum train loads or full “ ratings ” on account of low speeds. 


Rating of Locomotives. The meaning of this term, with two illustrations, 
is given in Art. 1. The following derivation of the formula with tables for its 
use is condensed from a report of the Economics Committee to the Amer. Rwy. 
Eng. Assoc. in 1910. Let p=“ pulling power of locomotive ” or the tractive 
force as measured at the rim of the drivers; e the weight of the engine and 
tender; w the weight of the train, exclusive of locomotive; 7 the rate of grade; 
k'a constant, depending on the weight of the train (w); » the number of cars; 
‘e a constant, depending of the number of cars; and A =the “rating,” Then 


# balet wrth) tne 
: RPE Sate ee 2 eC 
Transforming, wh eh ene-ho but Wate ne Th A 
ee 
therefore A eo € 


‘The last formula for tractive resistance on a level given in Art. 1 is—T = 2.24 
+4122n in which ¢ corresponds to (e++w). But since the formula applies only 
to level track, y=o. Therefore the constant k, which depends on the weight 
of the train, =2.2 lbs per ton or .oorr Ib per pound, and the constant c, which 
depends on the number (x) of cars, =122 lbs. The rating A for any grade is 
therefore some definite weight (depending on the grade), from which must be ~ 
subtracted a constant for that grade times the number (m) of cars to obtain — 
the actual weight (w) which may be hauled. The constant for each grade, — 
c/(r+k), is readily computed, For example, for a 0.6% grade, it equals 
122/(,006 +. ott) = 17 183 Ibs or 8.6 tons per car, Therefore on a 0.6% grade, — 


* 
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A=w- 8.6n, orw= A —8.6n. Similarly, the constant with which to multiply 
may be determined for any grade, and, as this is independent of the type of 
locomotive, it i, given in the following table: 


Values of c/(r+ k) for Various Grades 


Tons Tons Tons Tons Tons 
Grade} per || Grade | per Grade | per Grade | per Grade | per 

car car car car car 
Level | 55 0.5% | 10. 1.0% | 5.5 1.5% | 3.8 2.0% | 2.88 
0.1%) 29 0.6 8.6 I.I 5.0 1.6 3.6 ee 2.75 
0.2 20 0.7 7.5 2. 4.7 oe 2 3-4 2.2 2.63 
0.3 15 0.8 6,7 1-3 4.3 1.8 3.2 2.3 2,52 
O.4 12 °.9 6.0 1.4 4.0 1.9 3.0 2.4 2.42 


The rating of some particular engine for any and all grades may be determined 
by noting its hauling capacity on some one grade. For example, it hauls 50 
cars, weighing 3033 tons, up a 0.3% grade at ordinary freight-train velocity 
and without acceleration. The adjustment for that grade (taken from the 
table) is 15 tons per car. Therefore the rating is 3033 + (15 X 50) = 3783 
tons or 7 566 000 Ib. The engine weighs 336 500 lb. Then A+e= 7 566 000 
+336 500= 7 902 soo= p/(r+hk). But (7+) =.003+.0011 =.0041. ‘There- 
fore ~=32 400 lb, the pulling power of the locomotive. Then, knowing 4, 
the rating A for any grade may be determined by substituting in the formula 
various values for 7. For example, the ruling grade of the road is 1.2%; it is 
desired to know the power of that locomotive on the ruling grade. 


A= p/(r +k) — e= 32 400/(.012 +.0011) — 336 500 = 2 473 000 
— 336 500 = 2 136 500 lb = 1068 tons. 


The actual tonnage of cars which may be hauled is less than this, since on this 
grade 4.7 tons must be subtracted for each car of the train. If there are 20 cars 
in the train, their aggregate weight must not exceed anti ine 4.7) =974 
tons, or an average of 48.7 tons per car. ‘ 


22... Cars 


The Total Number of Cars in Service on the roads of the United States - 
in 1916 was 2 478 159, of which 2.2% were in passenger service; 3.9% were 
in “ the company’s service,”’ and the remaining 93.9% were in freight service. 
There were 8.7 freight cars per mile of line, but only 0.205 passenger cars per 
mile of line, or one passenger car for 4.9 miles of line. The percentages of 
the various classes of passenger cars were as follows: In 1915, Coaches, 54.0; 
passenger combination, 10.5; other combination, 5.3; emigrant, 0.1; dining, 2.5; 
parlor, 1.2; sleeping, 1.3; baggage and express, 17.8; postal, 2.8; and all 
others, 4.5. The above figures for the number of cars do not include 19 86r 
cars ‘‘in. fast-freight-line service,” A very large proportion of the sleeping 
cars in use are “ leased,.”” ‘The cars in “ the company’s service ” include chiefly 
cabooses and gravel cars, together with derrick cars, officers’ and pay cars, 
and other road cars such as maintenance of way cars. Practically all cars are 
fitted with train brakes and automatic couplers, the number of those not so 
fitted being less than one percent. ‘ 

The ayerage capacity of all cars in 1916 was 40.5 tons. In rgr1 it was 37 
tons and in 1904 it was only 30 tons, and this illustrates the growth in average 
capacity from about 15 tons, which. was once the standard, 
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The present U. S. Railroad Administration standards for freight cars provide 
for a 40-ton, steel underframe, double sheathed box car; 40- and 50-ton, steel 
frame single sheathed box cars; a s5o0-ton steel high side gondola car; a so-ton 
composite high side gondola car; a 70-ton low side steel gondola car with drop 


ends; a s5o-ton hopper car and a 7o-ton hopper car. The length over striking” 


plate is 42 ft 14 in for the box cars, 42 ft 104 in for the 5o-ton gondolas, 48 ft 
7 in for the 70-ton gondola and 31 ft 11 in and 4o ft 5 in for the 55- and 7o-ton 
hoppers, respectively. Of the freight cars ordered in 1917, 401% were all-steel, 
20% steel frame, 2614% steel underframe, 5% steel center sill and only 8% 
all wood. 


Usual Dimensions of Passenger Cars are: length, 50 to $0 ft; width 10 ft; 


height above the rail, 14 ft. The width and height above the rail are approxi- - 


mately constant, the variations being chiefly in the length. The weight varies 
from 25 to 7o tons. The all-steel passenger car weighs about 62 tons. The 
nominal capacity of an ordinary passenger coach varies from 50 to 80 passengers. 
At 125 lbs per passenger, the total live load will vary from 6250 lbs, to 10 o00 


Ibs, which is only 8 or 10% of the dead load. ,On the other hand, a freight — 


car with 100 000 Ibs capacity will weigh about 34 000 Ibs, and the live load 
is therefore nearly three times the dead load. The proportion of paying load 
to dead load is therefore many times greater in freight service than in passenger 
service which is one reason for the disparity in rates. Of the 2000 passenger 
cars ordered in 1917, 1874 were all-steel, 93 were steel underframe and only 
33 wood. All-steel cars weigh from 2 to 4 tons more than wooden cars of the 
same dimensions but their life is greater and they are superior from the stand- 
points of safety and sanitation. \ 

Car Maintenance. The relative economy of steel and wooden cars is 
indicated from a report made on the question of retiring from service 4600 
wooden coal cars with a capacity of from 40 000 to 60000 lbs and with ages 
varying from 9 to 23 years. It was shown that the annual cost of repairs per 

-car was $95.98 or 37.8% of their present value, while 3coo steel cars would 


have 20% greater capacity than 4600 wooden cars. The amount actually. 


spent on the maintenance of the wooden cars would pay 6% on the cost of 

“the steel cars and leave an annual surplus of $215 000. Experience on the 
Harriman lines has shown that the average cost of repairs on steel and wooden 
cars was in the ratio of 100 to 161, respectively. The average annual cost 
of repairs on the Southern Pacific Railroad between the years 1902 and 1907 
was $3165 per locomotive, $759 per passenger car, and $7o per freight car. 


23. Stations. 


Essential Requirements of a railroad station, given approximately in the 
order of their importance, are (1) platform; (2) shelter, developing from shed 
to waiting room; (3) station agent’s office; (4) toilet facilities, developing 
from a mere privy to modern toilet room; (5) separate waiting room for ladies; 
(6) baggage and express room. In addition there is the legal requirement 
in many states that separate waiting rooms shall be provided for colored people. 
The policy of adding a freight room and agent’s living quarters to the station 
building is debatable. For small stations there are advantages in the method. 

The Cost of stations may, when necessary or advisable, be reduced to a 
very few hundred dollars, which will build a “shelter.” As facilities and 
size are added the cost increases indefinitely. The reader is referred to Orrock’s 
“Railroad Structures and Estimates,” Berg’s “ Buildings and Structures of 
American Railroads,” and similar works for detailed plans, accompanied by 
estimates of cost, of various types of structures. For use in preliminary 


— 
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estimates the following approximate costs of wooden frame structures, com- 
piled from Orrock’s “ Railroad Structures,” will be found useful: 


(t) Shelter: platform. 50 X 6 ft; house 22 X 12 ft............000eee $125 to $200 
(a) Station; platform, 250 X 8 ft; waiting room, 10 X 20 ft; office, 
1o X 10 ft; baggage and express room, ro ft X ro ft Gin...... $1000 to $1500 
(3) Station: same as (2) but with four rooms in second story for agent’s ; 
PETE TNT ETA. fc IS Scotia ciovevniciciticls elie S atmiole.e oe $1500 te $2000 
(4) Station: same as (2) but with freight room 16 & 20 [t............ $1400 to $1800 


(5) Station: waiting room, 16 X 16 ft; ladies’ waiting room, 10 X 20 ft; 
office, 12 X ro ft; baggage and express room, 16 X 16 ft; corridor 
between ladies’ room and waiting room and two lavatories; plat- 
form 8 X 300 ft broadened and gumpandipe the station except at 


Tien T 5 92 aan, «Me aust ohe!s «, OM eB nya epics nae weet adhe catin siete! ees a le $2000 to $2600 
(6) Station: similar to (5) but with four rooms in second story for agent’s 
RE MURTMMEN TR ie aN are esha oye aibiaitg tt stebiatera dupes eehaeiste SRS $2500 to $3500 


The following unit costs per sq ft of ground covered are taken from Gillette’s ““ Hand 
Book of Cost Data” as being applicable to station buildings in the Mississippi Valley 
region, The unit costs are somewhat lower than Orrock's estimates. These figures do 
not include the cost of platform. 


Station, frame, with living rooms, on piles............ 000s cee ee eee 

Station, frame, with living rooms, stone foundation 

Station, passenger and freight, frame, on piles ......... 

Station, passenger and! freight, brick... ia... saicidovc seam eee enews eee : 

Station, modern passenger, brick and stone, slate roof, hardwood finish.. 3.50 

Another method is to allow from 5 to 7 cents per cu ft for the cost of a frame structure 

with shingle roof, and from 7 to 9 cents per cu ft for a brick building. Add 14 cent per 
cu ft for slate or metal roof rather than shingle. The higher figures apply to smaller 
buildings And the figures only apply to plain, unpretentious buildings, 


24. Engine Houses and Shops 
(Condensed fram recommendations in Manual of Am. Rwy.-Eng. Assoc.\ 

The Circular Form is preferable tho a rectangular house may be desirable 
when not more than three or four engines are to be housed, or when it is more 
economical to provide a Y than a turntable, or where engines need not be turned, 
or at shops where a transfer table is available wghich: may serve engine house 
also. 

A Round House implies a turntable eed at its center. The turn- 
table, preferably of the deck type, should be long enough to balance the engine 
when tender is empty and should be operated by power, preferably electric 
except where only a few light engines are turned. The turntable pit should 
be well drained and paved, with side walls of brick or concrete. Pivot masonry 
of concrete with stone cap. Ties under the circular rail should be supported 
on concrete walls. The distance from center of turntable to inner line of round- 
house is determined by number of stalls required in a full circle. The angle 
between consecutive stall tracks should be an even divisor of 180° so that 
tracks at opposite ends of the turntable will simultaneously line up with it. 
The clear stall length should not be less than 15 ft greater than the over-all 
length of the locomotive. The IntTERIOR ARRANGEMENT is designed on the basis 
that the locomotive is always run in with the tender. toward the turntable. 
The entrance doorways should be 13 ft by 16 ft clear. The doors should be made 
of non-corrosive material, fit snugly, operate easily and admit of the use of 
small doors. The walls and roof should be made of non-corrosive material 
unless protected against corrosion. Security against interruption to traffic 
from fire warrants the serious consideration of fire-proof construction. Engine 
pits should be not less than 60 ft long, with convex floor and drainage toward 
the turntable. Walls and floors may be of concrete. Supports for jacking 
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timbers should be provided. Smoke jacks, not less than 7 sq. ft in area should be/ 
fixt, should have dampers and large hoods and be made of non-corrosive and 
non-combustible material. The bottom of the jack should be as low as the 
height of the, locomotive stacks will permit, at least 42 in wide and long enough 
to receive smoke from stack at its limiting positions, due to adjustments of the 
driving wheels to bring the side rods at proper position for repairs. The floor 
should be permanent and be crowned between pits. Drop pits should be 
provided for truck wheels, driving wheels and tender wheels. When hot- 
air heating is used, the air should be led thru ducts under the floor to the pits 
under the engine portion of the locomotive. Ducts should be provided with 
dampers so that air can be turned off when workmen are in the pit. A general 
temperature of 50° to 60° is recommended. Air should be heated by exhaust 
steam in so far as possible. The supply should be taken from the external air 
and no recirculation allowed. Light should be obtained from the exterior 
as far as possible and from windows rather than skylights. General illumination, 
avoiding shadows, should be obtained by using a number of lights between 
stalls and a plug for incandescent lights should be placed in each alternate space 
between stalls. Provision should be made for a few necessary machine tools; 
preferably electrically driven. Piping for air, steam and water supply should 
be provided. ' 


STEAM RAILROAD OPERATION 
_ 25. Statistics of U.S. Railroads for years ending June 30, 1906 and 1916 


Number of miles of road in operation................ 230 761 ~266 o31 
Average construction for previous 10 years, miles .... 4 408 3527 
Number of miles of line per 100 sq mi of territory..... 7.55 8.55 
Number of miles of line per 10 ooo inhabitants........ 26.78 25.03 
Average gross earnings per mile of line.,............. $r1900  $142%4 
Average gross earnings per inhabitant................ $30.17 $36.04 
Number of passengers reported as carried, (millions) 798 I 005 
Gross pass. mileage (number carried one mile) o 25167 34 214 
Number of tons reported as carried.......... iS 1631 . 2 226 
Totalton mileage’ ak « jvidinderdeh Cah tela e de < 215 877 343 100 
Average number of passengers in train...... Cae | 49 55 
Average journey per passenger, miles.............+4- 31.54 34.02 
Average number of tonsjn train.............. ete Bs 344 535 
Average revenue per passenger per mile, cents........ 2.003 2.006 
Average revenue per ton of freight per mile, cent...... -748 -716 
Average revenue per passenger train-mile ........... $1.20 $1.39 
Average revenue per freight train-mile............... $2.61 $3.83 
Average revenue per train-mile, all trains ........... $2.08. - $2.80 
Average cost of running a train one mile, all trains. ... $1.37 $1.83 


Average Cost for U. S. of Operating a Train One Mile 


Year Cents Year Cents Year Cents Year Cents 


1890 96.006 1897 92.918 1904 131.375 IQII 154.338 
1891 95-707 1898 95.635. 1905 132.140 1gI2 159.077 
1892 96.580 1899 98.390 1906 | 137.060 1913 | 170.375 
1893 97.272 1900 | 107.288 1907 | 146,993 1914 | 176.917 


1894 93.478 Igor 112.282 1908 147.340 IQI5 177.641 | 


1895 91.829 1902 117.960 || ~ 1909 143.370 1916 183.279 
1896 93.838 1903 126.604 1910 | 148.865 i 


des 


[ 
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26. Cost of Operation 


The Average Cost of a Train Mile for the whole United States in the 
year 1890 was 96.0 cents. It decreased to 91.8 cents in 1895, and since that time 
there has been an almost steady increase up to $1.83 in 1916. Altho the varia- 
tions from these figures are large in many cases for individual roads, the average 
for individual trunk lines is seldom very different from the general average. 
While the averages for the individual short lines with light traffic will vary 
considerably from the general average, the average for any group of short 
lines is usually but little different from the general average, which means that 
there is no general tendency for the average figure for a short light- traffic line 
to be either less or greater than the general average. 


For the putpose of analyzing costs of operation, etc., the Interstate Com- 
merce Commission has divided the railroads into three classes on the basis 
of the gross annual operating revenue: Class I, over $1 000 000; Class II, $1 o00- 
coo to $100 000; Class IIT, less than $100 000. Nearly go% of the mileage 
comes under Class I and detailed data for operating expenses of that Class are 
shown in the following table, which gives the classification of accounts required 
by the Interstate Commerce Commission together with the total amount of 
each account, its percentage of the total operating expenses and the cost per 
mile of line and per train mile, respectively, for the year ending June 30, r9gts. 


Operating Expenses of Class I Railroads, 228 433.59 Miles. Year Ending 
June 30, 1915 


Aver- Cost 
Account age Pash per 
Total per af ‘Train 
Dollars Mile Total | Mile : 
Op. 
‘ Dol- 
~|No, Name . lars Exp. | Cents 
I. Maintenance of Way and Structures: 
gor Supérintendence ............--2000- 2r 966 188 92 t.042 | 1.85 
202 Roadway Maintenance............ ..| 36 271 765 158 } 1.790 | 3.18 
203 Roadway Depreciation ............ . 345 331 2 0.017 | 0.03 
204°) Underztound Power’ Tubes: : .y 50s cee) tha tes | toute! Tee oe <i 
205 Underground Power TubesDep........) ..:....--. | ee [ones sd 
206 Tunnels and Subways ............ I 922 320 0.05r | 0.09 
207 Tunnels and Subways—Dcp........ a 44 273 (r) ©.002 | (3) 
208 Bridges, Trestles and Culverts.......... 28 181 309 | 123 | 1.394 | 2.48 
_|209 Bridges, Trestles and Culverts—Dep . 244 817 I 0.012 | 0,02 
ato Elevated Structures................005 36 323 (x) 0.002 | (3) 
Brreplevated Structures —D6p \ vaca te} ee Pee ee side 
nS INT a a AS Shes. 65 166 274 285 3.222 | 5.62 
213. Ties—Dep 1083 882 5 | 0.054 | 0.09 
Hard. URSIBS 2 oss. 16 183 523 7x | o0.80r | 1.40 
215 prea Leas 700 930 3 | 0.035 | 0.06 
216 Other Track Material Sok eR che 16 155 789 71 0.799 | 1.39 
ary Other Track Material—Dep... .... 362 257 2 0.018 | 0.03 
gee Ballast ......... SO ORE Ee ae . 6 278 528 | 28 |-o.31r | 0.54 
219 ©Ballast—Dep............... 179 992 I | 0.009 | 0.02" 
220 Track Laying and Surfacing 93 454.569 | 409 | 4.624 | 8.06 
a2t Right-of-Way Fences.................. 3 049 668 13° || ©. 15% | 0.26 
2a2 Right-of-Way Fences—Dep_ .......... 1 096 (2) (2) (3) 
223 Snow and Sand Fences and Snowsheds.. . 311 643 t | o.0f5 | 0.03 
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Operating Expenses of Class I Railroads—Continued 


a Fe yea Per- 
ccoun! 
Total per oer 
Fi Dollars Mile |p otal 
Dol- ee 
No. Name = lars 
224 Snow and Sand Fences and Snowsheds— 
VED rater roratar V+ et ghuyote ecto! sberttenbl rye oleh = 50 (x) (2) 
225 Crossings and Signs 4.998 961 22 0.247 
226 Crossings and Signs—Dep.............- I 239 (x) (2) 
227 Station and Office Buildings............ 13 755 826 6x 0.68% 
228 Station and Office Buildings—Dep .... 64 876 (x) ©.003 
229 Roadway Buildings .........-......... I 409 170 6 0.070 
230 Roadway Buildings—Dep. II 252 (x) ©. 001 
231 Water Stations............ 4 523 730 20 0.224 
232: Water Stations—Dep,.......|..02 cee eee 27 603 (x) 0.001 
3 Fee EMEL StatROHS x o> scl dein .e)nysisf-\sre ele siieinrs bie r 844 994 8 0.091 
234 . Piel Stations—Dep..... oe ieircarcicinese* 5 760 (1) (2) 
235 Shops and Enginehouses..........++.-- 7 947 506 35 ©.393 
236 Shops and Enginehouses—Dep ......... 63 928 (x) 0.003 | 
2a7, Grain Wlevatorsin... 5 sie sia's/asiaelsisislele sini 20t 063 t 9.010 
238 Grain Elevators—Dep................. 2 000 (x) (2) 
239 Storage Warehouses..........sirseeee- 40 850 (x) ©,002 
240 Storage Warehouses—Dep.........-..-] .......... i lea GG 
a4t,;Wharves and Docks... ..-0sccccecee eee 1979 871 9 0.098 
242 Wharves and Docks—Dep............- (x) o.00r | 
243 Coal and Ore. Wharves........0.s-++-0: 6 0.067 
244 Coal and Ore Wharves—Dep..... ates 2 0.023 
245 Gas Producing Plants ........... oa (1) 0.001 
246 Gas Producing Plants—Dep...... Bs EL” vgsovere Sid sich fuel ten 
247 ‘Telegraph and Telephone Lines | 17 © .196 
248 Telegraph and Telephone Lines—Dep... . 852 (1) (2) 
249 Signals and Interlockers........----.+.- 9 906 160 43 © .490 
250 Signals and Interlockers—Dep.......... II 334 (x) (2) 
251 Power Plant Dams, Canals and Pipe Lines 3312 (x) ~ (2) 
252 Power Plant Dams, Canals and Pipe Lines 
DED iets abs steve Tieiaiaia Meme «SLIT Cee afte ae: 
253 Power Plant Buildings. .»........ oie 149 584 I 0.007 
254 Power Plant Buildings—Dep..... acs 36 166 (1) 0.002 
255 Power Substation Buildings...... Aas 8 190 (x) (2) 
256 Power Substation Buildings—Dep 19 871 (1) (2) 
257 Power Transmission Systems........... ‘ 33 844 (r) 0.002 
258 Power Transmission Systems—Dep ..... ! 20 206 (x) ©, 00% 
259 Power Distribution Systems...........- 719 357 3 0.036 
260 Power Distribution Systems—Dep_ ....| . 969904 (x) ©.005 
261 Power Line Poles and Fixtures.......... 68 615 (x) 0,003 
262 Power Line Poles and Fixtures—Dep.. . . 5 514 (x) (2) 
263 Underground Conduits .......-...-..++ 6 544 (1) (2) 
264 ° Underground Ccnduits—Dep. . . cag 4 825 (1) (2) 
265 Miscellaneous Structures.............- 280 643 I 0.014 
266 Miscellaneous Structures—Dep...... 8 239 (x) (2) 
Abe PAVING Shy. ain estem Maisie 207 505 I 0.010 
268 Paying—Depreciation. . : Hos siesanl > auhe? abbr 
269 Roadway Machines -..............-.0+ I 349 554 6 | 0.066 
270 Roadway Machines—Dep.............- 769 (1) (2) 


27x Small Tools and Supplies.............. 3 376 160, 15 167 
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Operating Expenses of Class I Railroads—Continued 
- Aver- Per- Cost 
Account age per 
cent = 
Total per a Train 
Dollars Mile Total Mile 
Op. 
Dol- 
No. Name. lars Exp. | Cents 
272 Removing Snow, Ice and Sand.......... 4 388 787 19 | 0.217 | 0.38 
273 Assessments for Public Improvements 422 O14 2 0.021 | 0,04 
29qr Umuries'tO Persons. ©... 0225s cece eee 2 741 076 I2 0.136 | 0.24 
SRR NSUTADCONS ous ceca dd be kees 2 424 202 Ir} 0.120 | 0,21 
276 Stationery and Printing. ...... 617 069 3 0.031 | 0.05 
277 Other Expenses.............. 214 986 I o.orr | 0.02 
Sum of Foregoing Items 359 799 I5t |t 575 |47.802 |3r.01 
278 Maintaining Joint Tracks, Yards, and 
Other Facilities—Dr................. 14 552 809 63 0.720 | 1.25 
279 Maintaining Joint Tracks, Yards, and 
Other Facitities—Cr. otis. ese Io 347 782 45 | 0.512 | 0.89 
Total Maintenance of Way and 
Bisuctares.. OR fe Resse ee. ce 364 004 178 |t 593 |18.0r0 |31.37 
II. Maintenance of Equipment: 
gor Superintendénce. 00). 0 cece ee 15 737 689 69 0.779 | 1.36 
302 Shop’Machinery................. Seis 8 916 891 39 | 0.441 | 0.77 
303 Shop Machinery—Dep ......... . 28 476 (r) o.oor | (3) 
304 Power Plant Machinery........... 1155 671 5 0.057 | 0.10 
305 Power Plant Machinery—Dep 218 729 I o.orr | 0.02 
306 Power Substation Apparatus....:..... x 30 500 (r) 0.002 | (3) 
307 Power Substation Apparatus—Dep...... 72 594 (r) 0.004 | I.00 
308 Steam Locomotives—Repairs........... 158 343 388 693 7.834 113.65 
309 Steam Locomotives—Dep.............. 21 515 447 94 | 1/064 | 1.85 
310 Steam Locomotives—Retirements....... 3 432 239 15 0.170 | 0.30 
31r Other Locomotives—Repairs........... 649 996 3. | 0.032 | 0,06 
312 Other Locomotives—Dep.........0!... 246 736 xr | 0,022 | 0,02 
313 Other Locomotives—Retirements. . : 2I 512 (r) ©. 00L (3) 
314 Freight Train Cars—Repairs..,........ 162 841 807 713 8.057 | 14-4 
315 Freight Train Cars—Dep..-............. 46 974 928 206 213241] 4.04 
316 Freight Train Cars—Retirements.:..... Io 140 629 45°-| 02802 | 0.87 
317 Passenger Train Cars—Repairs......... 32 407 659 142 1.608 | 2.80 
318 Passenger Train Cars—Dep............ 8 476 875 37. |0.419 | 0.73 
319 Passenger Train Cars—Retirements..... 819 027 4 O.041 | 0.07 
320 Motor Equipment of Cars—Repairs..... 637 953 3 0.032 | 0.06 
321 Motor Equipment of Cars—Dep........ 231 651 r 0.011 | 0.02 
322 Motor Equipment of Cars—Retirements . 3350 | (r) (2) (3) 
323 Floating Equipment—Repairs..........| 4 831 485 2r | 0.239 | 0.42 
324 Floating Equipment—Dep........ 1835 587 8 | 02091 | 0:16 
325 Floating Equipment—Retirements....... 93 693 (z) ©,005 | 0,or 
326 Work Equipment—Repairs............. 6 00 000 26 |.0.297 | 0.52 
327° Work Equipment—Dep................ 2.029 358 9 | O.100 | 0.18 
328 Work Equipment—Retirements ........ I 067° 414 5 0.053 | 0,09 
329 Miscellaneous Equipment—Repairs i 31 848 (x) 0.002 | (3) 
330 Miscellaneous Equipment—Dep ....... 3 996 (x) (2) (3) 
331 Miscellaneous Equipment—Retirements 4 483 (x) (2) (3), 
332 Injuries to Persons 2157 328)|) 1 
333 Insurance. Sees sac au[y-.3 5031660 
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Operating Expenses of Class I Railroads—Continued 


Account 


Other Hapenses. obs foes ke ss cca eens 
Sum of Foregoing Items...........-- 


Maintaining Joint Equipment at Ter- 
GNOME 2. oc eh e dey see ie serbis geleisie/ 
Maintaining Joint Equipment at Ter- 
manne Crem byes Airanieaiese sss ac. 


Total Maintenance of Equipment... 


Ill. Traffic: 
Superintendence: gdje tp ectiaeds seess ne 
Outside Agencies.............. F 
Advertising’ ;.aic os Manpewcdiss saci «s 
Nraffie Associations’: «je. s,<)s.cges0e veil 
Past Wreight Linesey.,. occ .ecioanies seats 
Industrial and Immigration Bureaus. .... 
Naauranice Sb cf. date echt wae sole se me 
Stationery and Printing 
Other Expenses........: i 


Total Traffic Expenses.......:...,. 


IV. Ap esar ee Line: 
Superintendence. . 
Despatching Traiise Fi 
Station Employees... 53.-.:3-sc02086 
Weighing, Inspection «%. ) Demurrage 
Bureaus. j2i-.. vers 6G0c Ristarcrenestig 
Coal and Ore Wharves..... ee on 
Station Supplies and Expenses, Rene sae 
Yardmasters and Yard Clerks......... ‘ 
Yard Conductors antl Brakemen........ 
Yard Switch and Signal Tenders........ 
Vandiiingingmen incurs. ens eres ats 
Yard Motormen........ Rie! ccntel ting aoe ea 
Fuel for Yard Locomotives. ............ 
Yard—Switching Power Produced..,.,.. 
Yard—Switching Power Purchased...... 
Water for Yard Locomotives..... aaa 
Lubricants for Yard Locomotives. ..,..++ 
Other Supplies for Yard Locomotives, ... 
Enginehouse Expenses—Yard..... abe 
Yard Supplies and Expenses...,........ 
Train Enginemen...... ADeinge AGG see ea 
Traini Motormen:.). $4.5... 4 ne oe an ne 
Fuel for Train Locomotives 
Train Power Produced........ 
Train Power Purchased. ...... : 
Water for Train Locomotives..,.... 


t 
rah Per od 
Total per oe Train 
Dollars Mile Total Mile 
Op. 
Dol- 
lars Exp. | Cents 
288 784 I 0.0T4 |) 0.02 
495 856 431 |2 t7% |24,533 |42.75 

I 614 427 7 | 0.080 | 0.14 

731.297 3 0.036 | 0.06 ; 
496 739 56x | 2 475 |24.577 |42.82 

16 359 473 72, | 0.810 | 1.41 || 

23.757 34° 104 1.176 | 2.06 |? 

7 141 908 gr 0.353 | 0.62 

I 377 560 6 | 0.068 | 0.12 

2 606 607 12 0.129 | 0.22 

I 399 376 6 | 0.069 | 0.12 

23695 | (x) | o.aor} (3) |7 

6 649 850 29 0.329 | 0.57 

87 610 (x) 0.004 | 0.0L 
59 403 419 | 260 | 2.939 | 5.12 | 
26 073.727 | 114 | 1.290 | 2.25 
17 155 505 75 0.849 | 1.48 || 
144 222 128 631 7.436 |r2-43 || 
t 
2.556 258 boa Q.126 | 0.22 
4 504 664 20 0.223 | 0.36 | ~ 
12 708 104 56 0,629 | 1.10 
17 818 063 78 0,881 | 1.54 
54 976 853 | 237 | 2.676 | 4.66 
4 640 978 20, | 0.230 | 0,40 
31 436 725 138 Tessa 24s 
246 903 I ©.012)| 0.02 
29 864 063 I3t 1.477 | 2.57 
116 037 I °. 0,01 
5 899 | (x) (2) (3) 

2 183 382 Io | 0.108 | 0,19 
552 312 2 | 0.027 | 0,05 
638 383 3 | 0.032 | 0.06 | | 

To 560 811 46 0.523 | 0,91 
1 696 888 7 0.084 | 0.15 
115 089 314] 504 | 5.694 | 9.92 
I 196 546 5 | 0.059 | 9,10 
-|179 104 928 | 784 | 8.86r |15.42 
I 207 687 5 0.060 | o,10 | 
r 187 834 5 | 0.059 | 0,10 | _ 
I2 202 039 53 0,064 | I,05 | 
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Operating Expenses of Class I Railroads—Continued 


Aver- Cost 
Account ag Bee per 
cent Z 
Total per of Train 
Dollars “ | Mile Total Mile 
Op. 
Dol. 
Name lars Expr) Cents 
Lubricants for Train Locomotives....... 3 329 859 15 | 0.165 | 0.29 
Other Supplies for Train Locomotives 3 280 789 14 | 0.162 | 0.28 
Enginehouse Expenses—Train.......... 34.457,0C2| 5x | L705 | 2.07 
MRL MTGIU (5 op. F 01s «| oFargichs) ¢-aypious iat oJe)0)<\e 08 127 347 403 | 558 | 6.301 |10.98 
Train Supplies and Expenses. . . 37 625 766 165 1,862 | 3.24 
Operating Sleeping Cars.,...........45 631 176 3 | 0.031 | 0.05 
Signal and Interlocker Operation........ rr 185 653 49 | 0.553 | 0.96 
Crossing Protection . 0... .cseswees 7 872 632 35 | 0.390 | 0.68 
Drawbridge Protection, .+...........- I 926 goo 4 | 0.051 | 0.09 
Telegraph and Telephone Operation § 178 593 23 0.256 | 0.45 
Operating Floating Equipment.......... 10.936 534 48 | o.54r | 0.94 
PRTEDSPOGIVICE) <). = deine sik y ier of oeesisics 884 (x) (2) (3) 
Stationery and Printing................ 7 080 487 35 0.395 | 0.69 
Other Expenses 2 366 927 Io 0.117 | 0.20 
BEURUEEHILE CIE cca yest scsfeis olejaiais s\eisia.e istts 3 644 056 16 0.180 | 0.31 
Clearing Wrecks.......- igi de cen erene 3.905 776 17. | 0.193 | 0.34 
Damage to Property 3 939 109 I7 {0.195 | 0.34 
Damage to Live Stock on Right-of-Way..} 3 848 596 17 -| 0.190 | 0.33 
Loss and Damage—Freight ...../..... ..| 29 528 or6 129 1.461 | 2.54 
Loss and Damage—Baggage. . 216 935 xr | o.orr | 0.02 
Injuries to Persons... ....... i 21 527 480 94 | 1.065'| 1.85 
Sum of the Foregoing Items........ ... 990 875 603 4338 |49.025 |85.40 
Operating Joint Yards and’ Terminals—Dr.| 24 703 671 108 | 1.222 | 2.13 
Operating Joint Yards and Terminals—Cr.| 13 596 249 60 0.673 | T. 
Operating Joint Tracks and Facilities—Dr,| 6056 190 27 0.300 _| o, 
Operating Joint Track and Facilities—Cr.| 5 298 481 23 0.262 | o, 
Total Transportation—Rail Line... .|1 002 740 734) 4390 |49.612 |86. 
V. Transportation—Water Line; 
Operation of Vessels.....,...+:eeeeeees 4 814 121 21 0.238 
Operation of Terminals. .........-.+05% 3 025 449 13. | 0.149 
Pacidentalas iy iii tie «| ablbetles iviabios tae 334 423 2 | 0.017 
Total Transportation—Water Line..| 8 173 993 36 | 0.404 
VI. Miscellaneous Operations: : 
Dining and Buffet Service......... seees| 14 820 918 65 | 0.733 
Hotels and Restaurants. .......00eee00. 4 540° 933 20 0.225 
AGraity Elevators. v2.52 vinne gas sree stan 644 472 | 3 | 0.032 
Stock Vards..5......0. 723 597 3 | 0.036 
Producing Power Sold 926 gor “4 | 0.046 
Other Miscellaneous Operations. . . I 214 964 5 0.060 
Total Miscellaneous Operations. .... 22 871 785 100 1.132 


VII. General: . 
Salaries and Expenses of General Officers | 10 192 445 44 | 0.504 
Salaries of Clerks and Attendants....... 33 666 372 147 1.666 
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Operating Expenses of Class I Railroads—Concluded 
| 
Account cent Pe 
per Train 
Total Mile of Mile 
% Dollars Total) sae 
Op. 
Dol- 
No. Name lars Exp. | Cents 
453 General Office Supplies and Expenses....| 3 437 457 I5 0.170 | 0.30 
ga baw, BX PEUSCSn 1: cists as,. viociers 6 wile eicrerrs 12 017 288 52 0.594 | 1.04 
orem NSMIAMCe ME oI. fo: deere fois <:fout s otek Ir7 916 I | 0.006 | 0.01 
456 Relief Department Expenses ........... 880 597 4 0.044 | 0.08 
Mane POSSIONS (Ss ee ont serene te ties ae cocina 4 272 033 19 | 01275] 0.37 
458 Stationery and Printing................ 2 907 504 13 0.144 | 0.25 
459 Valuation Expenses... 22.55. 0000508. 2 933 949 13 | 0.245 | 0.25 
460 Other Expenses.... 3.126 557 14 0.155 | 0.27 
Sum of the Foregoing Items........ 73 552 118 322 3-639 | 6.34 
461 General Joint Facilities—Dr............ 889 359 4 0.044 | 0.08 
462 General Joint Facilities—Cr............ 269 370 I | 0.013 | 0.02 
Total General Expenses............ 74 172 107 325 | 3.670 | 6.39 
VIII. Transportation for Investment—Cr.}| 6 945 163 31 0.344 | 0.60 
Grand Total—Operating Expenses. . .'2 021 160 614! 8848 !100.00 !174.20! 


(x), (2) and (3) = 


less than $1, 0.001% and o.orc., respectively. 


Comparison of Classes I, II, and WI Railroads. Year ending June 30, 1915 


Class I 
Miles of Road*......... 228 433.59 
Percent of Total..... 89.2 
Miles of Track.,....... 357 519.66 
Percent of Total...... Qr.4 
Capital... ............;$16 024 548 404 
Capital per mile ...... $70 150) 
Gross Income.......... $2977 540 809 
Gross Income per Mile . $13 035 
Operating Expenses.... . $2 od 160 614) 
Operating Expenses per 
dnile Teese peer se. $8.848 
rain Milest!) 5.0.5. .2. 1 160 237 137 
Operating Expenses per 
‘Train’ Mile. ./.")% <0: $.742 
Operating Rativ....... 70.385 %! 


IM. of W. & S. per Mile. . $1 593 
Percent of Total Oper- 
ating Expenses ...... 18.01 
IVE OrES oe ne pee $2 175 
Percent of Total Oper- 
ating Expenses... . . 24.58 
Transportation Rail Line $4 390 
Percent of Total Oper- 
ating Expenses .... _ 49.61 
General Expenses per 
Milers tegteste aust $325 
Percent of Total Oper- 
ating Expenses .,.. 3.67 


Principal Items of Operating Expenses 


Class II _| Class III Total 

IQ 312.05 8 467.97 256 213.61 

HNEIG 45; 3.3 Too 

23 748.16 9 873.69 391 I4r-5t 
6.1 25 B iole} 

$738 80r 963) $173 673 195)$16 937 023 563 
$38 250 $20 500 $66 150 
$72 206 348} $14 762 952) $3 064 510 109 
$3 739 $r 743 $11 961 

$54 420 217] $13 102 125, $2 088 682 956 
$2.818 $1545 $8,152 

38 483 667 9 532.142| 1 208 252 gq 
$1.412 $1.370 ~_ $r.729 
77-84%! . 89.020%| 70.655 % 
$702| $470 $x 489 

24.90) 30.40! 18.27 

$572 $240 $1 990) 

20.30 15.55 24.41 

$x 258 $640 $4 030 
44.62 41.42 49.43 

$189 $ra4 $309 
6.70 9.35 3.781 


_ * Submitting reports, practically entire mileage. 


aa 


*-™ expenses to operating income. 
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The operating expenses of Class II and Class II] roads are successively 
simplified, there being only nine and seven accounts, respectively, under M. of 
W. & S. instead of seventy-nine as shown for Class I, and so on. 

Maintenance of Way. Altho the basis of the classification of operating 
expenses has been so changed that an exact comparison on items for 1904 and 
1914 is not easy, it is possible to make approximate comparisons which are 
instructive. From 1904 to 1914 the cost of maintenance of way per train mile 
increased about 15%. ‘This is due very largely to the great increase in the 
wages paid to track labor, the increase being shown very clearly i in the following - 
figures: 


Average Daily Wages of Trackmen, from 1904 to 1914 
foe osaiees ae 


! 
Section foremen........... (te Bir. 79:1 .80)1.90|r.95|r, ok f; gol2. o7 


1904 1909 Ig9io 


peat ier 1914 


2%. oly 14 |2.20 


Other trackmen.. ........ |x.33/z- sar. 36/1. 4611. 45/1. 38)1.47/1. 50/1. 50\7.58 |r. 59 
No. trackmen per 100 m. ..| 136 143| 155 Ae 130} 136] 157| 147) 138| 145| 128 


The average number of section foremen per 100 miles of line has remained 
almost constant at 17. ‘ 

Data for later years are not comparable on account of change in classification of 
employees from 18 classes to 68 classes, but data submitted to the Railroad Wage 
’ Commission indicated that the average pay of Section Foremen in 1917 was $73.89 
per month and of Sectionmen, $50.31. These are increased by 41% and 42.35%, respec- 
tively, under the recommendations of the Railroad Wage Commission, 

Maintenance of Equipment. The three great items constituting 90% of the 
cost of maintenance of equipment are the repairs, depreciation and retirements 

- of locomotives, passenger cars and freight cars. The cost of repairs and renewals 

of locomotives increased from 10.2 c. per train mile in 1904 to 17.4 c. in 1914. 
This is largely compensated by the increased train loads which can be hauled 
by the heavier locomotives now in use. The average tractive force of loco- 
motives was about 27 949 lbs in rg1z and increased to 32 100 in 1916, an 
increase of about 15% in five years. Altho the greater tractive force gives 
greater earning power, it increases the cost of engine repairs, depreciation 
and retirements pet train mile. The cost of passenger car repairs and renewals 
remained practically constant at 5.8 c. per passenger train mile. The cost of 
repairs and renewals of freight cars increased from 19.4 c. per train freight mile 
in 1904 to 32.1 c.in 1914. Thisis partly compensated by an increase in average 
capacity, which increased from 3o tons in 1904 to 39.7 tons 1 in 1914. 

Conducting Transportation. The cost per train mile increased from FEE Ce 
in 1904 to 86.5 c. in 1914. Again this increase was largely due to increase in 
wages, the increase being indicated as follows: 


Average Daily Wages of Enginemen, Conduc ors, Stationmen, etc., 1904-14 


1904| 1905/1906) 1907}1908| 1909/1910] 19T1/1912|1913/ 1974 

a i TTL a PD ila id Poe haat Cie tL 
Enginemen 4-10)4.12/4.12/4.30/4.45/4.44|4.55|4-79|5.00|5.20|5, 24 
Firemen...... 2.35)2.38|2.42|/2.54|2.64|2.67/2.74]2.94|3.02/3.13|3.32 
Conductors 3 -50'3-50}3.52 3.69/3 .81/3.81/3.91/4.1614.29/4.2914.47 
Other trainmen _......... 2.27/2.31|2.35/2.54 2.60)2.59/2.69)2.88)2.9613 04/3 .09 
Station agents ......+-+++ 1.93 1.93|1.94/2.05/2.09)2.08|2.12/2.17|2.20]2, 2812.33 
Other stationmen....... T,69/r.71|/1.69)0.78/1.82)1.82]1.84}r.89 1, 89!r.96/r.98 

| Switch tenders, etc........ L.77|L.79|1.80|4.87|2.78)1.73]1.69|1.74 TI\RITS 1.71 
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The following table gives the average monthly wage for 1917 of certain 
classes of employees as indicated by data submitted to the Railroad Wage 
Commission and the increase under the recommendations of that body: 


Monthly Wages of Various Employees, 1917 


New 

Class Dollars rie! Wage, 
: Dollars 
Clerks. $900 per annum and upwards.............+4.. 102.08 | 30.39 | 134.30 
Clerks, below $900 per annuM,........e.eeeeee 56.77 41.00 80 37 
Assistant Engineers and Draftsmen ..... NSGSONS 95.22 33.70 128.35 
MVR ORG Laas estates ted af te pic’ used stnlnie( e's lard alsin; sisthicle trio ans] £16.35 24.96 146.20 
StrpicturaledTOMWOCKEN. os Ayes 9, <ie\eie sinicignsiedss merase win eis 84.38 40.00 119 00 
Mechanics Helpers and Apprentices..........00-e+005 68.58 | 41.00 97.29 
Train Despatchers and Directors.............4. +«-| 149.76 16.17 174.25 
Road Freight Engineers and Motormen Sere) Sod: Ir.56 196.35 
Road Freight Conductofs...........8cceccceee onal EA SSO 15.16 178.50 
Road Passenger Engineers and Motormen............. 185.93 10.14 204 85 
Road Passenger Conductors........... .seeeee Ae f 13.51 186.15 
Road Freight Brakemen and Flagmen....,..... F : 31.29 132.60 
35.82! 124.95 


Road Passenger Brakemen and Flagmen 


Similar increases to all employees receiving Jess than $250 per month indicate an 
estimated increase in wages alone of nearly $600 000 000, or 37%, over the operating 
expenses for the year ending June 30, 1915, given above or nearly $300 000 000, or 15%, 
over those for the calendar year 1917, the other 15% having been.already obtained from 
the railroads. 


The cost of fuel and other engine supplies increased from 17.3 ¢. per train 


mile in 1904 to 19.9 c. per train mile in 1914. The item of train supplies and 
expenses increased from 1904 to 1914, not only in percentage (1.555% to 1.862%) 
but also in cents per train mile (2.06 c. to 3.24 ¢.). : 


27. Taxes on Steam Railroads per Mile of Line 
Condensed from Interstate Commerce Commission Reports,for 1907, 1911, and 1915 


The table on p. 245 gives‘the total taxes paid per mile of line in the various 
States and Territories during the fiscal years ending June 30, 1907, 191 and 191 iF. 
The figures are given for the three years, so as to indicate the increase or decrease 
and the rate. The table is useful to givé some idea of the probable taxes on 
some existing road, of a new project, for a few years in the near future. Altho 
all of the increase in some States is undoubtedly due to a proportionate increase, 
thru betterments, in the real value of the roads, some of the increase is undoubt- 
‘edly due to a revision in the method of assessment. 


No figures are given to show the relation between the taxes per mile in any 
State and the capitalization (or any other measure of value) of the roads in that 
State. The total taxes paid during 1915 amounted to $134 895 161, which is 
0.67% of the total capitalization, $20 162 122 323. 


28. Earnings of Steam Railroads 


The Interstate Commerce Commission have abandoned their former method 
of dividing the railroads of the country into ten territorial groups, and have 


ip 
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Taxes per mile Taxes per mile 
State - AS IES "Breese Ur tees State 

1907 | 191 | 1915 1907 | 1911 | 1975 
218 | 317 342 || Nevada.......... 265 | 627 373 
224 306 465 || New Mexico...... 139 192 369 
Hava TA2 209 532 || New Hampshire ..| 358 572 602 
California........ 390 | 524] 633 || New Jersey....... 2047 | 2335 | 3110 
tiGolorado. 2c. ys 'ss 287 | 326 | 389 || New York........ 686 | 898 | 1435 
Connecticut...... 1339 | 1407 783 || North Carolina ..| 177 225 341 
Delaware........ 391 388 467 || North Dakota....] 265 317 371 
Dist. Columbia 480 } 152r | 1816 || Ohio .....,.,.---~. 569 | 680] 972 
Florida... Hesate 176.) 202 276 || Oklahoma.,.,....| 114 | 460 | 464 
Georgia. . . 166 218 267" ||) rez. ga. set 228 360 538 
“Idaho 233 | 337 549 || Pennsylvania..... 510 | 689 | 785 
Tllinois. . 472 50 691 || Rhode Island..... rro0o | 1336 | 1888 
Indiana. . . 481 |~ s62 | 717 || South Carolina ..} 176] 248] 293 
Towa..... 243 269 | 364 || South Dakota ..| ror 213 | 312 
Kansas ° 296 | 316 | 42x || Tennessee........ 267 | 3341 44% 
Kentucky........| ° 366 |. 396| 513 || Texas ..... see ESS 199 | 275 
Louisiana........ 218 | 265 | 412 |} Utah.... ese} 3201 394] 529 
Wairey,. 2.2... 292 | 345 510 || Vermont....,,...| 172 272 | 519 
Maryland........ 620 754 797 || Virginia...:...... 376 488 | 609 
Massachusetts,...| 1525 | 163x | 1260 || Washington,..... 455 568 847 
‘Michigan ....... 398 490 477 || West Virginia ....| 413 461 589 
Minnesota ...... 429 425 550 || Wisconsin........ 414 | 456 671 
Mississippi... .... 214 252 465 || Wyoming........ T4I 395 405 

Missouri......... . 206 232 239) 
Montana.,...,... aq 385 468 || United States..... 367 444 | 569 

Nebraska. «...!. «i... 429 | 360 426 


substituted three new divisions, the. Eastern, the Southern‘and the Western, 
whose limitations are shown in Fig. 46. 


ORES f Wy a 
[Day ‘ai nnn 


Fig, 46.—U. S, Divisions of Interstate Commerce Commission. 
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The operating revenues in these three districts for the year ending June 30, 
1915, were as follows: 


Eastern Southern Western Whole 
District District District U.S. 
Source of revenue 
per per per per 
mile % mile % mile % mile % 
5 of line of line of line of line 
Freight revenue...... $14 949] 69.04)| $7 193| 72.08|| $6 329] 68.57|| $8709) 69.28 
Passenger revenue....| 4819) 22.27|| 2068] 20.73|| 2163] 23.45 2 832] 22.54 
Mailrevenue ...... 352| 1.63 178) 1.78 225| 2.44 249! 1.98 
Express revenue...... 525) 2.43 245| 2.45 207) 21.35 302] 2.40) 
Milk revenue........ 182] 0.84) I1| 0.11 22) 0.24 61} 0.48 
Switching revenue.... 244) 1.13 89} 0.89 go} 0.97 130] 1.03 
Special Ser. Revenue. . Io] 0.05 6} 0.06]| © 10] 0.10 9} 0,08 
Other revenue*....... 567| 2.61 Igo} 1.90 174| 1.88 278| 2.21 
BEOLAIS Ie ee 3 dc eacve 2) 21 648)109.00]| 9 980/100.00)} 9 231|100.00}| 12 570)100.00) 


* Includes water transfers—vehicle, live stock and other dining, hotel, and restaurant 
service, privileges, storage, demurrage, rentals and miscellaneous. 


The large territory covered by each of the “ Districts” tends to make the 
relative percentage for freight and passenger revenue nearly constant. Smaller 
areas would show marked differences, as, for instance, in the New England 
States the passenger revenue was about 35% and the freight revenue only 
56% while in Ohio, Indiana and Michigan, the variation was the other way. 
Combining these in the “ Eastern Distzict ” covers up the local variations. 


Analysis of Earnings of Steam Railroads for Year Ending June 30, 1915 


Eastern Southern Western 
District District District 
" = Avy. 
U.S: 
Class | Class | Class | Class | Class | Class 
I il iF Il 1 Il 
Av. rev. per pass. per mile. . .. . ./$1 848!$1 736 |$2 142 |$2 694 |$2 081 |$2 770|$1 985 
Av. rev. per pass. carried ....... 0 484) 0 222| 0792| 0464| 1042) 0478} 0658 
Rev. per pass. train mile........ I 432] 0709] 1130| 0 486| 1320) 0726) 1 309 
Pass. train earn. per mile of road.| 5 844| 1304] 2501 625| 2621 769| 3 229 
Av. rev. per ton permile........- 0 646] z 410! 0639] 1535] 0878] 1 890| 0 732 
Avy. rev. per ton carried......... © 874| 0 287| 1304] 0607] 1778) o513| £125 
| Rev. per freight train mile ..... 3 736| 3183) 2867| 2142| 3533] 2771| 3.470 
Freight train earn. per mile of road|14 884] 3 816| 7184} 2048] 6 268| 2230] 8182 
Op. rev. per train mile.......... 2708| 1824| 2167| 1486) 2531| 1978] 2519 
Op. exp. per train mile ..-| +962] 2454] 1584] 1154| 1 698| 1519] 1776 
On. rev. per mile of road......... 21 633| 5325| 9980] 2762] 9162] 3155} 1 827 
Op. exp. per mile of road......... 15 667| 4 249| 7 295} 2146] 6147] 2423} 8342 
Op. ratio—Exp.torev., %...... 72.42| 79.78] 73.09] 77.68} 67.09] 76.79 er: 


The above table is especially instructive in illustrating the effect of magnitude 
of business (Class I or IT) and of section of country, East, West or South. 


The average revenue per passenger per mile and per ton per. mile is always — 
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higher on the weaker roads. They are compelled (and permitted) to make the 
higher charges in order to pay expenses. The unit charges are lower in the 
East, on account of the greater business, while the West and South are about 
equal. © 

The average per passenger carried and per ton carried is least in the East on 
account of the enormous volume of short distance travel and haulage, and. 
more than double in the West, on account of the longer average distances be- 
tween important traffic centers. The average journey per passenger is 26 miles 
in the East, 37 miles in the South, and 50 miles in the West. The weaker roads 
in each section obtain less per passenger in spite of the higher charges per mile. 


The passenger train earnings and the freight train earnings per mile of road 
Summary of LU. S. Freight Traffic. Movement for Year Ending June’ 30, 1916 


Items Tonnage Percentage 

‘ (thousands) of total 

Per R ee sal) gsc exeuines be 2s 108 511 4.88 
Fruits and vegetables....... 41.393 1.86 
Flour; other mill prod 44 245 1.99 
Ls doo a 13 025 0.59 
MCOUCOREM SEE. cise cscs ces gee 8795 0.40 
Other products of agriculture 17 795 0.80 
Total products of agriculture........... 233 764 10.52 
23 875 1.07 

6 230 0.29 

3 190 0.14 

17 835 0.80 

Total products of animals............. 5I 130 2.30 
EAOL CEST GLE) hoe oe eee 128 881 5.80 
Bituminous coal. 615 748 27.68 
Other mine products 457 755 _ 20.60 
Total products of mines. ............055 I 202 384 54.08 
RuQbenee Me. (oar cigse.6 . sR ee 153 537 6.90 
Other products of forests. .........0.2.66 48 207 2.16 
Total products of forests,..........-.. 201 744 9.06 

Iron, pig and bloom, and rails............ 45 803 2.06 - 

Petroleum; other oils. :.....2......05... 33 603 1.51 
Cement; brick and lime... .4.......2.440% 77 46 3.48 
Castings and machinery...............-- 32 426 ¢ 1.46 
Bantand.sheet metal. 6100 vc. sa ee news oe 43 396 1.95 
Other manufactures........02....00-000- 133 568 6.01 
Total manufactures... 0.0. 4.-.--%,00+ 366 257 16.48 
PNOREHUMAMSE: © leo c's oa /siojejnvere alareiscs siare of 4 76 820 3-45 
LV PCOS tn a eee gt 182 4.11 
RCA T ORAL 8 oy 0a Sie 5.0 vo OUI ON 2223 281 100.00 


* Excludes 2 662 206 tons not classified 
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are, of course, roughly proportional to the figures determining the classification. 
The South and West are about equal in the corresponding classes, while the 
East earns more than double. It is significant that, in spite of the lower 
charges per passenger mile and per ton mile on the Class I eastern roads, they are 
able to obtain a much greater revenue per train mile than the southern roads 
and somewhat more than the western roads Altho the operating expenses 

‘per train mile show a tendency to keep roughly proportional to the reyenue, 
yet the weaker roads in each district have a higher ratio of operating expenses 
to revenue. In 1910 ten large roads showed operating expenses of $1.50 per 
train mile while ten small roads had $1.54, but the ratio of operating expenses 
to gross earnings was 0.672 for the large roads and 0.746 for the small ones. 
In the same year the roads of the whole United States gave $1.49 and 0.663 
for these figures. Both the large and the smali roads were higher than the 
average in ratio of expenses to earnings. 


29. Accidents 


During the year ending June 30, 1916, 9364 persons were killed, about two- 
thirds of whom were neither passengers nor employees but “ others,” maihly 
trespassers. Only 283 of the killed were passengers while 2 687 were employees, 
of whom 1 960 wete killed in train service accidents, 145 in collisions, 133 in 
derailments and 35 in miscellaneous accidents. As 1 005 090 000 passengers 
were carried during that year, only one in about three and one-half million was 
killed; similarly, the total passenger mileage was 34 214 000 000, which means 
one death per 120 million passenger miles. Of course the chances of injury 
are much greater as indicated by the following statistics: 


Railroad Accidents in the United States 


Passengers Employees Others Total 

Year : 

Killed | Injured | Killed | Injured | Killed | Injured | Killed | Injured 
1906 359 10 764 3929] 76 70r 6330) 10 241| 10618; 97 706 
1907 610 13 O41 4534) 87 644 6 695| 10334; 11839! rrr o16 
1908 381 Ir 556 3 .405| 82 487 6 402). 10187} 10 188] 104 230) 
1909 253 10 311 2610) 75 006 5 859] 10 309 8 722} 95 626) 
1910 324 I2 45T} 3 382) 95 671 5.976} 11 385 9 682) 119 507 
IQII 356 13 433 3 602| 126 039 6 438) 10687| 10396) 150159 
Ig12 318 16 386 3 635| 142 442 6 632) 10710) 10 585| 169 538 
1913 403 16 539 3.175) 171 417 6 846} 12352| 10964) 200 308 
IgIt4 265 15 121 3 259| 165 212 6 778| 12329] 10302) 192 662 
I9I5 222 12 110} 2152] 138 092 6 247| 11 838 8 621| 162 o40 
1916 283 8 379 2 687) 160 663 6 394| II 333 9 364] 180 375 


Accidents are more or less fortuitous and hence the data are somewhat erratic, 
but those for passengers and employees give some indication of results from the 
“ safety first’? movement, especially in view of the increase of over 20% in 
passenger train mileage and about 35% in freight car mileage during the decade 
covered aby the above table. 


™, 


30. Cost of Railroads 


The following items of cost are inserted as a catalog of the expenses which are 
met with and also to give an approximate idea of average costs per mile of track, which 
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may be utilized in ‘approximate preliminary calculations, Except where definite unit 
costs are given, the estimates are frequently subject to wide variations. 


Right-of-way. Land for railroad purposes is valued at a higher rate than- 
for farm purposes on account of consequential damages and injury to adjoining 
property. Even State Commissions for appraising railroads make an allow- 
ance. The Minnesota Commission generally allowed three times the ordinary 
farm value for farm lands. In cities from 1.25 to 1.75 times the ordinary mar- 
ket value was allowed. In Michigan from 2 to 2.25 times the ordinary market 
value is allowed. 

Clearing. Usually $25 to $100 per acre. 

Grubbing. Usually $100 tc $200 per acre where required. 


Earthwork. When the grading is light, fills are frequently made from 
borrow pits and the material in cuts is wasted, and then the price per cu yd 
applies to the sum of the yardage of cut and fill plus shrinkage. This price is 
usually 20 to 35 cents per cu yd for earth; about 60 to 80 cents for loose rock 
and go to $1.50 for solid rock. When earthwork is heavy, care is taken to make 
the fills from the material in the cuts. The disposition of material is directed 
by the railroad engineer, and the contractor is paid according to the amount 
excavated. Borrowing is reduced to a minimum, and the contractor is often 
allowed extra for overhaul, usually one cent per cu. yd per 100 ft, for material _ 
hauled in excess of some limit, say 500 to 1000 feet. When only the yardage 
excavated is paid for and the contractor must make the embankments without 
extra pay, the price per yard for earth is nearly double the price given above 
unless machine methods are used when the cost may be about the same as above 
or even less. Much depends on haul and local conditions. The prices for loose 
rock and solid rock will be but little more than the values given above, since 
the extra work is chiefly due to the loosening. Work on and near cities and on 
lines under traffic will usually cost more. The grading on all the railroads of 
Wisconsin was estimated to average $5098 per mile of main line, those in Michi- 
gan, $2778 per mile; those in Minnesota, $7372. The variations in this item 
are evidently very large. 
| Tunnels. This item is so exceedingly variable that general figures are 
worthless except those of unit cost. The average of a large number of cases 
is shown in the following tabular form, condensed from Drinker’s Tunneling: 


Cost per cubie yard * dost arynleal 


Material Excavation Masonry opt 


Single | Double | Single | Double | Single | Double 


Hard rock..... $5.89 | $5.45 [$12.00] $8.25 /$69.76 | $142.82 
Loose rock.....| 3-12 3.48 9.07 10.41 | 80.61 119.26 
Soft ground ...| 3.62 4.64] 15.00] 10.50 |135.31 174.42 


8 


Bridges, Trestles and Culverts. The price per mile of road is evidently 
very variable. The average for the railroads of Minnesota was computed at 
$2576 per mile; those of Michigan, $1027 per mile, Trestle timber in place 
is worth approximately $55 per M feet; trestle piling in place, 60 cents per 
lineal foot of pile; pile trestling from $9.00 to $15.00 per foot of trestle; vitrified 
culvert pipe in place, $1.50 per lin ft for 18 in, $3.00 per lin ft’ ee 24 in; cast- 
iron pipe culverts in place about 5 cents per lb. u 
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Rails. Tons (2240 lbs) per mile of track equals 11/7 weight of rail per yard 
in lbs. Allow 2% for cutting and waste. The freight from mill to delivery 
point is frequently a considerable gross item. Normal prices for rails are $55 
“and $57 per ton for Bessemer and open-hearth, respectively. Prices of Ratn 
FAsTENINGS at Pittsburgh have been fixed by the government as follows: 
steel splice bars 3. 25 cents per lb; spikes 3.9 cents per Ib; track bolts 4.9 cents 
per lb. 


Cross Ties. 35 cents to $1.10 per tie; common average 70 cents. 


Frogs, Switches and Crossings. Switches in place will cost from $200 
to $450 per switch. The cost of a crossing of two railroads will depend on 
the angle of intersection, and will cost from $150 up. 


Ballast. Quantities and unit costs are given under the heading of BAt- 
LASTING under Track. The cost may run from $1000. to $5000 per mile for 
the best of broken stone. An ordinary average is $1250 per mile of track. 


Track Laying and Surfacing. This really includes the three items of 
track laying, surfacing and the train service of hauling track materials from 
the point of delivery to the places where used. The train service is frequently — 
furnished by the railroad company, but its actual cost is from $75 to $150 
per mile. The contract price for track laying alone is frequently $350 per 
mile, but there are many records of track laying by means of special track- 
laying cars for as little as $150 per mile. Sometimes ballasting is deferred 
until the road is in operation, at least for construction trains. The surfacing 
may then be a separate contract at about $300 per mile. Allowing an average 
figure of $r25 per mile for thé train service, the total cost to the company for 
this item will average about $775 per mile. 


Fencing will average about $175 per mile of fence, or about $350 per mile 
of road when both sides are completely fenced. Often only a small fraction 
of the total length is fenced. 


Buildings and Miscellaneous Structures. Station buildings and fixtures 
in Wisconsin averaged $476 per mile; those in Minnesota, $771; those in 
Michigan, $526. Unit allowance in valuation of a Texas railroad for small 
frame passenger stations, $1 per square foot; for platforms, 26 cents per square 
foot. The analyzed cost of six section and tool houses averaged 30.7 cents 
per sq ft of area. The cost of water stations of ordinary capacity will vary 
from 2 to 3 cents per gallon of capacity. Sign boards, $7 to $9 each. Whistle 
posts, mile posts and rail ‘rests, about $1 each. Road crossings require about 
260 ft B.M., which at an average price in place of $40 per M will cost $10.40 
each. A pair of stock guards is usually required for each crossing, which may 
cost about $50 per pair, including the short fences from the right-of-way lines 
to the ends of the ties. A Y can take the place of a turntable providing that 
land is available at no special cost. Using a radius of 300 ft, with too ft of 
track for the engine at the tail of the Y, about roso ft of track will be required 
together with three switches. The tail of the Y will require land for 400 ft 
from the main track. f 


Turntables may cost anywhere from $1000 to $2500. The turntable itself 
is made of cast iron or of structural steel, or sometimes of a combination of 
structural steel trusses with a cast-iron center. 


Coaling Stations may vary from a mere platform or bunker from which the 
coal is shoveled into the tender (altho at a considerable cost per ton) to the 
very elaborate and costly coal pockets in which coal is deposited by coal con~ 
veyors or dumped from cars drawn up an incline, and from which the coal 
slides thru chutes to the tender. The cost must evidently be computed for 
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individual cases. Asn Pits likewise vary from a mere pit between the rails 
to an elaborate adjunct of a coaling station by which the ashes are immediately 
transported on a “ conveyor ” to an ash car. 


Terminal Grounds. Altho the area of terminal grounds may be not more 
than 3 or 4% of the total property area, its gross cost, or its cost per mile of 
road, may be actually more than the cost of all the remaining right-of-way. 
Tn Minnesota, the valuation of terminal grounds was 71% of the total valuation 
of all the line right-of-way, gravel pits, station gcounds and terminal grounds. 


Miscellaneous: Shops, Roundhouses and Shop Tools and Machinery will average 
about 2% of the total cost of a road. Snow fences, Bridge Ticklers, Track Scales, 
Mail Cranes and Bumping Posts must be allowed for on all large roads, but their relative 
cost is insignificant. 


Grain Elevators, Warehouses, Docks and Wiatves are mentioned as possible items 


of expense, but do not apply to many roads. For Signals the cost is so variable, depend- 
ing on the degree of elaboration of the system, that average unit prices per mile of road 


would only be misleading. 
Telegraph Line. 


If poles are very cheap even this cost may be materially cut. ; 
Freight on Construction Material. This applies chiefly to track material 


such as cross ties, rails, etc. 


Safe estimate $250 per mile of road for a single-wire line. 


While very variable, it may amount to nearly 


1% of the cost of the road. Frequently the item is ignored,*the freight being 
added to the cost of each item. 


Contingencies. 


all the construction work.. The legal work will cost about 1%. 


Equipment. 


Usually estimated at 5 to 10% of the above items. 


Engineering, Superintendence and Legal. Frequently figured at 5% of 


The approximate cost of locomotives and cars is about $5000 


per mile of road. Marine equipment must occasionally be allowed for. 


I ss Per- 
tem ost | cent Item 
Engineering. - $x 319} 2.97||-Roundhouse and shops -. 
Right-of-way-........... 4056] 9.13/| Fuel and water stations... | 
Medal estate 2525. -... 2... “_ 230] 0.52|| Docks, wharves, inclines. . 
Clearing and grubbing...-.| 1098) 2.47|| Columbia river incline. . . 
Grading IL 343|25-54|| Other buildings and struc- 
‘Tunnels 5 624|12.66 GEES Sa derck cea 
Masonry 942/"'2532|) pRentes. x..) 2° Zee «ae te 
Cribbing and bulkheading. 4x4\'1.61|| Telegraph....,....-..-- 
Bridges and culverts....-- | 4 318] 9.72}| Shop tools and machinery 
Cattle guards, road cross- Protection against snow 
ings and signs... . ; 234| 0.53 andiiee:.£.. #22... 3.0% 
Rives aes ods. == -| 1198} 2.70|| Locomotive and car seryice 
Wauseon 2-2 7| 5 932/13-35]| General expense... ..---- 
Rail fastenings... -.-- 5 774| t-74|| Transportation, men and 
Frogs, switches, etc...-- 169} 0.38 materials 
Track laying, surfacing. . 532| 1. aot Trigavanté. 25 £2 5..55% 
Ballasting 1 088| 2.45)| Operating constr. trains. . 
Surfacing, filling and iting Interest on advances 
eetracion a, Seleabicessed 2 61| o.r4|| Bond expenses..-.... ¥ 
Trans. Dept. bldgs. - - 675) 1.38'| Bond int. during constr». . 
aide eats }| Wagon roads. ....2....- 
Total average. per mile 
(0) > ie Ra aye +«| $44 412, 100.00 
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Organization Expenses will amount to 1 to 1.5% of the cost and fre- 
quently even more. 

Interest on Cost during Construction. Theoretically this should mean interest 
on money from the time that bills are payable until the road begins operation. This 
should average about half the time required to build the road, and therefore about 3% 
is frequently allowed. Financiers sometimes require interest on the full amount from 
the time of signing the contract, and this .will more than double this item. , 

The original cost per mile of main line of 488 miles of the Great Northern Rwy. in 
Washington is given in the table on p. 251. The total length of track was about 8% 
greater. The cost of grading, tunnels and bridges and culverts was unusually high 
and indicates the mountainous character of the country. One tunnel, 13 813 ft long, 
costing $2 524 212, or $183.40 per linear ft accounted for 92% of the whole cost of the 
tunneling. 

Appraisal commissions appointed in Wisconsin, Michigan and Minnesota have ap- 
praised all of the railroads of each state, the appraisal value being made both from the 
standpoint of the cost of reproduction and also the present value as affected by depre- 
ciation. The systems of analyzing the cost are not identical, which makes comparison 
difficult and even slightly inaccurate as given below, but the average prices are very 


instructive. The cost per mile of main line and branches and the percentage of the | 


item to the total cost are given separately for each state. 


Miles of U. S. Railroads in Operation on Dec. 81 of Each Year 


Year Miles Year Miles Year Miles Year Miles 
1830 23 1852 12 908 1874 72 385 1895 18r 115 
I 95 3 15 360 6 182 769 
2 229 4 16 720 1875 74 096 7 | 184 59x 
3 380 6 76 808 8 186 810 
4 623 1855 18 374 i 79 082 9 | 190 818 
6 22 016 8 81 747° 
1835 1 098 7 24 503 9 86 556 1900 | 194 262 
6 I 273 8 26 968 I 198 743 
7 1 497 9 | 28789 1880 3/464 2 | 202 938 
8 I 913 = ra 3. | 207 335 
3 108 
9 2 302 1860 30 626 :; 114 677 4 212 394 
. r 3r 286 
1840 © 2 818 2 32 120 : en ne 1905 217 341 
od 3 535 3 33 170 6 | 222 766 
2 4.026 A 33 908 vA 228 128 
3 4 185 j| 7885 128 320 8 232 046 
4 4377 || 1865 | 35 085 Chel 230 338 9 | 238 356 
6 36 80r 7] 149 254 J 
1845 4 633 7 | 39.050 8 | ts61r4 || yoro | 242 107 
6 4.930 8 42 226 9 161 276 r* | 254.732 
7 5 598 9 46 844 2 258 033 
8 5 996 1890 |- 166 703 3 |. 261 036 
9 7 365 1870 52922 I 179 729 *4. | 263 547 
I 60 301 2 175 170 Y 
1850 g 021 2 66171 - 3 177 516 1915 264 378 
3 10 982 3 79 268 4 179 415 6 266 oF 


* 1911 and later years are for June jo. + 


For the World at close of 1913 the railroad mileage was 687 123, of which 354 248 
miles were in North and South America, 215 140 in Europe, 68 198 in Asia, 27 531 in 
Africa, and 22 006 in Australia. Canada had 29 298, Mexico had rs 840, Argentina had 
20 639, and Brazil had 15 525 miles, 


Art. 30 Fi : Cost of Railroads 253 


State Appraisals of Steam Railroads. Average Cost per-Mile 


ane clearing and peabbing” a, 
ae work, riprap, retaining \ 778) 10.63] 5 098] 16.50 


Track fastenings I-44 492| 1.88]. 617] 2-00 
Switches, jro;sandra lroad crossings 183} 0.34 188) 0.72 Isr] 0.48, 
Track laying and sirfacing....... 703) 1.30 839} 3-21 447| 1-45 
Bridges, trestles and culverts.....- 2576) 4.75| 1027] 3-93] 2372] 7-67 
Track and bridge tools.......-... BHM OLON «eee ee ee a 19] o!06 
Fences, cattle guards and signs.. 364| 0.67]. 431] 1.66] 277/ 0-90 
Stockyards and Le wena ae) DAN ORT ES ce Cale sca ieatncieal tae etter 
Water stations. . . 4 y 211; 0.39 93| 0.36] 161] 0.52 


PE StAONS: = os ss | SS ts oe ee we 95| 0.18 39| 0.15 54| 0-17 
Station buildings and fixtures. ...- wax p42 526] 2.01} 476] 1.54 
Miscellaneous buildings 572| «1.05 158] 0.60 353|- t-14 
General repair shops........:.... 543| 1.00 \ ‘ 

|. Engine houses, turntables, cinder pits} 373} 0-69 275), 305). .az8\a0t-38 
Shop machinery and tools........ 241| 0.44 142| 0.54 182} 0.59 
racks scales. <2) c san. scsnie 4 aul: @.bat. ashe lnc ¢-- eon SaReneed ee 
Docks and wharves... r 799| 1-47 707| 2.71 260| 0. 84! 
Interlocking plants. . Cn 53| 0.10 \ 6 
Signal apparatus .....).. 4... - << <<~ -\5 20] 0.04 dla ee Gi Ry 
Telegraph lines and appurtenances 173] 0.32 } : 

. Telephone lines and appurtenances 12| 0.02 33) 9-73 19) 0.06) 
Grain elevators and warehouses. ..|----.-|-- Fcre 204] 0.78 163] . 0.52 
Adaptation and solidification of . ; 

MORI bears wcisa os 5 sss ones’ E546} BE | se-aaislllve a oer cr ee eee a8. 
Engineering, superintendence and 
Nema ger aes ai edGece es a ge .ac] T5908) > a508 776| 2.97 940] 3.04 
Locomotives........ : 2249] 4-15| 1155! 4.42]. 1342] 4.35 
Passenger equipment. . . . A 871} 1.61 408} 1.57) 627) 2.03 
Freight car equipment..........- 6176] 11.40] 2527| 9.67| 3630] 11-75 
Miscellaneous equipment......... 175| 0.32 89} 0.34 79} 0.22 
Marine equipment.......-....... 6] o.or 220| 0.84 | 0.00 
Steam-, gas- and Spee eee 
MOSES BIOs ainiahinteraiale/euidiei sins 6 ai5 r05| 0.19 13| 0.05 9] 0.03 
Freight on track waters Si go tha ATS) © 0280 lcresteeleitaa=s 193| 0.62 
Organization expenses. ..-.......|---+--|-.---- 340] 1.30 275| 0.89 
Contingencies. ........ .| 2353] 4-34] 2360] 9.02] 1512] 4,90 
Stores and supplies ¥ 686] 1.27 188] 0.72] 427| 1438 
Interest during construction. . -|. 4115] 7-59| _677| 2-59 
Total average cost per mile... 100.00 | 26 138|100..00 


Item 3o assumed to be 4.5% of items 1-28 incl. for Mich, and Wisc. and of items 
1-29 incl, and also item 36 for Minnesota. 
Item 38 assumed to be 1,5 % for Mich, and 1% oe Wisc. of items 1-37 incl. 
- Item 39 assumed to be 10% for Mich., 5.5% for Wisc. and 5% for Minn. of items Z 
37 incl. Item 41 assumed to be 3% for Mich. and Wisc. of items 1-37 incl, Basis _/ 
r Minn, estimate not stated, but corresponding figure would be 8.75%. A 
he uff 
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Capital Stock of U. S. railroads was $2 708 673 373 at end of 1880, $4 590 471 560 at 
end of 1890, $5 804 346 250 at end of 1900, $8 380 819 190 at end of 1910, and $9 os8- 
982 773 on June 30,1916, Per mile of road, the capital stock for each of these dates 
was $29 395, $28 ror, $30 205, $34 922, and $34 oso. ° 

Funded Debt of U. S. railroads was $2 530 874 943 at end of 1880, $5 055 225 025 at 
end of 1890, $5 758 592 750 at end of 1900, $9 600 634 906 at end of 1910, and $12 033- 
389 512 on June 30, 1916. Per mile of road, the funded debt for each of these dates was 
$27 466, $30 945, $29 967, $40 004 and $45 233. 

Total Indebtedness, per mile of road, including capital stock, bonded debt, and equip- 
ment obligations, was $58 624 at end of 1880, $61 343 at end of 1890, $61 884 at end of 
1900, $78 714 at end of 1910 and $79 283 on June 30, 1916. 

Total Track in United States in 1916, including first, second, third, and fourth tracks, 
but excluding sidings and yards, was 293 075.03 miles, in which invested capital per mile 
was $71 935. . = 
me 31. Economics of Location 


Economic, Location is the determination of the proper relation between | 
construction and operating expenses and the discovery, in any individual 
case, of that location which will afford the most.economical combination of 
cost and operating expenses. The PRINCIPLES must be practically applied 
by comparing proposed plans for new construction or by changing existing 
lines and abandoning existing facilities. For new work the method must 
include for each proposed route these features: (1) the estimated cost of the 
line; (2) the annual interest charge on capital at a rate which the circum- 


Distance. Percentage of Operating Expenses Affected by Length of Line 
According to Three Estimates 4 


Wellington, 


Division of 1887 z906 : 
total cost of | |Total ‘ Per- | Total »,| Per- | Total 
railroad per- ak cent | per- ae te) cent per- i 
tee CON feGted||, «0 | sCeBtell reread || erO Nn Cons 
age total | age total | age 
Maintenance of tae 50.4 tgs 75.0 x 
way }23-0 19.0] 82.7 2u3¢ 19.0] 90.3 24-93 
Maintenance of 6 } 5-7| 36.6 6.7] 37-2 
equipment ar 8.2) 52.6 se) { 7.6| 42.1 | 70°53 
Conducting aay { 7-5] 23-9 | <6 6 { 8.9] 15.8 | 2, 45 
transportation} ° ~*,| ( 24.2] 77.1 ; 25.0] 44.0 Sey 
General expenses] 30.0 { a : 4-3 { : 4.28 
eee no ff etfcn rr pee-29] staf ae] 


* Auditors’ estimate for one of the Harriman lines. 

t Interpretation of first line of figures: the maintenance of way Secs are estimated _ 
at 23.0% of total cost of operation; 11.6% of the total are affeeted by changes of Jengtls 
of line;-the 11.6% is 50.4% of 23.0%. Other groups interpreted similarly. 

t Including several sub-items really belonging under maintenance of way or transporta= 


tion which should decrease materially the percentages for “conducting transportation.’”_ 

§ The upper figures show the pertentage on the basis of changes so small that they are 
measured only in feet, which will not appreciably affect several items of expense; the lower 
figures are for changes measured in miles. The Harriman figures make no such i | 
tinction. 
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stances of the project make proper; (3) the estimated annual traffic, not only — 
the gross tonnage, but also the number of trains required to handle it; (4) the 
effect, if any, of change of location on the traffic obtainable; (5) the estimated 
annual cost of handling such traffic; (6) the effect, as far as it is possible or 
proper to predict it, of future ‘changes in traffic or in operating conditions. 
Having determined the gross revenue, the interest on first cost and the oper~ 
ating expenses, the line giving the largest net revenue is evidently the most 
economical line. When revenue is not affected (generally true for small 
changes) the line having a minimum sum of operating expenses and interest on 
first cost is the most economical. When studying changes of an existing 
line, in addition to the features above-mentioned, the possible injury to existing 
facilities must be considered. ‘The proposed plan should, in such a case, so 
increase the net income that the excess will at least pay a proper return on the 
entire cost of the change. : 

The general method of analysis consists in separating the different items 
of cost of operation and determining the proportion of each item which is 
affected by each physical element in the proposed change of line. The 
physical elements are Distance, Curvature, Minor Grades and Ruling Grades. 
The table gives the aggregate results for each of the main groups of operating 
expenses and illustrates the method. Both the grouping and the percentages 
are now changed, see’detail of operating expenses on p. 237. 

The lack of agreement of these figures is partly due to some differences in the 
basis of computation, partly to the different times at which they were com- 
puted and partly to the fact that such figures can never be constant for all 
times and conditions, but must be modified to suit local conditions. It is, 
however, remarkable that the mean values for the large and small changes 
give 38.1%, 41.4% and 38.5% respectively as the percentage of total operat- 
ing expenses which are affected by changes of length of line. 

J. B. Berry’s estimate divides changes of distance into three classes: Class (A), dis- 
tance so short as not to affect wages of engine or train.men, 32.10%; Class (B), distance 
affecting train wages but not requiring additional side tracks, 45.94%; Class (C), dis- 
tances so great as to require additional side tracks and sta ons, 59.5%. 

W. G. Raymond’s estimate 1s 35.3% --a flat amount of $350 per year per mile for ex- 
penses which are independent of the number of trains. This flat amount is a little less 
than $x per day. With ten trains per. day each way or twenty train-miles over each 
mile, it would add a little less than five cents and make the total approximately 40%. 

Reduction of Distance may also reduce the receipts as well as operating 
expenses and thus reduce the advantage gained by shorter distance, provided 
the change of distance is so great that it is measured in miles. The EFFECT 
ON RECEIPTS is not computable except in the most approximate way; it depends 
on the following elements: (x) Since the cost of operating additional distance 
is approximately 40% of the average, while passenger receipts and some 
other kinds are based more or less strictly on actual mileage, there is a real 
advantage and profit in added distance for such kinds of traffic. (2) For 
competitive business, where receipts are absolutely independent of distance, 
ny added distance is a pure loss, without any compensation. (3) For thru 
yusiness, where the division of receipts between roads is more or less strictly 
according to the relative mileage of hauls on the two or more roads, there is 
rofit or loss according to thé percentage of length of haul on the home road. 
) the total haul, the larger the percentage the larger the possible profit, 
which also depends on whether the rate is competitive or non-competitive. 
(4) Since a road always has varying proportions of these several kinds of 

ffic, the net advantage or disadvantage depends on the combined effect. 
is a final conclusion, there is always some addition to receipts to partially 
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offset the added cost of operating added distance; for a road whose business 
is very largely non-competitive the increase in receipts due to added distance 
might be greater than the increase in operating expenses; for a road whose 
business is chiefly competitive the net loss will be great; in any case there is 
some reduction on the advantage computed above by decreasing the distance. 
Curvature. The basis of the analysis of cost is the determination, first, 
of the degree of curve on which the power requirements are precisely double 
the power used on a straight level track, and then the determination of the 
additional cost of the doubled resistance. It is then assumed that train fesist- 
ance and added cost of curvature are proportional to the number of degrees 
of central angle and independent of the radius of curvature. The degree 
of curve on which the resistance is precisely double that on a level tangent 
has been variously estimated from ro° to 12° 30’. A mile of such continu- 
ous curvature will have from 528° to 660° of curvature. Doubling the power 
requirements on -the engine will increase certain items of cost of a train-mile 
by a computable percentage of such cost. A continuous 10° (or 12° 30’) 
curve will increase items of maintenance of way and equipment by percentages 
which may be closely estimated. Many of the items of cost of a train-mile are 
unaffected. In this way the total increase in the cost of one mile of such 
curved track is computed. Dividing the total extra cost by the number of 
degrees (528 to 660) gives the value of 1°. The chief items.affected by curvature 
are rails, of which the extra wear .may be from 200 to. 300%;- repairs to loco- 
motives, 100 to 200%, and repairs of cars which are increased from 50 to 100%. 
Some other items of maintenance of way are increased 25 to 50%, while fuel and 
water would be increased about 50%. The extra cost per degree has been 
variously computed as follows: 


Extra cost 
Author Date Deg. per mile Percentage per degree 
Wellington 1887 600° 35.6% 0.0593 % 
’ 35.35* 0.0536 
Berry 1904 660 . { 2988+ (eee 
Webb 1908 528 34.6 0.0655 
* Uncompensated curvature. t+ Compensated curvature. 


The percentage of extra cost per degree chosen should be multiplied by the 
estimated cost per train-mile and this value multiplied by the number of trains 
per year, which gives the yearly cost of 1° of curvature. Capitalizing this at’ 
the proper rate of interest gives the amount which may justifiably be spent 
to avoid 1°. For calculations of this kind, estimates must be made on the 
following Late which will vary according to the local conditions: (1) the local 
cost per train-mile; (2) the percentage by which the vazious items of cost per 
train-mile are affected by curvature; (3) the number of trains which will use 
the tracks. For new construction even the last item is an uncertain quantity. 


Minor Grades. The basis of computing the cost is to determine, first, 
the rate of grade which will exactly double the resistance on a level tangent; 
second, to compute the effect on operating expenses of a mile of such a grade; 
and third, on the assumption that the cost of lifting a train thru so 
vertical feet is proportional to the height, the extra cost of one foot of elevatio) 
equals the added cost of operating a mile of such grade divided by the numbe; bed 
of vertical feet in a mile of that grade. It is assumed that the grade which 
doubles tractive resistance on a level tangent does not limit the length or 
weight of trains it is designed to haul with one engine, or that any limiti 
efiect is a separate matter, and that the only effect of the grade is to in 
the operating expenses over those required for operation over a level track. 
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Minor grades are necessarily divided into three classes on account of a dis- 
inction in their effects on the operation of trains. Class (A) includes those 
srades which, on account of the rate of grade or the length, do not require any 
change in the handling of the train, no brakes and no change in the throttle 
yr cut-off. Class (B) includes those grades which are steep enough or long 
nough to require shutting off steam (but no brakes) in order to avoid objec- 
ionable velocity while descending and to require more steam or longer cut-off 
when ascending. Class (C) includes the grades which require that steam 
hall be shut off and brakes applied on down grades and full steam power, 
vith perhaps sand, to assist traction on the up grades. Since a fast passenger 
rain may safely attain very high speed in a sag and since the effect of a hump 
s a relatively small reduction of a previously high velocity, a grade which 
hould properly be classified as an (A) grade for fast passenger trains should 
ye classified as a (B) or even a (C) grade for slow freight trains. The average 
ractive resistance of a train at ordinary velocity is about 10 Ibs per short ton. 
‘or slow freight trains the figure is too high; for fast passenger trains it is too 
ow. ‘Ten lbs per ton is the equivalent of the grade resistance on a 0.5% grade 
which has a rise of 26.4 feet per mile. Sacs anp Hemrs: This section 
\pplies only to the possible elimination of sags and humps, since a long uni- 
orm grade connecting two predetermined points is practically unchangeable. 
[he problem therefore becomes the determination of the value of removing 
. hump or filling a sag whose height is the vertical distance from the vertex 
of the sag or hump from the uniform grade by which it would be replaced. 
VALUE OF I FOOT OF RISE-AND-FALL: Class (A) grades have no effect on the 
ower required of the locomotive, and no effect on operation except a harmless 
emporary increase or decrease in velocity;.they have also no appreciable 
ffect on operating expenses and can therefore be ignored. The effect of 
Class (B) and Class (C) grades has been variously computed as follows: 


* 
athor. Date Percentage Affected Annual value’ 
Class B ClassC Class B Class C 
Wellington 1887 3-03% 9.67% 84% 276% 
Webb 1908 6.08 7.92 168 219 
Berry 1904 3-38 7-13 93 197 


* Annual value in percent of average cost per train-mile for each round trip daily 
train per foot of rise-and-fall. 


Ruling Grades are those which limit the length or weight of the trains 
which may be handled by one locomotive. The classification does not 
include steep grades which will always be operated by two or more engines 
and are called pusher grades, nor does it include very short steep grades 
which: may always be operated by momentum. The maximum train load 
which may be hauled on a given ruling grade by an engine of given weight, 
dimensions and boiler power, may be determined by dividing the tractive 

wer by the total resistance per ton. Calculating the gross tonnage to be 

ndled upon any division, the number of train loads required for a given 
type of engine may be determined. Dividing the gross tonnage by one less 
number of engines gives the tonnage for one less number of trains; dividing 
the tractive power by the increased train tonnage plus weight of engine gives 
the tractive power per ton; and the table in Art. 1 gives the corresponding 
grade for the increased tractive power. The effect of a change of grade is 
shown more clearly in the table on the following page. 


_ The cost per train-mile of each additional train for hauling the same tonnage 
of cars up a somewhat steeper grade has been computed by Webb as about 53% 
: the average cost of a train-mile. J. B. Berry (Bul. 49, Am, Ry. Eng. & Main. 
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Fable Showing Percent of Trains Necessary to Handle a Given Traffic with Single 
Engine, if Gradients are Changed from Those in First Column to Any 
Other Given Gradient 


Proposed Gradient, Percent, with Percent of Trains to handle 
same Traffic as on Original Gradient 


0.6 0. 7/0. 8)9.9]1.0]1. 1/1 .2|t-3)1.4]1.5|1-6]1.7/1-8| 1-9], ‘ 


47| 52) 57| 62) 67) 72] 78] 83) 89] 94/100 
50] 55] 60] 66] 7x]. 77] 82] 88) 94)100 
53| 59] 64] 70} 76] 82] 87) 94)100 

57| 63] 68] 75} 81} 87] 93}100 


This table is taken from Bulletin 49 of Am. Ry. Eng. & M. W. Assoc., by J. B. Berry; 
calculated for engine and tender weighing 150.3 tons in working order, tractive power 
35 268 lb, weight of caboose 17 tons, velocity and frictional resistance 6 Ib per ton. Ag 
percentages, the figures apply approximately to almost any freight engine. 4 
Way Assoc.) computes the cost similarly as 43.29%. Isaacs and Adams (Bul. 
t12 of same Assoc.) computed that 30.64% of the total operating expenses are 
“affected by locomotive mileage.’ They use the, figure by multiplying the 
additional number of train-miles required by the higher grade by 30.6% of the 
average cost per train-mile and consider this as the additional cost of the higher 
grade. . - 


Pusher Grades. A road may be designed for pusher grades by deter- 
mining a pair of grades such that two engines of a certain type can haul up 
the steeper grade the same train which will just tax the capacity of one such 
engine on the lower grade. This pair of grades must be selected according to 
the character of the country and must be such that all the grades of the line 
may be reduced, without unreasonable cost, to the limit of the grade for one 
engine, except such grades as it is intended to operate with pusher engines. 
Little or nothing is saved by reducing these pusher grades below the limit 
computed for two engines. In exceptional cases a combination of three 
grades may be computed, of which the two lower grades are to be operated 
as above, and the highest grade is such that three engines are required to 
haul the same train over it. ‘The following table is computed for one type o: 
engine. The precise balance between any thru grade and the correspondin; 
grades for one and for two pushers depends on the type of engine, the availabl 

. ratio of adhesion and the tractive resistance; but it may be demonstrated tha 
reasonable variations in the type of engine or tractive resistance will onl 
alter the required grades by a few hundredths of one percent. The corre 
sponding pusher grades may therefore be accepted as approximately true for 
all cases. ‘The accuracy of the table is theoretically impaired by the fact that 
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the rating tonnage on the pusher-engine service is somewhat different from that 
on the thru-engine service. The variation will depend on the ratio of rating- 
ton resistance to tare-ton resistance.- As an illustration, a 1.9% one-pusher 
grade corresponds to a 0.92% thru grade according to the table. Work- 
ing out the corresponding grade, using the values proposed by Dennis of 
2.6 lbs as the resistance of a rating ton and 9 lbs-as the resistance of a tare 
ton, the corresponding thru grade is computed to be 0.99%. Some increase 
should be expected since the pusher locomotive has a higher resistance per ton 
than average train resistance. This shows that, altho no table can be 
compiled which will suit all conditions, the differences will not probably ex- 
ceed a few hundredths of one percent. ‘The variations are of less importance 
with tlte higher pusher grades. The cost of a pusher engine mile as a percent- 
age of the average cost of a train-mile was estimated by Wellington (1887) as 
38.3%; by Berry (1904) 34.4%; by Webb (1908) 38.8%. 


Balanced Grades for One, Two, and Three Engines 


Track resistance, 6 Ibs Track resistance, 8 Ibs 
Corresponding Corresponding 
Net load | pusher grade for | Net load | pusher grade for 
for one | same net load, for one | same net load, 
engine in percent engine in percent 
tons (2000/ —————, I torts (2000 = 
Tbs) Two Ibs) One Two 
Pushers Pusher | Pushers 
3868 0.55 2874 0.37. | 0.72 
2874 0.82 2278 0.56 0.98 
2278 ~ 1.08 1880 0.74 3523 
| 1880 T.33 1596 0.92 1047 
1596 1.57 1384 1.09 1.70 
1384 1.80 1218 1.27 1.92 
1218 2.02 1085 1.44 2.14 
1085 2.24 977 1.60 2.36 
f * 977 2.46 887 1.77 2.56 
887 2.66 810 1.93 2.76 
810 2.86 745 2.09 2.96 
745 3-06 688 2.24 3-15 
688 3-25 638 2.40 33:33 
638 3-43 594 2-55 3-5 
; 594 3-61 555 2.70 3-68 


555 3-78 52r 2.85 3-85 
52 3-95 489 2.99 4-02 
489 4-12 461 3-13 4-17 
461 4-27 435 3-27 4-33 
435 4-43 41I 3-42 4-49 
41x 4-59 399 3-55 | * 4.63 
390 4-73 370 3-68* | 4.78 
370 4-88 352 3-81 4-92 
352 5-02 335 3-94 5-05 
335 5-15 319 4.07 5-19 
319 5-29 304 4.20 5-32 


Basis; Thru and pusher engines alike; consolidation type; total weight, 107 tons; 

ight on drivers, 53 tons; adhesion, 949, giving a tractive force for each engine of 23 850 

bs; normal track resistance 6 (also 8) lbs per ton, It is assumed that the engine is so 

igned and that the velocity and steam pressure are such that the engine can always 
lop a tractive force of 23 850 !bs, 7 
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The mileage must be computed as twice the total distance between tl 

sidings a: top and bottom of the grade, this distance being always somewhi 

"in excess (and sometimes very much s0) of the length of the pusher grade o 
the profile. \. 

Momentum Grades are grades which, altho somewhat steeper than tl 
ruling grade, can invariably be approached at such a velocity that the kinet: 
energy of the train will assist the engine sufficiently to carry the train past th 
summit with a minimum velocity of say ro miles per hr. If the resistance « 
trains were independent of velocity, the mechanics of the problem would t 
much simplified, but the extensive dynamometer tests of Dennis, confirme 
by those of Shurtleff, have shown that the resistance per ton of freight trains : 


Velocity Head of Trains Moving at Various Velocities 


4-17 
4-97 
5.84 
6.78 
7.80 
8.88 
10.03 
II.25 
12.55 
13-91 
15.34 
16.84 
18. 42 
20.06 
21.77 
23.56 
25-41 
27-33 
29-33 
31-39 
33-52 
35-72 
38. 0c 
40-34 
42.76 
45-26 
47-8: 
50.45 
53-15 
55-91 
58.74 
61.6: 
64.6: 
67.67 
70.78 
73-98 
77-24 
80. $7 
83.97 
87.42 
90.9; 
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elocities between ro and 35 miles per hr is so nearly uniform that the follow- 
ig method gives a close approximation toaccuracy. It is also fortunately true 
lat a very considerable error in velocity height at high velocities is compara- 
vely unimportant. If itis assumed that a train were running without track 
sistance, its kinetic energy at a velocity v in feet per suc would lift it up a 
rade to a total vertical height k = v?/2 g, in which g is the acceleration of 
ravity. If V=vel in miles per hr, h=0.03344 V2; adding 5% for the rotative 
inetic energy of the wheels, we have h=o. 0351 V2. If an engine is develop- 
ig just sufficient energy at the foot of a grade to overcome all tractive resist- 
Nees, it can (theoretically) climb a grade to a total vertical height of h ft. 
ractically, since resistance increases at very low velocitics, the train would 
ot reach the total height, but the method practically holds as long as the 


elocity does not fall below 10 miles per hr. ‘The values of (or ‘‘velocity | 


eights”) are in the table opposite. For example, if an engine were so loaded 
hat it could only overcome its tractive resistances and were to approach a 
.3% grade 3000 ft long at a speed of 35 miles per hour, it would have at the 
ottom of the grade a “‘velocity head” (as per the table) of 43.01 feet. The 
ertical rise on this grade will be 39 ft and at the top of the grade the train 
rould still have a velocity head of 4.01 ft, which corresponds to a velocity of 
0.7 miles per hour, which would be sufficient for it to pass over the summit. 
But it will not do to assume that the work done by the engine is only sufficient 
) overcome the tractive resistances. Even tho an engine is often, throttled 
own to this amount of work, no engine would be so loaded that it could do no 
ore than haul a train at freight-train speed on a: level. An engine properly 
aded will haul its train up the ruling grade and the test of the momentum 
‘ade or hump is the possibility of hauling the train up the excess grade with 
1e help of momentum. For example, a train, with the engine loaded for a 0.7% 
ade, approaches a 1. 2% grade 7850 {ft long with a velocity of 35 miles per hour. 
he excess grade is 0.5%, and in a distance of 7850 feet the excess rise is 39.25” 
. The velocity head corresponding to 35 miles per hr is 43.01 ft; subtracting 
).25, we have left a velocity head of 3.76, which corresponds to a velocity of 
>.3 miles per hr, which is a safe speed for going over the summit. The secondary 
uestion, whether it is safe to assume that no fully loaded freight train will 
yer need to stop, or even slacken speed, along this grade of nee feet, is a 
atter of practical operation rather than of engineering. 


The accuracy of this method depends on the assumptions that the resistance 
uniform within the range of the velocities, and also that the work done by 
1e engine is uniform. Altho the resistance may be considered substantially 
niform, the tractive power of the engine decreases as the velocity increases. 
Jhen, as in the above illustration, the train approaches the grade at a velocity 
f 35 miles per hr, the engine is not producing as much tractive power as it can 
roduce at a lower velocity. But if the rating of the engine (see Art. 21) is 
ased on a fairly high velocity on the ruling grade, the excess tractive power 
t lower velocities may so balance the deficiency at the higher velocities that the 


ue. 


SagsinGradeLine. Economies are often possible provided that sags having 
rades exceeding the ruling grade on one or both sides may be harmlessly intro- 
uced. Their harmlessness may be tested by the velocity-head table. It is 
f course assumed that running through the sag without a stop may be depended 
n. Deciding first the maximum-permissible speed for freight trains in the 
ottom of the sag, the ability of the train to mount the grade in either direction 
nd have sufficient speed at the top of the grade may be tested. It must also be 


\ethod is applicable without material error. Experience has shown this to be k 
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determined what speed of approach is necessary at the other end of the sag in 
order to attain that maximum speed at the bottom, and whether it is praeticabl 
to approach the sag at that speed. 


As an illustration: the ruling grade is 1.2%; economical construction suggest: 
a down grade of 2.0% for a distance of 4500 feet, followed by an up grade o 
2.0% for 7ooo ft. Assume a maximum-permissible freight-train velocity of 4: 
miles per hr, the velocity head being 71.10 ft. The excess grade i is 0.8%, whicl 
in 7000 ft has arise of 56 ft. At the top of the grade the remaining velocity heac 
is 15.10 ft, which corresponds to 20.7 miles per hour, which shows that a speec 
of 45 miles per hr through the sag would be unnecessary. . The drop on th 
other slope of the sag is go ft, which would give to the train a velocity of ove 

50 miles per hour, even without using steam. ‘There is therefore no questior 
jin this case of the ability of the train to acquire that speed at the bottom o 
the sag. It will also be still easier to run the train through the sag in th 
opposite direction. 

Classification of Grades. The velocity-head table may be utilized to predic 
the behavior of trains, and therefore to classify the grades into the A, B, anc 
C classes discussed under Minor Grades.. The above case should be classifiec 
-as (C) grade, since steam must be shut off and brakes used to prevent objec 
tionably high speed in the sag, for either direction of movement. 
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. the following conditions: : 


GENERAL 


1. Classes of Traffic Suitable for Electric Traction 


General. The essential characteristic of electric traction which distinguishes — 
it from other forms, is the separation of the source of motive power from the 
rolling stock. This gives it a virtual monopoly for street and interurban sys-- 
tems because it permits the generation of motive power to be concentrated | 
in a single economical plant instead of being distributed over a number of 
comparatively uneconomical ones, as in the ‘case of steam traction. . 


Conditions for Electric Traction on Railroads. On electrified railroad 
trunk lines the generating and distributing systems must have large capacity 
in order to handle the heavy trains, but are not kept fully employed due to 
the comparative infrequency of traffic. This results in the investment of — 
a great deal of capital which becomes idle, the fixed charges on which generally | 
exceed the operating economies. Exceptions to this generalization occur under 


enemys a 


(a) When the cost of coal is very high, the operating economies may be sufficient to — 
counterbalance thé fixed charges, as electric traction requires only half the amount of 
coal needed with steam traction, 

(6) When cheap water power is available, a similar condition may occur. : 

(c) When it is desired to increase the weight of trains to be hauled on steep grades, 
the elimination of the power generating system from the locomotive, in electric traction, 
permits an increased concentration of motors on the locomotive, thereby obtaining the 
desired increase of hauling power, at a lower cost than by the elimination of grades. 

{d) When it is desired to increase the capacity of a mountain division and this can be 
uccomplished by. increasing the weight of trains as described above, rather than by 
increasing the number of tracks so as to permit more trains to be hauled. 

(e) When it is necessary to eliminate smoke and gases in tunnels or city streets, the 


» element of economy being necessarily subordinated to safety or convenience. 4 


(f) When the traffic density is unusually great, as in certain suburban zones. ~ ! 
(g) When by the elimination of smoke and gases, trains thru cities can be run he : 
ground and the ground surface utilized for lucrative building purposes. : 


2. Systems of Electric Traction 


Economic Differences Between Systems, The stationary equipment of — 
an electric traction system consists of three parts—the generating, transmis- 
sion, and distribution systems. These must have sufficient capacity to earry 
the peak loads and are therefore likely to be comparatively idle during a large 
part of the time. The activity of these parts depends upon the number of © 
cars in operation. 

The moving equipment of an electric railway system consists of the motors, ~ 
controllers and other parts of the rolling stock necessary for electric oper- 
ation. The activity of these parts does not depend upon the number of cars — 
in operation, but only upon the activity of each car. 

There are several systems of electric traction which. differ in the distribution 
of the investment between stationary and moving equipment. Stationary 
equipment costs less than moving equipment of the same capacity, because 


tations of car construction. It is, therefore, obvious that for railways operating 
a large number of cars, it pays to have a comparatively large investment in 


' stationary equipment; whereas, railways with few cars must economize in’ 


i 

} 

it is concentrated in larger units and its design is not restricted by the limi- | 
- 

7 

‘ 


stationary equipment and concentrate their investment as far as practicable, 
on their limited rolling stock. } 
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Technological Differences between Systems. The various systems of 
electric traction now in use may be classified as follows according to the above 
principle: 

Low-voltage, direct current 
High-voltage, direct current 
‘Three-phase 
Single-phase. 


In every practical electric railway system current is generated for trans- 
mission at a high voltage and utilized in the motors at low voltage. In the 
direct-current systems, the transformation from high to low voltage is accom- 
plished at stationary substations, which also change the alternating current 
from the transmission lines, into direct current, which is fed to the trolley 
oc third rail, and thence to the motors. In the alternating-current systems, 
the high-voltage current is delivered to the trolley lines and transformed down 
to a voltage suitable for the motors by means of transformers on the cars or 
locomotives. As the direct-current systems carry a greater proportion of 
investment in their stationary equipment, they are especially adapted to 
urban and important interurban lines. The alternating-cursent systems, 
which carry a proportionately greater investment in moving equipment, are 
especially suitable for trunk lines having infrequent service. 


The high-voltage, direct-current system is intermediate, in the above re- 
spect, between the low-voltage, direct-current and the alternating-cucrent 
systems. 

The choice of systems does not depend merely upon the investment, but also 
upon the operating costs. It has been found, however, that, with the present. 
high rate of interest, these are seldom the governing factor. 


3. Costs and Economics 


General. Even more than in the case of steam railroads, electric urban 
and interurban railways labor under the difficulty that their rates are fixed 
by law, while their operating costs are constantly rising. This, added to the. 
uncertainties of limited franchises and hostile regulation, makes it difficult 
to obtain capital for electric railways except at excessive rates of interest. 
The consequence is that the utmost economy must be exercised in construc- 
tion and operation. 


Revenues and Expenses of Street and Interurban Railways. The 
table on the next page shows the average annual revenues and expenses of 
street and interurban railways, 1916 being a normal year and 1917, peculiar 
by reason of high operating costs, due to the war. 


Cost per Mile for Street and Interurban Railways. On page 267 is given 
the prescribed classification of capital charges used by the New York State 
Public Service Commission (2d District). It.is useful in preparing estimates. An- 
average total capital cost, including all items’ shown in the following classifica- 
tion, is $72 000 per mile of road. This figure covers all electric railways in 
New York State except those in the City of New York, and two lines of a 
very special character, namely, the New York, Westchester and Boston R.R. 
and the Niagara R.R. The former cost $1 269 219 and the latter $308 602 
per mile of road owned. be 

Cost of Steam Railroad Electrification. The total cost of steam railroad 
electrification depends so much upon the amount of traffic and the character 
of the line, that no general average figures are of use. The distribution of those 
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features of annual expense which are purely electrical is shown for a typical 
electrified steam railroad, in a table near the end of this Article. Valuable 
data on this subject were published by J. B. Cox for the Butte, Anaconda & 
Pacific Railway, Trans., A.I.E.E., 1914, Vol. 33, p. 1369, and by W. S. Murray 
for the New York, New Haven & Hartford R.R., Trans. A.I.E.E., 1915, Vol. 
34, p- 85; the data in both cases being too voluminous to abstract. 

Unit Costs of Electrical Construction. Prices of electrical construction 
have been so radically affected by the Great War that it is difficult to gage 
the value of cost data. The unit costs on page 267 are based upon pre-war 
conditions. 


Annual Revenues and Expenses of Electric Railways 
(STREET AND INTERURBAN) 


(From Monthly Reports to American Electric Railway Association) 


Eastern Southern Western Entire 
District District District United States 
1916 | 1917 | 1916 | 1917 | 1916 | 1927 | 1916 | 1917 
Revenues and Expenses, Dol? 
lars: 
Operating revenues........ 19 909|20 979]15 §65|16 342|28 303/30 249|21 296/22 525 
Operating expenses........ I2 435|14 143] 8 899] 9 535|18 090}20 236/13 312|\t5 OF3 
Netiearnings .-2. n= sbicieass 7.474| 6 836] 6 666] 6 807/10 213}10 013} 7 984] 7 512 
Operating ratio. percent....| 62.46] 67.42] 57.17] 58.35] 63.91] 66.90] 62.51| 66.65 
Average miles of line repre- 
BOMCEC ave icitdes’ lets cine are 5 793| 5843} 785] 793] 1 786] x 8cr] 8364) 8437 
Components of Operating Ex- 

penses. Dollars: 

Way and structures. ...... I 405] I 452] 1067} 1096; 2:079| 2026] 1517] I 540 
Bquipment.. ....20)0 ciasee.s nas 1005] 1161} 958) 985] 2863) 2422| zr 191] 1355 
Total maintanance and re- 

TREAW HAS a sa slcieieieiays, » Kisiecaty 3 280] 3552] 2025] 2 081] 4908] 5 144] 3 503] 3 742 
PEE ig Ais gie athens ava aysier« slave 1 847] 2412] 1120] 1376} 2540] 2820) 1921] 2388 
Conducting transportation .| 4973] 5 467| 4 227) 4576} 7.449] 8 290) 5 440] 5 995 
PLGA yet cll cio slonisie piesaeeros 40 23 6r 57 96} 106 55 4 
General and miscellaneous. | 1 654) 1 890] 1 466] 1454) 2774] 2948] x 882] 2076 
Transportation for Invest- 

Gert Credit) crainetatris rin sieuendkse| letters | fowererenall setae 33 31 4 tal 
Average miles of line repre-| _ / 
sented......., oletede Meets 3 4702| 4752] 786) 793) 1569) 1582) 7057|-7 127 
Per Revenue Car Mile: 
Operating revenues, cents.,]...... 32:09). «ints. 
Operating expenses, cents..]...... QUASI otete\sia8 
WNGE-EAIDIN ES Try eC oye. occvallles oho TE SAlsmiens 
Revenue car miles, billions...}...... Aa vee 
| Average miles of line repre- ‘ 
BENEED tina cathy stud dadslicach «| 4447)..055 plist Goslcazbis 1 6x8! ....4.| 6 


(Aera, 1918, Vol. 6, pp.794-797-) 


ne ee SS ae ee 
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Third rails cost from $5000 to $8000 per mile, depending largely upon whether 
the railroad is operating during construction. 

Ordinary trolley systems cost from $1500 to $2500 per mile of single-track 
road or from $3500 to $5000 per mile of double track. The cost of catenary 
construction of the most substantial type is shown in Table on page 268. 

Substations cost from $20 to $40 per kilowatt capacity, the former figure 
being for large substations, cost of real estate and building being omitted in 
each case. ; 

Power stations cost from $80 to $100 per kilowatt capacity. 

Underground conduits for.railways cost from 25 cents to 75 cents per duct= 
foot, the latter figure being appropriate where the conduit lines are built along 
the narrow right-of-way of an operating railroad. 

Transmission pole lines cost from $2000 per mile for wooden poles, to $4000 
per mile for light steel poles. 


Classification of Capital Expenditures 
(New York State Public Service Commission, Second District) 


INTANGIBLE StREET RatLway CAPITAL 
. Organization. 
. Franchises. 
. Patent rights. 
. Other intangible street railway capital. 


Ob 


Drrecr EXPENDITURES FOR TANGIBLE STREET RamwAy CAPITAL 


. Right of way. 
. Other street railway land. 
. Grading. 
. Ballast. 
g. Ties. 
ro. Rails, rail fastenings and joints. 
tx. Special work. 
12. Underground construction. 
13. Track laying and surfacing. 
14 Paving. Be 
15. Roadway tools.) 
16, Tunnels. ul 
17. Elevated structures and foundations. ‘ 
18. Bridges, trestles and culverts. 
1g. Crossings, fences and signs. © 
20. Interlocking and other signal apparatus. 
21. Telephone and telegraph lines. 
22. Poles and fixtures. 
23. Underground conduits. 
24. Transmission system. 
25. Distribution system. 
26. Dams, canals and pipe lines. 
27. Power plant buildings. : 
28. Substation buildings. 
29. General office buildings and ete 
30. Shops and car houses. Py 
31. Stations, waiting rooms and miscellaneous buildings. 
32. Docks and wharves. 
33- Park and resort properties. 
34. Furnaces, boilers and accessories. 
35- Steam engines. 
36. Turbines and water wheels. 
37. Gas power equipment. 
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28. Power plant electric equipment. 

39. Miscellaneous power plant equipment. 
40. Substation equipment. 

41. Cable power equipment. 

42. Shop equipment. 

43. Locomotives. 

44. Revenue cars. 

45. Electric equipment of cars. 

46. Other rail equipment. 

47. Miscellaneous equipment. 


GENERAL EXPENDITURES FOR STREET RAILWAY Fixep CaPImTAL 


48. Engineering and superintendence. e 
49. Law expenditures during construction. 

50. Injuries during construction. 

51. Taxes during construction. 

52. Miscellaneous construction expenditures. 

53. Interest during construction. 

54. Total classified by prescribed accounts. 

57. Total not classified by prescribed accounts. 

58. Total fixed capital. 


Distribution of Annual Expenses for Typical Electrified Railroad 


Per Cent 
Fixed Chargesii 2... f05056. a> 59 
Operating charges: 
Power stationysia.:..o.s.. 0s cae 12 
4 ‘Transmission and distribution... . 5 
MUDSEAHIONS=,7-s1iselasrees sive cites 3 
Signals and communications. .... 5 
SEPAUDS ya iapiniatelsle Maleelers csteiein aan 16 
I00 


Notes. The above table excludes all items not peculiar to electric operation. It 
includes multiple-unit cars but not standard cars drawn by electric locomotives. The ~ 
“cost of train crews, except for electric locomotives, is omitted. Taxes on reai estate are 
also omitted. N 


Cost of Catenary Construction, Dollars, per Mile of Road 
(W. S. Murray, Trans. A.I.E.E., 1915, Vol. 34, p; 85) 


’ Compound Catenary Simple Catenary 


6 Tracks | 4 Tracks | 2 Tracks | 4 Tracks | 2 Tracks 


SRG aa icvsiei eras wamsignielers 14390 | 9350 6 goo 8800 | 6680 
CORCKEKE Ais. sighs cs. eels # 4.920 3 110 3 580 2 930 3.000 
Catenary material _ 16 650 II 050 5 580 7 035 3 530 
Catenary labore, ssestyss0s es 2 800 1 980 1130 I 238 510 


FEES Gococonnasdocogp .| 38760 | 25.490 17190 | 20003 
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ptr Banectancy Table of Electrical Equipment 


. (W. S. Gorsuch) 
Bativment ; 5 Total Life in Years 


‘Steam Power Plants: 
BEANIE a ge yrs is dyb {vias pbls\s iota arse ToiS 

= ESNet Wet iniris che intend oustaicsle clesetera.s 
ROREKy SNC PTALCS x 25 2c 5)5;s/siaia: orece.e, 
Conveyors, elevators and hoists... . . 
Turbines, complete................ 
Engines and condensers. 


Switchboard apparatus and instruments... 
Synchronous converters 
‘Transformers Posen aie 


Storage batteries... aa 
Siraneranid SUNCTICS. +... 2. tors oer et ncclae rene SoGOGOL AGT ts 
_ Substations: : : ‘ 
Synchronous converters 
eGranstormaars. : 21.6 i6 tea led pets s 
Motor generator sets... .........0. eee 
Switchboard apparatus and instruments. 
Storage 
* Tools and sundries...... 
Transmission and distribution: 
Range (vitrified Clay)... o.000 oe cesencias wee icra taiuclew ene 
Feeders (direct-current)... ........ : 
Feeders (alternating-current):........ 


Nore.—tIn estimating the time in years during which equipment of a generating 
station may be reasonably expected to perform its functions, three elements must be 
clearly kept in mind; namely, obsolescence, inadequacy and inefficiency. How long 
apparatus or equipment will.remain in service before it becomes obsolete, inadequate or 
ineffective, is purely a speculative matter, and can only be predicted in'advance by past 
experience and a knowledge of the art, and with careful judgment. 


4. Power Consumption in Relation to Schedule 


Forces Acting on a Train. The forces tending to accelerate a train are 
the tractive effort developed by the motors and the component of the weight 
along the track on down-grades. The forces which retard the motion of the 
train are the various frictional forces and the component of the weight along 
the track on up-grades; also in braking, the frictional force due to the brakes. 
All the various frictional forces, except the braking resistance, such as track. 
friction, journal friction, air friction, etc., which oppose the motion of a train 
on a straight track, are usually considered together and are referred to as the 
“train resistance.” © The extra friction due to track curvature is usually con- . 
sidered’ as an equivalent up-grade. 


Train Resistance for Electric Trains 


WN = number of cars (including electric locomotive, if any); 

“w = average weight of car loaded, in tons ( = total weight of train divided by i: 
+ = train.resistance in pounds per ton; - 

v = speed in miles per hour; : ; 

@ = cross-section of car in square feet; ; ee 
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A and B are constants in the formula; K taken as 0.0030 thruout. 
Ka(o.g9 + 0.1N)v? (x) 
Te a ee ek eae a 


The constant A depends chiefly upon the average total weight of car and load. 
Thus 


r=A+By+ 


forw = 1§ 20 25-30 35 40-45 50 70 
w= 620 (525) SeOr Ass. /450)  Susn SO 
The constant.B depends primarily upon the nature of the track and roadbed 
and also to some extent upon the weight and type of the car. Burch gives 
the following values: 


Passenger cars on excellent track.......-.......-+.. 0.06-0.11 
_ Passenger cars on ordinary track. ..............200- ©.10-0.15 
Freight cars on ordinary track... 2.2.2... ee. e cee eee 0.05-0.06 


The heavier the car the higher the value of this coefficient. 

Grades and Curvatures. An actual up-grade of G% produces a retarding 
force of 20G lb per ton and a down-grade of G% produces an accelerating 
force of 20 G lb per ton. A curve always gives rise to a retarding force, which 
ranges from o.5 to 1 lb per ton per degree of curvature. Using the higher figure, 
each degree of curvature may be taken equivalent to an up-grade of 0.05%. 


Note that for angles of curvature up to 12° the angle in degrees may be taken — 


equal to 5730 +R, where R is the radius of curvature in feet. 


Average Acceleration Rates 


Miles per Hour 


Service 

per Second 
Steam locomotive, freight service... ............-.0200-005 0.1 to 0.2 
Steam locomotive, passenger service.............. 0.2 t00.5 
Electric locomotive, passenger service............. 0.3 to0.6 
Electric motor cars, interurban service.......... 0.8 to 1.3 
Electric motor cars, city service............0565 Bisva 1.5 to 2.0 
Electric motor cars, rapid transit service sa 1.5 to 2.0 
STi chest PrMGhicalEater a. wane ws, viene sisieneisteisinia ler ase =s 2.0 to 2.5 

iw 


Acceleration Constant. The tractive effort required to give to 1 ton (2000 
Ib) a linear acceleration of 1 mphps is 91.2 lb. To accelerate a train of W 
tons requires a tractive effort of 91.2 aW lb to produce a linear acceleration 
of @ mphps; but on account of the accompanying angular acceleration of the 
rotating parts, an additional force is required. 

The acceleration constant is raised by the flywheel effect by about 5% 
(ie., Wr/W =0.05) for heavy cars and locomotives, and between 5% and 
10% for light, low-speed cars; 8% being an average figure. However, C is 
usually taken as 100, corresponding to an increase in effective weight of about 
1o%. A given linear acceleration of @ mphps. then requires an accelerating 
force of 100 a lb per ton. 

Tractive Effort and Adhesion Coefficient. Let 

F = tractive effort, in pounds per ton, exerted by motors; 
G = per cent actual grade (+ for up-grade); 
g = degrees of curvature; 
r = train resistance, in pounds per ton; 
- q@ = acceleration in mphps (— for retardation). 


RS 
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Then the tractive effort required per ton of total train weight is 
Bes 00'@ iit 7 201G) gers see snletee! ie, (2) 
The adhesion or “tractive” coefficient is the quotient (expressed usually as 
per cent) of the tractive effort in pounds which will slip the drivers, divided 
by the weight in pounds on the drivers. Burch gives the values in Table below. 
The maximum possible tractive effort is the product of the adhesion coefficient 
(as a decimal fraction) by the weight (in pounds) on the drivers. 


Adhesion Coefficients 


Condition of Track Without Sand With Sand 
Most favorable condition............-.-. 35 40 
Clean, dry rail...........: Ena 28 30 
‘ehoroly wet rasl.........- ce 18 24 
Greasy moist rail 15 25 
Sleet-covered rail... 15 20 
Dry snow-covered cil II 15 


The Weight of Locomotive required to accelerate a train weighing W 
tons at the rate of a miles per hour per second up a grade of G% on ag degree 
curve against a frictional resistance of r Ib per ton, when the ¢% of the weight 
is on the drivers and the coefficient of adhesion, is p%, is given by the following 
formula: 


Ww 
» Weight of locomotive =*5 (x00 at+rt+ecGt+g). 


Example. What weight of locomotive is required to accelerate a 4oo-ton train at 
the rate of o.05 mile per hour per second up a 0.1% grade against a frictional resistance of 
8 Ib per ton, when 80% of the weight is on the drivers and the coefficient of adhesion 
is 20%? 

% 400 
© X 80 


Maximum Over-all Efficiency of Motors and Gears at Rated Voltage 


» Weight of locomotive=S (50 +8 + 2) = 75 tons. 


Horse-power, Kind of Motor Max. Eff, 
a-hour Rating ‘ Percent 
30-100 | D-C. geared... 83-88 
Too-250 © D-C. geared... 88-89 
250-500 D-C. gearless 91-93 
50-200 A-C. series geared.............0+- pase 70-80 * 
200-500 3-phase induction geared. ...........-.-. 85-89 


* Including step-down transformers. 


Power Required at Given Speed. Let 


r = train resistance in pounds per ton of total weight of train; 
G = percent grade; 
g = degree of curvature; 
@ = acceleration in mphps; 
2 = speed in mph; 
W = total weight of train in tons. 
‘Then the power required at the rims of the drivers is 1.99 » (¢ + 20G +g + 1004) 
watts per ton, or 2.67 X 10° SwW (r + 20G +g + 1004) horse power, total, 
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The power input, #;, to the car or locomotive is equal to the power at the 
rims of the drivers divided by the over-all efficiency ¢ of the controller, motors 


and gears, i.e., 
_ 1.99 Wor + 20G + + 100 a) 


Ioo0e 


kilowatts (5) 


Approximate Method of Calculating Energy Consumption. The follow- 
ing method is based upon simple kinetic principles, and, if certain character- 
istics of the run are known, gives the actual energy output at the wheel rims. 
This fact makes the method useful, not only for rough calculations, but also 


. to check calculations made by the more accurate step-by-step method. 


When the method is applied to checking purposes, the column of the table 
below headed “Actual Energy Output” should be used and the input calcu- 
lated from the known efficiencies. When applied to rough calculations, the 
column headed “Approximate Electrical Energy Input’’ should be used. In 
the latter case the maximum speed and length of run with power on are not 
known, but it is possible to assume certain values, based upon experience, 
which will give a rough approximation to the energy required. The total 
energy in watt-hours per ton-mile will be the sum of the amounts required for 
acceleration and overcoming frictional train resistance grades and curves. Let 


V = average running speed in miles per hour; 
Vm = maximum speed in miles per hour; 
= length of run in miles; 
Lp = distance traveled, with power on, in miles; * 
=1/L = number of stops per mile including one terminus; 
r = average train reststance, in pounds per ton (say that corresponding to 
_ a speed from 10 to 20% greater than the average speed); 
G = average equivalent grade, in per cent; 


g = average curvature in degrees; 
Vin 
Kee Tan ratio of maximum to average speed; see Table on page. 273; 
16 
Q= >= ratio of length of run to distance traveled with power on. See 
Lp Table on page 273. 
Output at Wheel Rim and Input to Cars in Watt-hours per Ton-mile 
. di 
Energy For Actual Energy Output | Approximate Electric 
at Wheel Rims of Cars | Energy Input to Cars 
; a K°nV2 
Acceleration. .... bAGonccaus hate 36.2L = 
yas r.99 r Lp 2.97 
Frictional train resistance........ oa a 
: L Q 
39.8 GLp s7G 
Grabs 10 Stig sfoslonfees ne uanrenhd L 0 
( 1.99 gLp * 2.98 
HEMEWORM SO A's) slulai n'a: Finite sisialvis/o.0' ar TO. 
SiGe eae ee Sum Sum | 
sy vag ALEC UD fk 


NotEe.—25 = 36.2 €, 57.8 = 39.8 + «, and 2.9 = 1.99 + e, where e is the efficiency, 
taken as 0.7. The formula for energy due to curves assumes each degree of CUbvenite 
to be equivalent to a train resistance of x lb per ton, which is probably high. ; 
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Values of K and Q 3 
K Q 
Stops per Mile, 
n Locomotive Single Cars Multiple | 
Passenger Unit Trains and All Trains 

Trains Freight Trains SV 

° 1,0 1.0 1.0 
o.r r.2 It I.I 
0.2 1.35 1.2 1.25 
0.3 I.5 1.25 I.4 
0.4 1.6 reg 1.5 
0.5 1.7 1.35 1.7 
0.6 1.75 1.4 1.8 
0.7 1.8 1.45 1.9 
0.8 1.85 I.45 2.0 
0.9 1.9 5 2.2 
1.0 1.95 I's 2.15 
1.2 1.95 1.6 2.2 
Tal 1.95 1.6 2.3 
1.6 1.95 1.6 2.4 
1.8 1.95 1.65 2.8 
2.0 1.95 1.7 2.6 
2.5 1.95 1.75 2:7 
3.0 2.0 1.8 2.8 
365 2.0 1.85 2.9 
4.0 20 Tighe 2.9 
As 2.0 1.95 2.95 
5.0 2.0 2.0 3.0 


More exact methods involve a knowledge of the motor characteristics, gears, 
brakes, and control. : 


Power Required for Car Heating and Lighting. In addition to the energy 
tequired for propelling the cars, a very appreciable amount is also required 
in the winter, for heating them, and a small amount at night for lighting. See 
table below. In making up a load diagram this energy should be included, 
See Art. 17 for power required for heating. 


on 


Lighting of Cars 


Length of Car, Feet Average * Kw for Lighting 
14-20 0,25 
20-28 : 0.35 
28.34 ] 0.55 
34.40 0.70 


* During the hours lights are on, using tungsten lamps, 


POWER STATIONS AND SUBSTATIONS - - 
‘5. Power Stations 
General. The power plant of an electric railroad should be located with 


reference to the load center, the water and coal supply, and the cost of real 
“estate. The load center is usually the least important consideration as the 


' 
. 
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cost of transmission lines and the losses therein do not rank in importance with © 


considerations of plant economy, 
Water is required for boilers and condensers. The coal supply should be 
brought by water where practicable, with auxiliary rail connection. 


Buildings. Buildings are usually of brick with steel’ frames and concrete 
floors. Floors are of concrete with cement or tile finish for engine rooms and 


concrete with cement finish or bricks laid on edge in cement mortar for boiler - 


rooms. Foundations for machinery are usually made of concrete and sep- 
arate from the wall foundations in order to reduce vibration. Boiler-room 
equipment is carried on the steel structure. 


Tidal limits and flood-water stages fix the levels of both condenser intake 
and outlet tunnels, and sometimes of engine- and boiler-room floors. 


Standard Design. Present practise for large stations provides a boiler 
room and generating room side by side and separated by a thick wall. The 
generating room is divided in two parts, either with or without a separating 
wall, the part nearer the boiler room containing the generating equipment 
and provided with a crane; the other part, without a crane, having the elec- 
trical control apparatus. 


Equipment. The table on p. 275 shows ‘ae principal items in a typical 
electric railway power station, and their relation to the general processes of 
the plant. At the head of the upper part of the table are listed the raw materials 
which enter the plant, followed by the machinery and apparatus thru 
which they pass tothe boiler. At the head of the lower part of the table are 
listed the products of the boilers, followed.by the machinery and sepee 
thru which they are dissipated. 


6. Substations 


General. A substation is a group of apparatus or machinery which re- 
ceives current from a transmission system, changes its kind or voltage, and 
delivers it to a distribution system. Most commonly, substations transform 
high-voltage alternating current to low-voltage direct current, the: former 
affording the most economical transmission, and the latter the most economical 
conversion of electrical into mechanical energy. Substations -are usually 
housed in substantial brick and concrete buildings, altho where the current 
has to be changed only in voltage and not in kind, as on single-phase railway 
systems, the building is often unnecessary, as no rotating machinery is re- 
quired, and the transformers and switching apparatus can be built for out-door 
operation. 


Economical Location. Substations are located at intervals of 3 to 20 
miles along the railroad, the spacing being limited by considerations of line 
voltage regulation at the cars and economy, both of first cost and operation. 
Theoretically, substations should be located so as to give the least annual 
expense, taking into account both the fixed charges on the investment in sub- 
stations and feeders, the operating charges and the cost of energy losses in 
the system. An investment in copper feeders, especially in the case of bare 
or weatherproof aerial cables, causes little annual expense beyond the interest 
and taxes on the investment; whereas, a substation involves, in addition, 
heavy depreciation charges and labor charges for operation. In recent years 
automatic substations, not requiring constant attendance, have been suc- 
cessfully used on interurban lines. In such a substation, the machines auto- 
matically start into operation when a car is about to enter the section of line 


fed by it, and they stop when the car has passed beyond, Such systems have 


Pe re 
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Relation of Machinery in Typical Power-house ; 
CoaL : Arr e FEEDWATER ConDENSING WATER 


Coal barge (Blower) Meter Screen 
Clam-shell bucket 
Car 
Coal pile : 
Gantry crane Feed water pump 
Conveyors (Air ducts) 
Bunkers 
Downspout Feed water heater 
Apron 
Stoker 
Boiler furnace * Boiler furnace Boiler drum Intake flume 
ASHES GaAsES a 
reer 
Individual hoppers SUPERHEATER 
Ash cars 


Collective hoppers 
Bucket conveyor 


Storage bin STAcKs : Prmce , Centrifugal 
Spout r Turbine * Pump 
Car | | 
Condenser 
(Surface fa ig 
Hot well pump OurLer 
Hot well 


(Condensed steam returns 
to feed water pump.) 


* Turbine drives electric generators, which supply current to the switching and pro- 


'. tective apparatus and thence to the outgoing feeders. 


not found favor on important urban lines due to the complex controlling devices 
not having proven sufficiently reliable under the severe conditions occurring 
on those lines. 

The permissible distance between substations depends on the voltage of 
distribution, being greater the higher the voltage. On an ideal line, doubling 
the operating voltage, quarters the distance between substations, but on actual 
lines no such ratio exists, as’ substations have to be located with reference - 
to junctions, yards and terminals. a 

Where a length of track receives its power from only one direction, the 
distance that can be fed, with a given voltage drop, is 4 the distance allowable 
between substations. 

Apparatus. In the usual type of substation ie the conversion of high 
pressure alternating current into low-p-essure direct current, the high-pressure 
current first passes thru oil-switches to the high-pressure bus, then thru oil- 
switches to the primary windings of the transformers. From the secondary 
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windings of the transformers, the low-pressure alternating current enters the 
slip-rings of the converters, and emerges trom the commutators as direct cur- 

~ rent of a slightly higher pressure. From the commutators 1t passes thru cir- 
cuit ‘breakers to the direct-current bus bars and thence thru circuit breakers 
to the outgoing feeders. In the design of substations, it is good practise to 
arrange all the apparatus so as to make the route of the elcome current as 
direct as possible. 


All substations are not equipped with synchronous converters, motor-gener- 
ators having been used for pressures in excess of 750 volts. Such a motor- 
generator usually consists of an induction motor driving a direct-current gen- 
erator. The present practise, however, is to use interpole synchronous con- 
verters supplying direct-current at 1200 volts, two machings in series being 
used for 2400 volts. 


_ Portable Substations. ‘Portable substations, i.e., substations of small 
‘size installed in a box car, are sometimes used where unexpected or occasional 
loads are liable to occur. They are especially useful to carry holiday ne 
for which it would not pay to install a permanent substation. 


Power Capacity. The power capacity required in a substation tepenas 
upon the size, number and speed of cars; on the length of line fed and upon 
the number of stops per mile. 


Railway substation machines and transformers are usually rated by the 
kilovolt-ampere output which having produced a constant temperature, may 
be increased 50% for 2 hours without producing temperatures or temperature 
rises exceeding by more than 5° C. the standard limiting values established 
by the American Institute of Electrical Engineers. This is known as the 
nominal rating. 

Buildings. Substations having all apparatus on one level require about 
0.2 sq ft per kilowatt nominal rating. Buildings aré usually of brick with 
concrete foundations for walls and machines, except where the machines are 
small, in which case the machines are often carried by the floor beams. It is 
usual to provide a crane which, in important substations, should. be-equipped 
for both manual and electrical operation. 

Provision must be made for ventilation and good illumination, but roofs 
must be constructed sa that there will be no danger of leaks over the machines 
and other liye apparatus. Lavatory, toilet and telephone booth should be 
conveniently near the operators’ desks. 


7. Transformer Stations 


General. A transformer station, as used on alternating current railway 
systems, is an aggregation of apparatus for converting high-voltage alternating 
current from transmission lines, into lower-voltage alternating current for 
use in the trains, the apparatus being usually out-of-doors and protected only 
by a fence. 

Special designs of oil-cooled transformers, switching apparatus, and lightning 
arresters must be used for this purpose. 

All apparatus is set on concrete foundations, and steel structures are used 
to support overhead wires and switching apparatus. 

Auto-transformer System. The New York, New Haven & Hartford Rail- 
road system transmits at 22000 volts between trolley and feeder, but the 
locomotives receive’ current at 11 000 volts between ‘trolley and track rail. 
This is accomplished by transformer stations about 2 miles apart, where the 
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trolley and feeder are each connected to the track rails through a separate auto- 
transformer. This arrangement not only effects economy in transmission, but 
also greatly reduces the current in the track rails and earth, with consequent 
reduction of disturbances to telephone lines. 


TRANSMISSION AND DISTRIBUTION 
8. Duct Lines and Underground Conductors 


General. Underground cables in the United States are almost invariably 
installed in conduits made either of glazed tile, wood, or paper fiber. The 
conduits are laid so as to form a series of continuous ducts of a length of not 
over 400 ft, which are terminated in brick or concrete chambers from which 
the cables are pulled into the ducts. 

Conduit lines are used for the distribution of. electrical energy wherever 
the unsightliness, danger or instability of pole lines prohibit the use of the 
latter. They are used for both the transmission and ous cables of many 
railways, and for telephone and telegraph lines. 

Types of Conduits. Figs.-1 and 2 show ‘the conduits used by the New York 
Central Railroad Company, and are representative of the best modern prac- 
tise. The single-duct conduit weighs 161% lb per length of 18 in, and the four- 
duct conduit weighs 100 lb per length of 3 ft. 

Fiber conduit consists of tubes made by rolling paper saturated with bitu- 
minous compound around a mandrel. Like iron pipe, which it resembles in 


Sizes and Weights of Electric Conduits 


; 3 Approx. . . Approx. 
Inside | Thick- Length | Inside Thick- Length 
Diam- | ness of eee of Diam- ness of Average of 
eter, Walls, Weight, Section, eter, Walls, Weight Section, 
Inches Inches | P& Foot, Inches Inches Inches | P& Foot, Inches 
Pounds Pounds 
SLEEVE JoINT } SLEEVE JOINT. 
f 
i %, 0.45 30 I % 0.45 30 
1% % 0.75 60 14 Mu 0.75 60 
2 Y% 0.90 Go 2 4% 0.90 60 
2% yy 1.05 60 24% \Y I,05 60 
3 \y 1.30 60 3 Wy 1.30 60 
3h \Y% 1.60 60 3% 7/16 2.50 60 
4 4% 1.88 60 4 % 3-20 60 
c Screw JomnT Drive Joint 
1% 5/16 0.85 60 2 A 0.90 60 
2 3/5 1.35 60 28 % T.05 60 
2% a/g 1.70 60 3 My 1.30 60 
3 7/16 2.20 6o 3% yy 1.60 60 
3% /e 2.50 60 4 4 1.85 60 
4 Vy 3.20 60 


————_ —— 
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appearance, lengths of fiber conduit are usually joined by screw and coupling, 
altho it is also made for socket, sleeve and drive joints. The usual dimensions 
of fiber conduits are given in the table on page 277. iy 


Fig. 2. Typical Four-Duct Conduit 


Wrought-iron pipe is used in city streets where the conduit line has to twist” 
about sub-surface obstructions. It is more ee than tiled conduit, 


B sarnkcety . 
tC [SS 
-Fig. 3. Fig. 4. 


Splicing Chambers. 


and does not last as long on account of rusting. The usual sizes are 3 in and 
3% in pipe, 20 ft long, provided with threaded ends and couplings. 
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Splicing Chambers. Splicing chambers for straight runs are usually built 
in the shapes shown in Figs. 3, 4, 5, and 6. The height of large splicing cham- 
bers is usually determined by 
the height in which a man 
can stand upright, and is sel- 
dom less than 614 ft. The 
width is similarly influenced 
by the space required for work- 
ing, which is at least 4 ft. The 
length depends upon the length 
of splice and the space required 
to curve the cable from the _Fig. 6. Splicing Chamber 
ducts to the supporting shelves 
or racks, considerations which make a length of 8 ft a practical minimum 
where there are large cables. The usual dimensions are as follows: 


Type A B G, is 
LS ts ae a 2ft 2in 5 ft oin 3 ft 6in 9 ft oin 
Viol s. 3 RSet oe re 4 62.79 lite chicas’ waa 8s oO 
LTA See, oer Eee Ziad 4 6 SB ongBi LO; #0: 
AO eases adeisiss iG. Be 428 Io Oo 


Cables in splicing chambers are usually supported on iron brackets attached 
to the chamber walls. This construction is very satisfactory, especially if the 
power cables are wrapped with asbestos; but some engineers consider a shelf 
preferable, as it affords insulation and provides more protection between cable 
splices. 


Testing of Duct Lines. Ducts are usually tested by rodding with a mandrel 
in order to ascertain whether they are continuous and unobstructed. ‘The rods 
used for this purpose are of 
hickory 1 in in diameterand 3 
or 4 ft long, and are fitted at 
the ends with steel couplings 
such as that shown in Fig. 7. 

= The first rod is attached toa 

Fig. 7. Testing Mandrel mandrel and pushed into the 

duct. Another rod is coupled 

te the first, and the pair pushed carter into the duct. By successfully coupling 

- other rods and pushing them into the duct, the mandrel is made to travel 
from one chamber to another. 


As soon as the mandrel emerges into the receiving chamber, the rods are 
pulled thru and uncoupled. If an obstruction stops the mandrel, an attempt 
is made to force it thru by repeated blows, failing which it becomes necessary. 
to break into the conduit line from the side. It is usual to attach a No. ro 
or No. 12 galvanized steel wire to the last rod, and leave the wire in the duct 
after the removal of the rods. This wire is subsequently used for drawing a 
heavy rope through the duct, by means of which the cable is pulled in place. 


Types of Cables Used. Cables for underground conduit lines are almost 
invariably insulated with impregnated paper and covered with a lead sheath. 
Three conductor cables are used for. high-pressure, three-phase transmission, 
and either single conductor or two conductor concentric cables for low-pressure 
_ distribution. 
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Gederal. The most usual construction for street and interurban railways 
consists of wooden poles spaced about roo ft apart, carrying wooden cross-arms, 
porcelain insulators, and strung with bare or weatherproof copper wire. Where 

the transmission line parallels the railway, the same poles are used for sup- 
porting both trolley system and transmission lines. Steel towers are used ~ 
on electrified steam railways. i 

Tubular steel poles : are largely used for ‘a railways and reinforced con- 
crete poles are gaining favor. 

Dimensions of Wooden Poles. Poles are specified by their total length 
and either diameter or circumference at the top. Standard lengths are mul- 
tiples of 5 ft, and vary from 30 to 60 ft. Standard diameters are even mul- 
tiples of x in and vary from 7 to 8 in, except on the Pacific Coast, where 8 to 
io in prevail. The taper is exprest as the. difference in inches between two 
circumferences 10 ft apart and is usually as follows: 


Michiganiwhitecedar:.......s.'ear ee eee Rees 2 
Maryland chestnut.............. 
* California yellow pine .........-.- 
Montana lodgepole pine a 
S PexasGblolly pine x icfisc..0 oS dee hae eR ea ee 
LiWasShington cedar .\. ifs. cose becciy om ne eaneneeee 


The minimum dimensions specified ‘ the American Electric Railway Asso- 
ciation are given in the table on page 282. 3 

Tubular Steel Poles. Tubular steel poles are made of ihree pieces, each 
of a different size, of steel tubing. The three pieces are joined by shrinking 
the larger onto the smaller, until an overlap of 18 in is obtained. Such poles 
are made in lengths ot 28 to 35 ft, and vary in weight from 384 to 1688 Ib. 
Comprehensive tables of data for such poles are given in A‘E.R.A. Engineering 
Manual. 

Reinforced Concrete Poles. Reinforced concrete poles are made in lengths 
of 28 to 35 ft, and with butt sections, from 5 to 15 in square, the corners, how- 
ever, being eliminated. They are reinforced with four steel rods: Hexagonal 
poles are also used, containing six steel rods. Comprehensive tables of data 
for such poles are given in A.E.R.A. Engineering Manual. 

Location of Poles. Side poles should have a minimum clear distance of 
7 {t 6 in from the center line of track at level of top of rail; center poles should. 
have a minimum clear distance of 7 ft from the center of track, these clear- 
ances to be suitably increased at curves. Poles are usually spaced between 
go and rio ft apart. ; 

Depth of Setting. The usual depth of pole setting for tangent construc- 
’ tion is shown in the table at end of this Article. On curves, and other special 
localities, an extra depth may be necessary. : 

Wires and Cables for Pole Lines. Three classes of wire are used for aerial 
conductors; Bare, weatherproof and insulated. Bare and weatherproof wires 
are usually made of hard-drawn copper, the stranding being as shown in the 
table below. Bare wires are used for operating pressures over 2500 volts, but 
where the Dressure is not above this amount, weatherproof wire is preferred by 
many. engineers, because it’ affords some protection from grounds due to the 
contact of foreign bodies, especially tree twigs. 

Insulated cables, except telephone cables, are ten, used on pole lines 
on account of their expense, but where used are mane of soft annealed copper 
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Stranding of Concentric Lay-Cables for Aerial Use 


Number of Wires Number of Wires 
sca (See note 2). Gree (See note 2). 
Bare, insulated or Bare, insulated or 
(See nota,r) weatherproof (See, note 2) weatherproof 
wee cables for aerial use cables for aerial use 
20 Cir. Inches QL ocoo A.W.G. 19 or 7 (See note 3) 
1.5 61 00 4 7 
1.0 “ 5 61 2 % 7 
0.6 e x 37 + and smaller . I 
0.5 : 37 
0.4 : 19 


1. For intermediate sizes, use stranding for next larger size. 

2. Conductors of c000 A.W.G. and smaller are often made solid and this table of 
stranding should not be interpreted as excluding this practice. 

3. Cables of sizes oo00 and o00 A.W.G., are usually made of 7 strands when bare 
and 19 strands when insulated or weatherproof. 


either insulated with paper and sheathed in lead, or insulated with varnished 
cambric or rubber and’ covered with impregnated cotton braid. Such cables 
must be supported from a steel messenger cable by means of clips spaced from 
12 to 18 in apart. Where rubber insulation is used on aerial lines, a high- 
grade compound is essential if it is to withstand the effects of the weather. 


Guy Wires. Galvanized iron cables are used for guying poles. They are 
usually made of 7 strands of No. 12 or 14 B.W.G, wire, having an ultimate 
breaking strength of 2300 or 5000 lb per cable, respectively. 

Preservation of Poles. It is estimated that it takes 190 years to grow a’ 
30-{t cedar pole which, when set in the ground, will-not last over 15 years. 
When butt-treated, the life is increased to about 20 years. The preservatives 
most generally used are creosote, zinc chloride and bichloride of mercury. 
(See U. S. Forest Service Circulars 84 and 147.) Decay occurs at the butt 
of the pole, which must be particularly well protected. 


Cross Arms. Cross arms are rated by the number of pins they are made 
to carry, the number being from 2 to 10. The usual cross-sections are 34 or 
334 by 4% or 434, the length depending upon the number of wires to be car- 
ried and their voltage. Cross arms, 334 by 4 in in cross-section are attached 
to wooden poles by a thru-bolt driven from the back of pole toward and thru 
the arm, having a washer at each end, with hole at back of pole counterbored 
fo secure a ‘good seat for the washer. Cross arms should be steadied by strap 
braces secured to the pole by a lag screw and to side of arm away from pole 
by carriage bolts on the center line of arm, with nuts next to the braces. Arms 
up to and including 48 in in length should have braces 24 in long fastened to 
irm 16 in from center; arms over 48 in long should have braces 28 in long 
fastened to arms r9 in from center. Cross arms larger than 34 by 434 in should 
9e steadied by angle braces. 


10. Trolley Systems os 
General. The trolley wire is usually of hard-drawn copper but sometimes 
of steel which is suspended from insulators some 16 to 3o ft aboye the ground, 
und presents a continuous contact surface to a trolley wheel or bow attached to 
he rolling stock. There are two classes of trolley construction, the span wire 
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Minimum Circumferences of Poles in Inches 
(A.E.R.A, Engineering Manual) 


A, For span construction where a 35-ft span is required, or for heavy feeder lines 
carrying from one to six cross arms. . 

B, For span or bracket construction where spans are not more than 35 ft. or bracket 
line or construction carrying two transmission circuits, one feeder arm and two telephone 
and signal arms. 

C. For telephone, signal and other light auxiliary lines where no side strain is required. 


CaHEstNuT POLES 


Crass A . Crass B Crass C 
Total 
Length, c 
Ft 6 Ft ‘6 Ft 6 Ft 
asp from Butt ie from Butt lee from Butt 
25 24 36 21 pach 20 30 
30 24 49° 22 36 20 33 
35 24 43 22 40 20 36 
40 24 45 22 43 20 4o 
45 24 48 22 47 20 43 
50 24 51 22 5° 20 46 
55 22 54 22 53 20 49 
60 22 dha we ats BOOP MLS teeter alata San. wheats 
65 22 60 22 SOM MUNG Giand. sk et cieat Reins retain one 
qo 22 63 22 62 ; 
75 S922 1) 166, 22 65 


Eastern Wuitr Crepar Pores 


Crass A Ciass B Crass C 
Total Top 24 In | Top 22 In | Top 1834 In 
Length, 
Ft 6 Ft 6 Ft 6 Ft 
from Butt | from Butt from Butt 
30 4° 36 33 
35 43 38 36 
4o 47 43 4° 
45 5° 47 43 
5° 53 50 46 
55 56 53 $92 is 
60 . 59 65 MW clon carctocbeler 


WesTERN Waitt CEepAr PoLEs 


Cuass A Ciass B CLAss C 
Total Top-28In | Top2s5In | Top 22In 
Length, 
Ft 6 Ft 6 Ft 6 Ft 
from Butt | from Butt | from Butt i 
3° 37 34 30 
35 4o 36 ~ 32 
40 43 38 34 
45 car a5 4° 36 
50 47 42 38 
55 49 44 40 
7" 60 52 . 46 4r 


- 65 54 48 43 onal 


7 
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Depth of Setting Poles in Ground 


Transmission 


Trolley Construction a Fs 
oi Line Construction 


Total Length of 
Pole, Ft 


Rock or Concrete Earth Earth ~ 


Cd 
= 


ee 
i=] 
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= 
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° 
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and the-side bracket; each may have either simple or catenary suspension. 
(See Art. 9 for details of poles.) a 

Span-wire and Side-bracket Construction. In the simple span-wire con- 
struction the trolley wire is supported by wires stretched across the tracks 
between poles or building walls. The side-bracket construction resembles the 
span-wire except that instead of the supporting wire being stretched between two 
poles, it is stretched between two supports gn the same pole. In both of these 
types of construction, the trolley wire is supported at intervals of roo ft or more 
and sags between supports, making it necessary for the trolley to-be in xe aeal 
vibration as the cars move. 

Catenary Construction. The speed attained upon modern electric roads 
makes-it difficult to obtain satisfactory service with a trolley wire which dips 
between supports and sways with every impulse. The catenary construction 
was devised to meet this condition. In general, it consists of a grooved copper 
trolley wire suspended horizontally from a sagging messenger cable, which is 
suitably insulated and firmly held in place. The supporting structure employed 
for interurban single- or double-track roads usually is of the side-bracket type, 
but for some conditions cross-span construction becomes necessary. The latter 
method of support differs only in the substitution of a catenary cross-span for 
the bracket arm and doubling the number of poles required for single track. 


Applications of Various Types of Construction. The overhead trolley 
system is used.on urban railways, wherever the unsightliness or danger of its 
exposed construction is not considered objectionable. . It is used on interurban, 
suburban and trunk lines, wherever, by reason of low load or high voltage, the 
surrent taken by the trains is not too great to be economically carried on copper 
wires. 

Center-pole construction is approved practise for double-track railways, 
ide-pole construction being generally used for single-track lines. Span-wire 
onstruction is used where, for any reason, it is impracticable to have the poles 
rear the tracks or where, as is commonly the case in Europe, the span ‘wires are 
uupported from the walls’of buildings. Prejudice against overhead lines is often 
lue to the excessive loading of poles, which is both unsightly and dangerous. 


Parts of Overhead Trolley Construction. The trolley wire is secured to 
in ‘* ear by soldering, clamps or other means and the ear is bolted to a “‘ sus- 
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pension ” which may or may not be provided with an insulating portion, These 
suspensions are carried by span wires which in turn are fastened to the poles 
or brackets, or they may be fastened directly to the bracket. If the “ sus- 
pension ”’ is not insulated, “‘ strain” insulators are inserted in the span wire 
between the ear and its point of attachment to the poles or brackets. A slightly 
different form of suspension, called a “ pull-off ” is used on curves. At turn- 
outs “ trolley frogs”? must be used to guide the trolley wheel. These various 
parts are illustrated in the accompanying cuts. 


Trolley Ears. Figs. 8 to 12 show éars for round wire. Fig. 8 shows an. 
ear with flaps, which are bent around the wire to hold it in place; this*type is 


DMIs Fig. 12, 
Trolley Ears for Round Wire 


seldom used on account of arcing at the flaps. The ear shown in Fig. 9 which | 
has a deep groove into which the wire is soldered, is the type in common use. 
These ears may be provided with rings as in Fig. 10 to which guy wires are 
attached to relieve the strain at curves and for steadying the line at intervals. 
Fig. 11 shows the type of ear used at points where the trolley is spliced, which 
should always be at an ear. Fig. 12 shows an ear with a terminal for a feeder 
connection. 


Figs. 13 to 15 are designed for groov ea or “figure §” trolley wire. Special 
grooved (Fig. 16) or “‘ figure 8” wire affords a smoother running surface for the 


a 9. 
; g 
Fig3 Fig.l Fig. 15, 


’ Trolley Ears for “figure 8” Wires 


tro‘ley wheel or bow as the ear only grips the upper part, leaving the lower part 
absolutely even. This construction is practically essential for bow trolleys. 

Suspensions for Straight Line Work. Fig. 17 shows an uninsulated sus- 
pension with ear attached for straight line work. Fig. 18 shows a suspension 
with stcain insulators at each end; this is also used on curves for double-track * 
work. Figs. 19 and 20 show solid insulated suspensions for span wire and side- 
bracket construction, respectively. These types are frequently used, and 
are quite satisfactory if the insulating material used in their construction is 
properly made. Fig. 21 shows a section of an assembled cap and cone suspen- 
sion. Fig. 22 shows a cap and cone suspension with ear attached. The type 
in which cap and cone are made separate is preferred by some engineers on 
account of the possibility of replacing injured bolts and insulation without 
removing the whole suspension. ‘This advantage is partly offset by the greater 
liability to trouble due to multiplicity of parts. 

Strain Insulators. Fig. 23 shows a “globe” strain insulator, the type 
most commonly used. Fig. 24. shows a “ Brooklyn” strain insulator. This 
type is used on wooden pole and light iron pole construction to draw span 
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Wires taut. Tt is required for heavy iron pole construction if spans are long and 
temperature variations great. Bolts may be provided at both ends if an extra — 


26 Wi oe 
70 Were 3 : 
Area 0:1083 sg. in. : % Wire 


2/¢ Round wire 0.1045 sq. in. Area 0:1314 sq. tn. 
om i , 3/0 Round wire 0.1318 sq.in. 
or 


kK 
! 
t 
H 
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4 Wire 
Area 0.1665 sq. in, 
4/9 Round wire 0.1662 sg. in. 


_ Fig. 16. Standard Grooved Wire Sections = 


_~ 


Fig. 17 Fig. 18 


Types of Suspensions 


unt of adjustment i is required. A globe strain and a Brooklyn strain may be. 
in'series where extra insulation is required. 

offs. Fig. 25 shows a cap and cone pull-off for aingleturye con- 
1 and Fig..26, a cap and cone pull-off for double-track curve construc 
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tion. Pull-offs of the types corresponding to the uninsulated and solid insulated 
suspension shown in Fig, 17 and 18, are also used. 


Strain Insulators : Pull-offs 


‘Trolley Frogs. A trolley frog is a malleable iron casting used ‘at 
switches or crossovers where trolley wires from different tracks unite. Its 
function is to hold the diverging wices together and afford a smooth running 
path to the trolley wheel when a car passes or 
enters a switch. A common type is illustrated 
in Fig. 27. Frogs are made for various angles 
of divergence, and both right- and left-handed. 
The usual angles are 8, 15 and 20 degrees. 

Sag and Tension in Overhead System. - 
Particular attention must be paid to designing 
the overhead structure in such a manner that it 
will safely stand the extra tension due to the contraction of the wires at low 
temperatures and the extra loads due to wind and sleet, and a sufficient allow- 
ance should be made in the height of the trolley wire to take care of the . 
extra sag which it experiences at high temperatures. 

Height of Trolley Wire above Rail. The height of wire varies between 
a minimum of 16 ft and a maximum of 22 ft, the usual height being about 18 ft. 
It is usual to raise the wire at railroad crossings to a height of 22 ft or more. 


Rake of Poles. Bracket-arm poles on tangent construction should haye 
a rake backwards not exceeding 3 in, and span-wire poles in hard ground a rake 
of from 4 to 5 in. In soft ground a rake of 12 in is not uncommon. Center 
poles should be set vertically except at curves, where they should bend away 
from the curve along the perpendicular to the tangent at that point of the curve. 

Anchorage. At both ends of every: grade and curve, there should be a 
permanent anchorage. If there are not many grades and curves, anchorages 


Fig. 27. Trolley Frog 


Fig. 29 
Simple Pull-off Arrangement . 
should be provided at intervals of from 14 to 34 of a mile. An anchorage is 


made by means of a steel cable running from the trolley wire to one or ‘more 
anchor poles through an anchor ear and strain insulators. 
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. Curves. At curves in the track the trolley wire should be made to follow 
the curve by means of pull-offs or wires pulling the trolley wire outward as shown 
in Fig. 28 and 29. : 3 

Wherever possible the pull-off wires should be radial to the trolley wire. This, 
however, requires a large number of poles, and is therefore impracticable in 


Fig. 30. Bridle Construction at Curve 


cities. In such cases, the bridle, bow-string or backbone construction shown 
in Fig. 30, 31 and 32 is resorted to. Here the pull-off wires, instead of being 


Fig. 31. Bow String Construction at Curve 


anchored to individual poles. are fastened to a wire which is stretched between 
poles. While this construction is almost universally used in cities, it is more 


A 


Fig. 32. Backbone Construction at Curve 


site to maintain than single pull-offs, and is therefore less favored for inter- 
an lines, 
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A combination of the two types of construction is shown in Fig. 33 (Fig. 28 
to 33 are from General Electric Co. publications), 


Fig. 33. . Combination Construction at Curve 


Spacing of Pull-offs at Curves. The number of pull-offs should be suf- 
ficient to keep the wire within about 21% in from the theoretical curve. This 


may be accomplished by spacing the successive ears in accordance with the 
following relations: 


Let ZL = distance between pull-offs in feet; 
R_ = radius of curve in feet; 
a@ = offset of wire in inches from theoretical curve, midway between 
pull-offs, the ears being assumed to lie on the theoretical curve. 


Then nye - (2)" 
3 6 


Or L =0.815 VaR, 
_with an error less than 14% for all radii greater than 4o ft. 
If a is to be 214 in, then 


TiO VR approximately. 


If the ears are set exactly on the theoretical curve, the wire will depart 2% in 
from the correct position half way between the two ears; if the ears are set 144 in ~ 
from the curve, the mid-point of the wire will be only 114 in when ZL is taken _ 
equal to 1.29 VR. f 


Offset of Trolley Wire at Curves. It is usual, at curves, to offset the 
trolley wire from the center of the track because the trolley wheel is tilted 
inward due to the elevation of the outer rail, and because in order to keep the 
wheel on the wire, the latter must be so placed that the projection of the pole 
- on the plane of the track is always tangential to the wire. : od pit 


ae 


+ 


. 
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(a) The former offset, measured horizontally toward the inside of the curve, 
uals 4 tan @ where f is the normal height of the wire above the top of rail, 
d 6 is the angle of elevation between the plan of the track and the horizontal, 
x standard gage and wire 18 ft above the top of rail this offset is about 4 in 
r every inch of elevation. 
(b) The latter offset, also measured horizontally toward the center of the curve, 
calculated as follows, assuming the curve to be longer than the car itself; 
r shorter curves the offset will be less. Let 

R = radius of curve; 

£ = horizontal distance of center of trolley wheel to center of trolley base 

usually about 11 ft; 
G = distance from center of car to center of truck. 


the case where the trolley base is located over the truck center, as on cars 
th two trolleys, the offset is 


“VR? =L2)" 
the trolley base is located over the car center as on ‘cars with one trolley, 
e offset equals . 
R - VR? ~G? = Le. 


ne total offset is the sum of the offsets (a) and (0). 

Curves of Small Curvature. If the curvature* is less than 10°, the poles 
e frequently spaced closer together and no pull-offs used. The table may be 
sidered typical, the divergence of the wire from the theoretical curve being 
pt within 3 }4 in. 


Spacing of Poles on Curves, Interurban Road 


Divergence Divergence 
Degree of Pole of Trolley, Degree of Pole of Trolley 
Curvature Spacing, Wire from Curvature Spacing, Wire from 
of Track Ft Track Center,|| of Track Ft Track Center, 
Inches Inches 

Tangent 120 °. 6 60 2.87 

I 120 1.87 4: 50 i, 2.34 

2 Ir0 3-37 8 50 2,64 

3 90 3.06 9 50 2.94 

4 80 3.37 Io 50 3-24 

5 7° 3.06 


Turnouts. The location of the trolley frog at turnouts may be determined 
. follows: Referring to Fig. 34, from switch Hone A draw a line to center 
int D of track frog distance BC and 
om switch point B draw a line to center 
int E of arc AEC. The intersection of 
ese two-lines at F will be the proper 
cation of the frog. While certain vari- 
sles, such as superelevation of the outer 
il on the curve, length of wheel. base Fig: 34." Locatiol €f Frog 
id projection of trolley pole rearward 
om center of car, may necessitate slight variation of setting, this location 


* The degree of curvature of a track is the angle which pinfeed a chord roo ft long, 
‘tween points on the center line of the track. 
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will be found so nearly correct that a very small alteration which must be de 
termined by experiment, will compensate for the variable conditions. 

The following table gives the range of distance from track switch point tc 
track frog with which each set of trolley frogs may be most satisfactorily used: 


= A Divergence 
Track-frog 
Angle of 
Reet Trolley Frog 
Up to 22 ft... 20° 
From 20 to 30 ft Tee 
Above, 28 ft... .. 8° 


The minimum frog distance given in the table with which the 15° frogs may 
be used to best advantage corresponds to a turnout radius of 40 ft, but wher 
suburban cars, using high-speed trolley wheels, run over city tracks it is advis 
able to use 15° frogs rather than 20° frogs throughout the city construction ever 
where the minimum frog distance is less than 20 ft. 


Simple and Compound Catenary Construction. Catenary constructior 
may be divided into simple and compound. In the former the trolley wire o1 
wires are carried by one or two messenger cables which are supported only a 
the poles, bents or span wires; in the Jatter, the horizontal wire or wires arc 
carried by a messenger cable, which is itself suspended from another messenge 
cable which is supported at the poles, bents or span wires. The advantages o} 
the compound catenary are greater flexibility, reduced stresses in the supporting 
wires, shorter hangers, better lightning protection and superior curve construc 
tion. 

To obtain a line which will not require frequent readjustment, the messenget 
cable must be installed with practically uniform tension throughout its length 
making it necessary to have less sag in the shorter spans. For this reason certair 
definite pole spacings and corresponding hanger lengths have been standardized 


Number of Suspensions. The number of suspensions depends upon the 
speed at which the cars are to be run, and upon whether a bow or wheel trolley 
is used. The three-point suspension in which, with 150 ft spacing, the hanger; 
are 50 ft apart has been found ample for wheel collectors. With the sliding 
pantagraph or bow trolley an eleven-point suspension has been found sufficient 
with 150 ft pole spacing. (See following Table.) 


Hangers. Where only one horizontal wire is suspended from the messengel 
cable, the hangers should hang loosely from the cable and should be screwec 
fast to the trolley wire. This permits the trolley wire to rise slightly as the 
trolley passes under it, thereby making the wire equally flexible along its entire 
length. Where a steel contact wire is clipped to the horizontal conductor, th 
hangers. are usually rigidly attached at both ends, as the duplication of hori 
zontal wires assures uniform flexibility, regardless of the hangers. (See ania 
ing Table.) 

Wear of Trolley Wheel, Bow and Trolley Wire. The wear of the ones 
wires is not secious with either wheel or bow collectors. On the lines of the 
Indianapolis & Cincinnati Traction Company, a copper trolley wire lost less thar 
1% i in weight after it had experienced 39,000 car movements, each car taking 
an average of about 40 amperes by an aluminum slider. 

The vertical wear of the steel contact wire on the N. ¥., N. H. & H RR 
was 0.028 in in 30 months, which is practically 4.5% per year of the half diameter 


t 
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Tangent Construction 
" Nousrr or HANGARS PER SPAN.. PANTAGRAPH OR Bow TROLLEYS ~ 


Length Number of Length of Hangers, Inches 


Pole Points of 


Spacing, i 
Feet Suspension. 


6 | 634| 844] rz | 12 |1334]1434| 16 |1714|1934|204 


I 2 2 ZN. SPLALULD SaaS, MR 
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NumBer or Hancers per Span. WHEEL TROLLEYS 


Length areberiof Length of Hangers, Inches 


- Points of 
Suspension 
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f the wire (one-half taken to permit wice to be held in clips) which, even on this 
ertical diameter basis, indicates a life of over 20 years; but as a matter of. 
act it will be much more than this, for the reason that as the vertical diameter 
essens the breadth of contact increases thruout, thus diminishing the rate 
f vertical wear. Of further interest is the fact that there is practically no 
corrosion of the wire as the wire is covered with a film of grease deposited by the 
antograph shoe (W. S. Murray). 

Change in Length of Trolley Wire. The change in length of copper due 
o changes in temperature is one of the greatest difficulties in the maintenance 
ff overhead work. A drop of 100° F. in temperature will cause a copper bar 
© contract approximately 1 in for every 100 ft of length. If it be restrained 
t the ends this will cause an additional stress of 2500 Ib in the case of a No. 
000 trolley. 


European catenary lines are usually miaihtaaned at constant tension by means 
f weights pulling on the free ends of the trolley wire at the end of every section. 
Prevention of Formation of Sleet. Sleet may be prevented from forming 
m the wires by greasing the latter with petroleum jelly and if it does form it 
nay be easily removed by any of the numerous comer forms oS sleet cutters. 


11. Third Rail Svat 


General. Third tails are used for low voltage railways where the power 
equirements are in excess of the current carrying capacity of a trolley wire, and 
where there is private right-of-way. 


. 
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Collector Shoes. Current is collected from the third rail by projecting 
- collector shoes on the cars. These shoes are placed on each side of each truck, 
and are all alive, when any one is alive. : : j 
Rails are usually made of special high conductivity steel, it being not unusual | 
to have a conductivity 1/, or 1/; that of copper. (See Article 12 for resistance | 
of rails of various sections.) . 
Types of Construction. Third-rail construction may be classified into the | 
top-contact and under-contact types, each of which is susceptible of important | 
variations in design, especially with reference to the type of protection. 
. @ Interborough Top-contact Type. One of the most commonly asedt 
types is illustrated in Fig. 35. It is often called the “ Interborough Type | 
on account of its use in the subways of the! 
Interborough Rapid Transit Co., of New York. | 
The rail is a standard T-section and rests on) 
reconstructed granite insulators. A board pro- 
tection is attached to the rail itself by means of 
clamps and uprights and is thereby kept in per-| 
fect alignment. : 
(b) Pennsylvania Top-contact Type. (Fig. 
36.) Another type has the protection sup- 
ported on sepatate brackets independent of 
the third rail itself. It is claimed that this re- 
duces the.amount of labor which has to be done’ 
on the live rail, when repairs are being made, 
but it carinot be relied upon as well as the Inter- 
: borough type to keep the rail and protection in 
Fig. 35. Interborough Top-Con- perfect alignment. ae 
tact Type (c) Under-contact Types. (Fig. 37.) While 
Ae the top-contact types have given first-class 
service, they are cofisidered to have certain disadvantages fot exposed loca-— 
tions as they cannot be wholly protected from snow, ice and sleet. The lower 
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= Fig. 36. Pennsylvania Top-Contact Type 
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‘part is only a few inches from the ties, while holding clips generally reduce this 
clearance, increasing the danger of grounding from accumulation of wet snow, 
and from flooding: The occasjonal suspen- 
sion of traffic during sleet and snowstorms 
and floods, on railroads using the top-con- 
tact type of third rail, led to. the idea of an 
under-contact third rail loosely clasped in in- 
sulators by hook-bolts hung from brackets, 
with the top and sides of the rail completely 
sheathed in a flexible insulating material for 
protecting the rail from accidental contact — 
with man and beast, and from sleet, snow 
and spray. With this type of rail the pro- | 2 
tection is of such character that there is no * °% 1 
_ packing of snow between the sheathing and 
_ the contact rail, as in some other forms, and 
in sleet storms no ice forms on the contact 
surface; some icicles may form at the edge 
‘of the petticoats, but hanging down clear of 
the edge of the rail, are easily broken off by ; ; 
the passing shoe. Fig. 37. N.Y. C.R.R. Under- 

Where the rail is buried in snow, the pas- Contact Type 
sage of the contact shoe breaks the snow 

_ away, leaving the rail surface clear, instead of ironing the snow down on the 

' rail, as may happen with the ‘top-contact type. 

_ Location and Weight of Third Rails. There is no standard gage for 
contact rails, corresponding to the standard track gage. This unfortunate 

' ‘condition arises from lack of uniformity in the clearance lines of the right-of- 

| ‘way and in the maximum equipment lines of various railroads, _ The following 

standard has been recommended (1911 and 1912) by the American Electric 
Railway Engineering Association: 

The gage line of the third rail to be located not less than 26 in and not more 
than 27 in from the gage line of the track and the contact surface of the third 
rail to be not less than 234 in ot more than 3 4 in above the plane of the top of 
the track rail. E 

This standard has since been abandoned and three standard clearance lines 
adopted instead. The maximum equipment line for rolling equipment is given 
in Article 13; those for third rail structures and permanent way, respectively, 
are given below: 

Third-rail Structures Must be Contained within the Line Indicated by the Fol 
lowing Ordinates and Abscissas 
“Height Above Top | Distance Out from 


] “Walerproof® 
of Felt 


of Rail, Inches Gage Line, Inches 
Top of Tie 1934 
5% 1934 
3/16 25 
25 
934 26% 
9% 3334 
6% HH 
4% 364 
eee | . 3514 
Top of Tie 354 


4 (On curves of less radii than Soo ft and at switches, this line thust be moved out 2i4 in.) 
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BUF asthe Way Structures Must not Encroach upon the Line Indicated by the! 
Following Ordinates and Abscissas 
Height Above Top } Distance Out from ;* 
of Rail, Inches Gage Line, Inches 


Top of Tie 36% 
—24 364 
° 3 3734 
77/16 : 3734 
107% _ 344% 


(On curves of less radii then 800 ft and at switches, this line must be moved out 214 in. 
Location and Weight of Third Rail 


Center of Contact 
Third Rail | Face above 
Name of Railroad to Near | Top of Run- 
i Gage Line, | ning Rail, 
“Inches Inches 
Albany & Hudson. ..:. 5.2... bonecaegernrioas “27 6 
Aurora, Elgin & Chicago. -..........-...- 204 65/16 
Baker St.-& Waterloo Ry.........000- shies ric) Lai nab Ot 
Baltimorei& Ohio. «1 dace navies eee oe 30 34 
Berlin Elevated and Subway.............. 13.25 7 
Boston Elevated and Subway............. 2034 6 
Brooklyn Rapid Transit......, eae tee 2134 6 
Camden & Atlantic City R.R.. 0.1... 2.22 -. 26 34 
A Central Tondon RYcp 6s ise sees ie Center 1% 
Columbus, London & Springfield. .......-.. 2 6 
Columbus & Newark... ar. sca dinycoteue = nae 27 6 
Payet-Chamoumixi.. over... sjie cere tne: 23 9 
Grand Rapids, Gd. Haven & Muskegon. . 20% | 534 
Great Northern Ry., England TO 2G * aA Bie. 
Hudson Tunnels, New York. ......... +8 26 4 
Interborough Rapid Transit.......... = 26 4 
Kings County El., Brooklyn........-. e 19)4 54 
Lackawanna & Wyoming.........-.-. a 204% oe ee 
ake Steal, Chicaron cet ayatimcecr eu, 2014 6% 
Lancashire & Yorkshire Ry.. Moet 194 3 
Liverpool Elevated. ...4...2..2+0-00+ Center x} 
Wong Island R:R.....5....... Beas talite 27 3r 
Manhattan Ry., New York.. PeRRVER 2084 74 
MerseypRy «cies. )aeaediitcfs fuils, es NW ties 22 44 
Metropolitan & District, London.......... 16 3 
Metropolitan Elevated, Chicago..........< 201% ~ 6% 
*New York Central R.R......... MDG 284 2% 
Northeastern Ry., England........... As 1914 34 
Northwestern Elevated, Chicago...... t 204 64 
North Shore-R.R. Cakvitis eve. cos. 27 6 
Paris, Orleans Ry........... aro 25% 1% 
Paris Versailles Ry 2554 1% 
Pennsylvania R.R.......... 27 34% 
*Philadelphia & Western..... anf 27 3% 
*Philadelphia Rapid Transit. . is 27 6 
Seattle & Tacoma R.R........- SSrhos 20 7% 
South Side Elevated, Chicago.,....... 20% 6% 
Wamseebahn (Berlin) a 334 1254 
Waterloo & City RY.0.....020....05 i 2814 ° 
West Jersey & Seashore..../.3:.....- <% 26 3% 
*West Shore R.R.. Spay Led SaaOne ah 6.2 53 2% 
Wilkesbarre & Hazelton. Aa at Nanaeenear rai 28, 4 5 


* Bottom-contact surface. All others have top-contact ankles 
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__. Inclines. Where it is necessary to break the third rail at cross-overs, grade 
crossings-or electrical section breaks, END INCLINES are required to catch the con- 
tact shoes and bring them to the normal level of the third rail. 


The exact location of the inclines on each side of a track-rail intersection 
depends upon a number of conditions, an important one of which is the extent 
to which the car equalizer bar and journal box project outward. If there is a 
train-bus line connecting all the cars; the end inclines may be situated many feet 
back from the switch point of frog, but if there is no such bus line, thé ‘contact 

_ rail will probably have to be terminated in a cross incline extending as near as 
possible to the switch point or frog, 


12. Rail Bonds 


General. Rail bonds are electrical conductois for bridging the joints of rails. 
They consist either of a series of thin strips of annealed copper, or of one or more 
cables of copper wire, the ends of which are usually prest or cast into solid 
terminals. Ribbon is more compact, but stranded wire is more flexible;..the 
latter should always be used if space permits. 


Types of Bonds. Bonds may be classified, according to the method of 


ee 


fastening them to the rail, as 
soldered bonds, brazed bonds 
and bonds applied by mechanical 
pressure. Soldered bonds and 
comprest’ terminal head bonds 
find their best application in 
third-rail work, where good elec- Fig. 39. 

trical contact isof greater impor- 

tance than mechanical strength. Expanded terminal web bonds, especially of 
the concealed type with two stranded conductors, are regarded as the best for 

E we, heavy track work, where mechan- 
ical strength and cost of installa- 
tion are of the utmost impor- 
tance. 

Soldered Bonds usually con- 
sist of a series of thin strips of 
annealed copper with tinned, ter- ~ 
minals as shown in Figs. 38 and 
_ 89. They are soldered direct to 
the head, foot or web of the rail. 
One or more bonds per joint may 
be used. . 

Brazed Bonds resemble sol- 
dered bonds except that the ter- 
minals are enveloped in brass. 


Fig. 40 


Bee jae 
I They are brazed or welded to the rail by heat generated electrically in a carbon 
electrode which constitutes one jaw of a clamp holding the bond against the rail. 


7“ 
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: 
Expanded and Comprest Terminal Bonds. Bonds fastened to the rail 
by mechanical pressure may be divided into two general classes, expanded ter- 
~ minal and comprest terminal bonds. ’ F . 
Pin-expanded Terminal Bonds (Fig. 40) have their heads drilled with an | 
axial hole, through which a tapered steel pin dis driven, forcing the copper out- . 
ward and against the steel. This type of bond is fastened to the web of the rail; 
Comprest Terminal Bonds. : 
(Fig. 41 and 42.) There are two : 
kinds of comprest terminal bonds, : 
in one of which direct pressure is ; 
applied at both ends of the head, 


Head of Bond SO yy 
a 


Fig. 41 : Fig. 42 


and in the other, at one end only. The first type of bond is usually applied to © 
the web of the rail by means of a heavy screw or hydraulic press (Fig. 43) — 


| 


Fig. 43 


which engages the bond head and causes it to compress longitudixially and | 
expand laterally as the pressure is applied, bringing the copper into firm contact — 
with the steel and spreading the projecting end of the terminal into a button- 


s 
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shaped rivet-head, as shown in Fig. 41. ‘The second type of bond (Fig. 42) is 
applied only to the head ofthe rail, the terminal lugs being set in holes therein 
and expanded into contact by means of hammer blows. ; 


Exposed Versus Concealed Bonds. Whether soldered, brazed, expanded 
or comprest, bonds may be either exposed or concealed (Fig. 44) under the 
fish-plates. The former condition is preferable, if there is no likelihood of theft, 
as it permits inspection to be easily made, Where the boncis are exposed to 
theft, as, for example, on track rails unprotected by paving, concealed bonds ~ 
are almost a necessity. 


While concealed bonds are necessarily applied to the web of the rail, exposed 

’ bonds may be applied to the foot or head: Head bonds have the advantage of 

greater contact surface at the terminal studs, while foot bonds are less exposed 

to mechanical violence. Web bonds, unless concealed, have to be besten iad 
long in order to span the fish-plates. 


Substitutes for Bonding. Several efficient substitutes for bonaiue are now 
in use, such as electrical welding, thermit welding and the ‘“ Romapac”? con- 
tinuous rail system. (See Article 21.) 


Installation of Bonds. The foremost consideration in the installation of 
bonds is the cleanliness of the bonds and bond holes, or other adhesion surface. 
Unless this is secured the bonds will be electrically defective whatever their me- 
chanical strength may be. 


- Soldered Bonds. The rail surface is brightened by means of a carborundum 
or emery wheel, and tinned, using an acid flux. The bond is then clamped in 
place and the rail and bond 
heated by means of a blow-torch, 
to a temperature at which the 
solder will melt and cause the 
bond to adhere firmly tc the 
rail. 

_ Brazed Bonds. The prelim- 
inary processes are the same as 
for soldered bonds except that a special clamp is used, the terminals of which: 
are the electrodes of an electrical circuit, one being of copper and the other of 
catbon. The surface of the rail being previously ground bright at the point 
where the braze isto be made, the brass-enveloped bond terminal is prest 
against the rail by the carbon electrode, the copper electrode being in contact 
with the opposite side of the rail. The current on passing from one electrode to 
the other, traverses the bond terminal and rail, the carbon becoming incandescent. 
The incandescent carbon (pressing thé copper against the rail) quickly trans- 
mits sufficient heat at exactly the point where it is required to produce the weld, 


Welding Outfit. It is claimed by the manufacturers that an average of over 
roo bonds per day are readily installed by a car operating with four men, a 
bonder and three helpers. Such a car carries a rotary converter and trans- 
former, with accessory apparatus. To weld an average- -sized rail bond to the 
rail, an alternating current of about 2000 amp at 5 volts is employed, On 
direct-current railways this is obtained by converting and transforming cur- _ 
rent taken from the trolley wire. i 

Pin-expanded Bonds. The rail is drilled, usually through the web, with 
or without lubricant, using some form of drill especially adapted to this service. 
Drilling without lubricant has the advantage of giving a perfectly clean hole, 
but is believed by some to cause excessive wear of the drills. It is doubtful, 
however, whether the small amount of oil which would be used could be kept 
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constantly at the cutting edges, the only places where it would be useful. Dry 
drilling has been found successful on many railroads. If oil is used, it should be 
wiped out with a clean cloth saturated with gasoline, in which case the joint 
resistance will be increased less than 3%. Lubricants containing water are 
likely to cause rust, especially if the drilling gang precedes the bond installers 
by any considerable time. ~The hole~haying been drilled, the bond head is in- 
serted into it and a long taper punch lubricated with grease is driven entirely 
through the terminal. Then a short drift pin is driven home, as shown in Fig. 40. 

This type’of bond requires a smaller equipment in tools and materials than 
most other types and does not necessitate the use of any apparatus which 
obstructs the track and would thereby endanger traffic. 


Comprest-Terminal Web and Foot Bonds. The drilling having been 
performed as for a pin-expanded bond, and the bond heads inserted into their 
respective holes, a screw or hydraulic compressor, as shown in Fig. 43, is applied 
at both ends of the bond head, the conical point of the press fitting into the 
conical depression.of the bond. Pressure is applied. either until a collar on the 
ram touches the rail, or until the head of the bond acquires the proper shape. 
Where no collar is used the point of the press (if of the screw type) sometimes 

’ cuts into the bond head; this may be avoided by placing a small amount of 
flake geaphite mixed with oil in the depression of the bond head. 


Comprest-Terminal Head Bonds. A four-spindle drill is used to drill 
four holes simultaneously in the rail heads. It is important to avoid drilling 
the holes too deep lest the copper should not touch bottom and therefore be 
unable to expand laterally. If, on the other hand, the hole is too shallow, 
expansion will occur too soon. 


Tests of Bonds after Insulation. Every rail in service should be pene 
ically tested and a complete record of the tests kept. The frequency of the tests 
will depend upon local conditions, once in 9 months being an average for 14 
urban railways, and once in 12 months an average of 11 interurban railways 
(See Proc..Am. El. Ry. Assn., 1911, p. 751.) 

Resistance Test. The usual method of testing is to measure the drop of 
potential across the bonded joint and find simultaneously the length of continu- 
ous rail in which the same drop occurs, i.e., the “ equivalent ” length of the 
bonded joint. Several ingenious instruments have been devised for making 
this comparison with ease aud accuracy. 


Resistance of T-rails, A.S.C.E. Standard Section (20° C.) 
(Full Cross-section) 


Spec. Res. 12.5 times Spec. res. 8 Times 


‘ Cross- Area, f * 
i section, Millions of ee ee ee 
Square Circular 
per Yard Inch Mils Ohms per | Ohms per | Ohms per | Ohms per 
rooo ft Mile 1000 ft Mile 
7° 6.9 8.77 0.0148 0.0779 | 0.00944 ©.0499 
75 7.64 9.45 9.0138 ©,0729 0.00884 | 0.0467 
80 7.8 9.9 0.0131 0.0689 0.00835 0.0441 
85 8.3 10.5 0.0122 0.0645 0.00781 0.0413 
go 8.8 Il.2 ©.O115 0.0609 0.00738 0.0390 
9.3 0.0109 0.0570 0.00701 0.03790 


0.0547 ©°,00664 2.0350 
* To find the resistance of rails of any ane resistance x referred to copper as ae 
multiply these resistances by_x and divide by 8, 


= . . ‘4 - 


2 
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Mechanical Strength. The mechanical adhesion of soldered bonds may be 
tested by means of a lever as shown in Fig. 45. It may be used as soon as the 
terminals are cool. The operation of testing 
consists simply in submitting each bond ter- 
minal to a predetermined pull. A properly 
soldered bond should stand a shearing force of 
1200 lb per sq in of contact. Calling S this 
shearing force per square inch, A the square inch 
of contact, and P the pull, as registered on the 
balance, then 

ASI 
Ll 

Rebonding. The resistance at which a joint 
should be rebonded depends upon how much 
potential drop is permissible in the tracks, and 
upon the relative cost of the energy loss and 
the cost of rebonding. In the Proc. Am. 
Elec. Ry. Assn., 1911, this resistance is given by 22 railways, in terms of the 
équivalent Iength of continuous rail. This length ranged from 2 to 12 ft, with 
an. average of 6.6. ft. 


CARS AND LOCOMOTIVES 
: 13. Cars 


City cars vary in length from 42 to 50 ft, the average of twenty typical city 
cars being 45 ft 6 in over the bumpers. The width varies between 8 ft and 8 ft 
to in, the average of twenty typical cars being 8 ft 4 in. Truck centers vary 
from 19 to 24 ft, averaging 21 ft 1o in. The number of seats varies from 32 to 
56, the average of twenty typical cars being 47. 

The standard height of couplers for city cars, measured from top of rail to 

_ center of coupler is 1 ft 8in. The standard height of bumpers is 2 ft 7 in from 
top of rail to top of bumper. The standard height of platforms is 2 ft 7 in from 
top of rails. : 

Recent trend has been toward the drop platform type with rear entrance, 
and front exit, as it is one of the safest types and seems ideal for quiet loading 
and unloading of passengers. The center door type has also found favor. These 
types lend themselves readily to the pay-as-you-enter system of fare collection, ~ 


Interurban cars vary in dimensions from those of city cars to those of 
standard steam passenger cars, depending on the class of service, speed and length 
ofrun. A typical recent car is 61 ft long 8 ft 1 in wide, 38 ft 4 in truck centers, 
and weighs 85 600 lb complete. The standard height of bumpers for inter- - 
urban cars is 4 ft 3 in from top of rail to top of bumper. The usual height of 
platform is 4 ft 3 in. / 

Suspension of Motors. Motors, on double-truck cars, are hung between 
an axle and the transom. A lug cast on the side of the motor frame away from 
the axle rests on the transom either with or without intervening springs. - About 
60% of the weight is carried directly on the axles. ‘ 

Maximum Equipment Line. The maximum equipment line for cars on 
third rail systems has been standardized as follows by the American Electric 
Railway Engineering Association and other interested bodies. 
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Points Determining Maximum Equipment Line 
Height Above Top’ | Distance Out from 
of Rail, Inches Gage Line, Inches . 
6 ° 
6 " 2% 
20 28 
24 4/6 
24 9 
- 25% 104% 
: 31 107% 
344 ’ 24 


Trucks. Cars not more than 20 ft long can be satisfactorily carried on single 
trucks having a wheel base of about 7 ft. Longer cars should have two trucks 
of the swivel type; having a wheel base of from 4 ft to 6 ft 6 in, the shorter 
wheel base being used where there are sharp curves. Maximum traction 
trucks haye unequal size pairs of wheels the bolster being near the larger pair, 
to the axle of which the motor is geared. This has the effect of throwing from 
70 to 85% of the total weight on the driving wheels, although only two motors 
are used on the car, an especial advantage where high acceleration is desired. 


Gauge Line 


Fig. 46. Standard Sections of Wheel Flanges 


Wheels. Electric railways use the standard gage of 4ft 8in. The standard 
form of wheel flange is shown in Fig. 46. 


14, Locomotives 


General. Electric, locomotives, unlike steam locomotives, can be made of — 


practically any desired power capacity without excessive complication and with- 
out increase in the number of operators. This arises from the absence of boilers 
and the possibility of controlling a number of motors or even a number 9% com- 
plete locomotive units as if they were a single unit. 


Rating. The American Institute of Electrical Engineers has standardized 
the rating of electric locomotives in terms of the weight on drivers, the nominal 
t-hour tractive effort, the continuous tractive effort and corresponding speeds. 


(a) Weight on Drivers, The weight on. drivers, exprest in pounds, shall 


be the sum of the weights carried by-the drivers and of the drivers themselves, 
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_ (h) Nominal Tractive Effort.. The nominal effort, exprest in pounds, shall 
be that exerted at the rims of the drivers, when the motors are operating at their 
nominal (1 hour) rating. (See Art. 15.) 

(c) Continuous Tractive Effort. The continuous tractive effort, exprest 
in pounds, shall be that exerted at the rims of the drivers when the motors are 
operating at their full voltage continuous rating. (See Art. 15.) 

In the case of locomotives operating on intermittent service, the continuous 


tractive effort may be given for 1% or. 34 voltage, but in such cases the voltage 
shall be clearly specified. 


(d) Speed. The rated speed, exprest in miles per hour, shall be that, at 
which the continuous tractive effort is exerted. 


Classification. Locomotives may be classified as follows, with reference to 
trucks: 

1. Rigid wheel base. 

(a) Without leading and trailing trucks. 
(6) With leading and trailing trucks, 

2. Separated bogie truck (the trucks being connected through the upper frames as in 
a car). 

(a) Symmetrical 
(b)° Unsymmetrical. - 

3. Articulated (wherein the two trucks are hinged hack to back). 

All of these types of locomotives are practically steady at speeds under 40 mph 
but above this speed marked differences appear: the steadiest riding machines, 
according to G. Gibbs, having high centers of gravity and long unsymmetrical 
wheel bases. Considerable difference of opinion preyails in regard to proper 
mechanical design for high speeds. 

Transmissions. Motors are connected to locomotive drivers by the follow- 
ing forms of transmission: 

(a) Gearless, the motor armatures being mounted direct on the axles. 

(b) Gearless quill, each motor armature being mounted on a hollow shaft or quill 
which surrounds the axle, but is free with respect: to it. At each end of the quill is a 
disc haying projecting arms which fit into spaces between the spokes of the driving 
wheels. ‘The arms are connected to the driving wheels by springs which tend to keep 
the arms centered between spokes but allow sufficient play to relieve the excessive starting 
stresses in the armature. 

(c) Direct gears, the motors being mounted either between or over the axles, a motor 
having a pinion engaging a gear wheel on the locomotive axle. 

(d) Quilled gears, the gear wheel being on a hollow shaft or quill which engages the, 
drivers through springs, thereby relieving both the armature and gears of excessive start- 
ing stresses, ; 

(e) Cranks and Scotch yoke, in which two motors are connected together and have 
crank shafts which operate three sets of drivers. 

(f) Crank and countershaft, in which the motors are located above the tracks and are 
connected through a countershaft to side rods Joining the, drivers, 

Control. Practically all modern electric locomotives have multiple unit 
control, so that two or more lacomotives may be coupled together under the 
control of one operator. Indeed someé locomotives consist of two sections, 
each of which is virtually a separate locomotive, coupled together permanently. 
Such a locomotive weighing 157 tons, with all the weight on the driyers, is in 
use on the Pennsylvania Railroad. 

Weight. The weight per driver nie for high speed eas ohne should OL 
exceed 4o 000 |b with ordinary track, and 50 900 lb with very good track, and in 
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- . ' 
‘slow-speed service more usual weights are 15 000 to 20000 Ib per driver © 
axle. European practise indicates a maximum of 35 000 to 40 000 lb per axle. 


The weight i in pounds per foot of total wheel base usually varies from 4500 to © 
7500 lb but is occasionally as high as 11 000 Ib. 
#The following weight analysis by E. P. Burch (Electric Traction for Railway | 
Trains) is based upon data for about twenty representative American and | 
European locomotives, : 


Weight Distribution, Electric Locomotives 


PER CENT : 
eae | 
Distribution of Direct Three Single » Motor 

Weight Current Phase Phase Generator | | 
Ave. Sols Avel Ave. Ave. 
Mechanical ane, Sage a 50-72 68 48-56 51 46-59 58 43 
AMEOUON': ft rcapscts cfaisge wisi 20-27 24 26-40 3° .| 26-36 27 30 
‘Transformer. ..:....: ° ° o-10 Io 8 7 6 
Other electrical parts...) 5-10 8 7-10 9 7-11 8 2 
HP 1 hr per ton, about.}....... NG! ALP Harsich at Owe rec scle 14 [a8 


The mechanical parts of direct-current locomdtives are high in percentage because the 
total weights are low. Three-phase motor weights appear high because European 
designers use light frames. . 


15. Motors and Controllers 


Selection of Motor. The following information relative to the service to 
be performed, is required, in order that an appropriate motor may be selected. 


(a) Weight of total number of cars in train (in tons of 2000 Ib) exclusive of electrical 
equipment and load. 

(b) Average weight of load and durations of same, and maximum weight of load and 
durations of same. 
(c) Number of motor cars or locomotives in train, and number of trailer cars in train, 
(d\ Diameter of driving wheels. 
(e) Weight on driving wheels, exclusive of electrical equipment. 
(f) Number of motors per motor car. 
(g) Voltage at train with power on the motors—average, maximum and minimum. 
(h) Rate of acceleration in miles per hour per second. 
(i) Rate of braking (retardation in miles per hour per second), 
(j) Speed limitations, if any (including slowdowns). 
(k) Distances between stations. 
()) Duration of station stops. 
(m) Schedule speed including station stops in mph. 
(n) Train resistance in pounds per ton of 2000 lb at stated speeds. 
(0) Moment of inertia of revolving parts, exclusive of electrical equipment. 
(p) Profile and alignment of. track. 
(q) Distance coasted as a percent of the distance hetween station stops. 
(ry) Time of layover at end of run, if any. ; 
Rating of Motors. The nominal rating of a railway motor shall be the 
mechanical output at the car or locomotive axle, measured in kilowatts, which 
causes a rise of temperature above the surrounding air, by thermometer, not 
exceeding 90° C. at the commutator, and 75° C. at any other normally accessible 
part after one-hour’s continuous run at its rated voltage (and frequency in the — 
case of an alternating-current motor) on a stand with the motor covers arranged 
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to secure maximum ventilation without external blower. The rise in tempera- 
ture as measured by resistance, shall not exceed 100° C. (The statement of the 
nominal rating shall also include the corresponding voltage and armature speed.) 


The continuous ratings of a railway motor shall be the inputs in amperes at 
which it may be operated continuously at 14, 34 and full voltage, respectively, 
without exceeding the specified temperature rises (see table below) when oper 
ated on stand test with motor covers and cooling system, if any, arranged as in 
service. Inasmuch as the same motor may be operated under different condi. 
tions as regards ventilation, it will be necessary in each case to define the system 
of ventilation which is used. In case motors are cooled by external blowers, 
the flow of air on which the rating is based shall be given. 


Maximum Permissible Temperatures and Temperature Rises 


Maximum Observable Stand-test 
Temperature of Temperature 
: Windings when in Rise of 
Continuous Service Windings 
Class of Insulation se 
; By By By By 
- : Ther- Resist- Ther- Resist- 
mometer ance mometer ance 


A. Cotton, silk, paper and similar 
materials when so treated or im- 
pregnated as to increase the ther- | - 
MOUARURININE eS oP ec cs ayspa sabes ope vais os. (Ge Tra CG. G5 2C.. 4 Os. Ce 

B, Mica, asbestos and other materials 
capable of resisting high tempera- 
tures in which any class A material 
or binder is used for structural pur- 
poses only, and may be destroyed 
without impairing* the insulating 
or mechanical qualities of the in- 
SUTHELOM ER Cob lols «acco Sicle's » o/a.5s enh 100° C. uga°iCy 80° C, 105° C. 


*The word impairing is here used in the sense of causing any change which would 
disqualify the insulation for continuous service. For infrequent occasions, due to 
extreme ambient temperatures, it is permissible to operate at 15° C. higher temperature. 


' Voltages. Direct current motors are usually made for line voltages of 500, 
550 or 600 volts and sometimes for 1200 volts or somewhat more. On 2400 
volt lines, it is usual to have the motors in pairs connected permanently in 
series. 

Alternating current, single-phase motors, are usually made for 400 to 500 voltii 
the required voltage being obtained by transforming down the line voltage by 
means of a transformer or auto-transformer on the train. 

Weight. Motors vary in weight from 30 lb per horse-power (40 lb per kilo- 
watt) for the largest sizes (200 hp) to 70 lb per horse-power (93 Ib per kilowatt) 
for the smaller sizes (35 hp), the ratings being the nominal. zs 

Controllers. The speed of direct current motors is controlled by connecting 
resistances in series with the motors, by connecting the motors. at first in series 
and then in parallel, and sometimes by varying the strength of the fields. Alter- 
nating current motors are similarly controlled, except that auto-transformers are 
used instead of resistances. 
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The direction of rotation, in both kinds of motors, is changed by reversing 


the current in either the fields or armature, this being usually accomplished by — 


rotating an auxiliary handle of the controller. 


The type K controller is largely used for light weight cars, and consists of an 
operating handle which moves a cylindrical drum with projecting contact pieces 
which come in contact with stationary fingers. The first three points correspond 
to accelerating steps, by means of which the resistance in series with the motors 
is gradually cut out. The fourth step, full series, gives about half speed and is 
a continuous running point. The following steps restore the resistance and put 


the motors in parallel. The last step leaves the motors in parallel without any © 


resistance. 


Multiple-unit control is used on large cars, eqoaue where the combined | 
motor capacity exceeds 3oo hp. The equipment consists of a small master | 


controller which enables a comparatively weak current to operate contactors | 
large enough to make the necessary changes in the circuit,.as in the case of type | 
K controllers. The master controller on any car will operate the contactors — 


on all cars, if a jumper cable be run from car to car connecting together all the 
control circuits. 


The weight of control equipment of type K varies from 1200 to 2250 Ib and 


of multiple-unit equipment, from 2800 to 3200 lb. 


16. Brakes 


General Principles. Practically all existing brakes make use of the frictional 
adhesion between the wheels and track, and between the brake shoes and wheels. 


The frictional adhesion between wheels and track varies from 15 to 30% of the © 


weight on the wheels. An adhesion of 15% applies to normal track and the 
higher values to sanded track. This refers to rolling friction; if the wheels begin 
to slide, the coefficient of friction drops. For this reason braking must be such 


as not to allow the wheels to slip. The frictional adhesion between brake shoes — 


and wheels is given by the formula, 


t + 0.000 4721 


bis se eeieo Foot 


where h = coefficient of friction after elapsed distance /; 
| = distance wheel has traveled in frictional contact with the brake shoe; 
F = coefficient of brake shoe friction at speed and pressure at which 
brake shoe was applied at the begining of the distance l 
0.382 


= ~Whi = d, mph. 
= Seco ere S = speed, mp! 


The braking retardation depends upon the various factors involved, approxi- 
mately as indicated by the following formula: 


a =0.01098 k (Ph + fW); 


where a = retardation, mph per second; ~ 
k = ratio of linear inertia to total inertia of train; 
P =total braking pressure applied normal to wheel treads by brake 
shoes, pounds; 
= ceefficient of brake friction; 
f = train resistance, pounds per ton weight of train; 
W = weight of train, tons. 


ening 


Art. 16 > Brakes nO - 305 
» If we neglect rotational energy and train resistance 


R 
@-= 0.01098 — 


J y W 
where R = total retarding force, lb. 


The usual rate of retardation for multiple unit electric trains is from 1.5 to 
2.0 miles per hour per second, and on street cars from 2 to 244 miles per hour 
per second. 


Construction. Any brake which depends upon the friction between the 
wheels and brake shoes, is composed of four parts: the shoes, the truck rigging, 
the foundation rigging and the source of braking force. 


Brake Shoes. In order to avoid ‘excessive costs for the renewal of brake 
shoes, the weight should be limited so that no individual shoe should weigh more 
than 24 lb. To avoid an excessive loss of weight in scrap, the minimum weight 
should be 20 lb: The cast iron should be closely granular, of uniform texture 
and with the combined. and graphitic carbon evenly balanced. The graphitic 
carbon ‘should be ia the form of nodules rather than flakes. 


Wear averages 3.75 to 6.5 Ib per tooo wheel miles and the minimum scrap 
weight should be 614 Ib per shoe; at 514 Ib there is danger of cutting the 
head. 


Ordinaily, brake shoes are placed to bear on the inside of the truck frame? 
i.e., hetween wheels. With this arrangement, it is possible, by varying the 
angularity of the hanger link, to introduce a force which will equalize, to any- 


desired degree, the transfer of weight from the rear to the forward axle. 


Truck Rigging. The braking force must be distributed equally between 
the brake shoes, or there willbe danger of sliding the wheels. Separate levers 
are used for each shoe. On double-truck cars, which must travel around 
sharp curves, the bar connecting the brake levers is made of circular form, 
and is then known as a “ radius bar”; and the brake pull rod is connected to 
it thru a roller working in a clevis, which allows the brakes to act in spite 


“of the swivelling of the truck. 


_ Foundation Brake Rigging. The pull rods which pull on the radius bar 
rods are each attached to one end of the cylinder levers, the centers of these 
levers (which are normally about parailel) being joined by a rod. The other 
ends of the cylinder levers are connected to the piston and the slack adjuster 
respectively. : ; 

The purpose of the slack adjuster is to pull back the piston without loosening 
the brakes in case it travels so far as to unduly reduce the cylinder pressure. 
This is usually accomplished by causing the excess piston motion to operate a 
device which shifts the fulcrum of one of the cylinder levers. The hormal 
piston travel is 8 in on standard equipment. f 

Hand Brakes. It is usual to provide all cars with hand brakes, even if Pe 
equipped with air brakes. Hand brakes communicate their motion to the foun- 
dation rigging by means of a chain which winds on the brake staff at one end and 
is attached, thru a multiplying lever, to the pull rods. In high-ratio hand 
brakes, the bottom of the brake staff carries a gear, the chain connection being 
made through the meshing gear. ; 


Air Brakes. Air brakes have the advantage of foe eer s of quicker 


application than hand brakes, and they save power both by permitting more 


coasting and by making sure that the brake shoes do not rub when the car is 
running, 4 condition which frequently occurs with hand brakes due to the desire 


of the motorman to be able to apply the brakes as quickly as possible. 
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The maximum pressure of the brake shoes on the wheel may be definitely 
limited by proper design and wheel skidding prevented, Air brakes also relieve 
the motorman of severe manual strain. 


The New York Public Service Commission requires cars weighing more than 
25 100 lb to be equipped with air brakes. 


There are two kinds of air brakes: the “ straight ” and the “ automatic,” 
Tn the former, the pressure-of a main reservoir acts directly on the foundation ~ 
rigging; in the latter, the pressure comes from an auxiliary reservoir, the main 
air pressure being used to control the admission of air to and from the auxiliary 
reservoir and to release the air from the brake cylinder to the outside atmos- 
sphere. In “straight” air brakes, the control consists essentially of a valve 
which can connect the cylinder to the main reservoir, can disconnect the cylinder 
yet allow it to retain the air, or can release the air from it, This system is used 
for single car operation. 


Tn long trains, the air has so far to flow from the reservoir on the forward car or 
locomotive, that the brakes on the rear cars are applied later than on the front 
cars. This may impose severe stresses in\the draw. bars and may cause the train 
to break in two. This trouble does not exist with the “ automatic ’’ air brake. 
In this system, under normal running conditions, the auxiliary reservoirs on 
each car are fully charged to the pressure of the train pipe and the brake cylinders 
are open to the atmosphere. To apply the brakes, the train pipe pressure is © 
reduced, an air operated “ triple valve ’’ automatically disconnects the auxiliary 
reservoir from the train pipe and connects it with the brake cylinder, meanwhile 
closing the cylinder exhaust. 

Inspection of Air Brakes. The American Electric Railway Association * 
gives the following instructions for inspection: Start the air pump to its maxi- 
mum capacity; see that brake-valve handle is in release position and where 
automatic air is used see that gages indicate 20 Jb difference between train line 
and auxiliary. If they do not, the governors need to be reset. Apply brake to 
show reduction of 40 lb. Place brake-valve handle to lap position; see that air 
gage operates properly and that no leaks are in or around the brake-valves or . 
pipes leading thereto; examine all pipes, reservoirs, triple valves, cylinders, 
etc., while brake is set and see that none are leaking and that brake does not 
release while the brake-valve handle is in lap position. If the cylinder piston 
has a travel of more than 5 in an adjustment of brakes is necessary. Where 
slack adjuster is used, see that it is placed to its minimum of travel before any 
adjustment of brakes. 

Tnspect all shoes and see that they are in alignment with the wheel so that none 
are broken and renew those that will not give sufficient wear until the next 
inspection. 

In renewing brake shoes put shoes of same thickness on opposite oe be 
they either old or new. ‘ 

Examine all keys, bolts, pins, beams, turn-buckles, rods, etc., and re 
where necessary. ; 

Compressors. Independent motor-driven air compressors are most commonly 
used for air brakes, and are usually directly connected. Compressors should be 
of a size such as will not be required to operate more than one-third the time... 


17. Car Heating 


General. Street cars should be heated to a temperature of 55° to 60° Fahr. 
which is found to be comfortable for passengers in street attire, Suburhani and 
interurban cars, which have longer runs, should be heated to between 65°.and. 
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yo° Fahr, in order that the passengers may be comfortable without their. 
wraps. 

Systems. Two systems of heating are in use on modern railways: The 
hot-water furnace and the electric heater. The former is used for locomotive 
trains and sometimes for interurban cars making long runs. The latter is 
used for urban cars and generally for interurban cars. 


Tn the case of locomotive trains, the water is heated by an oil-burning flash boiler on 
the locomotive; whereas, for interurban cars there is a small boiler on the car. 


Electric Heating. The electric system of heating, altho more expensive 
to maintain than the others, finds the greatest favor, and has the advantage of 
good distribution of heat, cleanliness, ease of regulation, low fire hazard and no 
attendance. 

Electric heaters are all equally efficient in regard to the amount of heat 
developed but may differ in respect to durability and cost of maintenance. 
They are usually made of resistance wire wound on porcelain forms, but some-— 
times the wire, is imbedded in insulating material. The latter type has greater 
heat storage capacity than the former. , 


The power required for car heating is as follows: 


Power for Car Heating 


Average Kilowatts for Heating 
Length of Car, 


‘ Feet 
Average Conditions.| Severe Conditions. 
14 to 20 3-5 4. 
20 to 28 4.5 5:5 
28 to 34 5-5 7.5 
34 to 40 Jel 10.5 


CAR BARNS AND OTHER BUILDINGS 
18. Car Houses and Inspection Sheds 


General. Car houses are used for the storage and inspection of street and 
interurban cars and on small railways are combined with the repair shop. On 
electrified railroads; car houses are for inspection only, as vgcee door storage 
is the usual practise. 


When about to design a car house, the engineer ehonld first acquaint himself with — 
municipal and underwriters’ regulations and conforming with these, should provide room 
for car storage and inspection, administration offices, line department, road department, 

. car employees’ lobby, car sign storage, sand drying and storage, salt storage, oil storage, 
wash-room and toilets. : 

Concrete foundations are used for walls and aah a and the walls are ° 
usually made of brick; but where cheapness is essential, a mill frame with 2-in 
cement curtain wall may often be used. Heavy wooden columns and roof © 
trusses are generally used, although cast-iron columns are favored by some 
designers. Wooden roofs covered with felt, pitch and gravel are usual, and 
they are provided with copper flashings and counter-flashings of either copper 
or lead. 


Floors are made of concrete with cement finish, and are sloweal is provide 
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. ample drainage. It is especially important to keep the inspection pits clear of 
water. : 

Inspection Pits. Inspection pits are placed between the rails and are 
usually 4 ft 6 in deep below the top of rails. The track rails are carried on wooden 
stringers (usually ro by 12) on the masonry side walls of the pit. More modern 
practise in large car houses, is to have a basement as deep as an ordinary pit 
but extending under all the tracks. In this case the track rails are supported 
on stringers or T beams resting on posts. 


: 4 

Tracks. Car tracks should be spaced not less than 11 ft between centers. 
where there are no posts between tracks, and not less than 13 ft where there are 
posts. Ordinary tee railsare used. The dead ends of the car-house tracks should 
be provided with bumpers. The trolley wire should be at least 16 ft 6 in above 
the top of rail in order to avoid injuring the trolley springs by keeping them in 
undue compression. It is usual to support the trolley wire on a flat board to 
prevent the trolley rising and striking the building structure if it should leave 
the wire. 


Tracks at Entrance. The tracks at the entrance to the car house should 
be designed to facilitate the rapid entrance and departure of cars with the least 
interruption to traffic on the main, tracks. This is sometimes accomplished 
by having an extra track in front of the car house and running all storage tracks 
into it; the extra track being connected at either or both ends, to the main 
tracks. ; 


Heating. “Car houses are best heated by means of a blower system where 
the air is blown over steam coils and through-the building. The heating plant 
should be either in a separate building or enclosed in fireproof walls. 


Doors. Where there is sufficient clearance, swinging and sliding wooden 
doors are preferred; but where space is restricted, rolling steel doors are used 
for large openings. 


Lighting may be either by incandescent lamps or mercury vapor lamps, 
the former being most usual. Lamps should be fed, wherever practicable, 
from a regular lighting system, as the voltage fluctuations of the trolley or third 
rail circuit are usually excessive. Where, however, the lights must be fed from 
the traction circuits, the requisite number of lamps must be grouped together 
in series. The pits or basements should be well lighted. 


Painting. Car-house walls\are usually covered with. cold water paint except 
for distances of several feet from the ground, where oil paint is to be preferred. 


Fire Risks. Due to the great value of cars and the loss of revenue which 
would result from their destruction, it is important to make the fire risk as low 
as possible by the adoption of the following precautions: 


* (x) Use of automatic sprinklers. 
(2). Provision of two sources of water supply such as mains and tank. 
(3), Division of building by fire-proof walls. The underwriters stipulate that no 
_ section shall contain’cars to the value of over $200 000. 
(4) Avoiding proximity to inflammable buildings. 
(5) Having ample provision of water pails, sand pails, chemical extinguishers and short: 
hoses, the last being usually 2) in in diameter and provided with £14 in nozzles. 
(6) Locating car house near a fire station. 
(7) Building tracks on a grade so that cars may be easily pushed out by hand. to 
(8) Having numerous auxiliary fire alarms.» np 
_ (9) Consulting underwriters when. planving. ia 


The Operating Force should Ne located at the front of the house and starters should 
be in a petition to,see all incoming and outgoing cars. 


\ 
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Repair Shops 
19. Repair Shops 


3809 


General. Car repair shops are used for the repair and renovation of cars 
and are generally similar in construction to car houses, being often combined 
therewith. The details of building construction, heating and lighting given 
under car Houses apply equally well to car shops, except that only about half 
the floor aréa need be equipped with tracks, the temainder being devoted to 
departments where unassembled parts are handled. Where tracks are installed, 
the usual spacing is from 15 to 16 ft between. centers. 


Heating. While laitte repair shops are usually heated by the blower system 
(see Car Houses), an exception must be made in the case of the paint shop where 
direct steam radiation is preferred. Small shops are tsually heated directly 
by steam or hot-water radiators. 


Space Distribution. 


The table below gives the principal subdivisions of a 


typical repair shop with the average space distribution, the actual space required 
being from 140 to 240, averaging about 209 sq ft, of shop floor per car owned, ex- 


clusive of yard space or transfur tables. 


Other departments, not included in the 


table either because they are affected by the amount the shop depends, upon 
outside aid or because of their smallness, are as follows: Dry kiln, lumber store, 
boiler room, brass foundry, pattern store, indoor transfer table, locker room and . 


toilets. | 


Space Distribution in Car Repair Ships 


Percent of Floor Area 


Occupied 
No.| Department Work of Department 
Departments! Departments 
" with without 
| Car Tracks | Car Tracks 
zt | Repair shop.....| General repair work on cars: 5 
(a) Main repair shop..........- : CR SOT AP ie om: 
(6) Truck repair'shop;........!].4::52.252.5 5 
2 | Machine shop. ..| Metal work on parts, incliding 
slotting cUmmutétofee..4 2b ip ccsw eee be 10 
3 | Blacksmith shop | Forgings, welds, etc., on parts,..],........+.- 4 
4 | Carpenter or} Heavy repairs on car bodies... .. 17 J) osmteeniee 
erecting shop. 
5 |Store-room and | Stock storage exclusive of heavy 
Offices. crc su ft peste esridortte ei SCAR Sh “50 15 
6 | Electrical shop ..} Electrical repairs to armatures, 
etc.,exceptascited under No.2.} .......... 5 
7 | Wood mill...... Machine work on wood... ....:.) 0 «2... ae 8 
8 | Paint shop and | Painting of cars and storage ot 
wash-rooms. | painting materials, etc.: 
‘| (a) General paint shop. ........ 
(b) Cabinet room, varnish room, 
Se ed 
Total wider... Ce vataellos oe yh 5 AUR Paitiet 
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Means for Moving Cars. Cars are lifted by any of the following means: 
Traveling cranes, jacks, hydraulic lifts, screw hoists and chain hoists. Travel- 
ing cranes are generally used except in the smallest shops. } 

Transfer tables are Prtet to ladder tracks for moving cars between de- 
partments. J - 

Proportion of Cars in Shops. The percentage of cars in the ER. varies 
from 8 to 12 depending upon the quality of the equipment, and its usage. 

Storage Space around Shops. Shop buildings should be surrounded with 
sufficient ground to serve for storage of trucks, lumber, scrap material, etc. 
The total area of land required for shops and storage varies from 1 to 2 acres 
per roo cars owned, depending upon whether all departments are concentrated 
in one building or scattered among several. 


‘SIGNALS AND TRACKS 


20. Signals 


Général The purpose of signals are to promote safety and to increase 
line capacity. 

Tn addition to audible signals such as bells, whistles, and torpedoes, movable 
visible signals, such as lanterns, flags and fuses, single-aspect fixed signals 
such as slow, stop, whistle and drawbridge signs, electric railways use two- 
aspect or three-aspect fixed signals, such as switch targets, train order ist 
interlocking signals and block signals. 

Signal Indications. The two-or three-aspect fixed signals are either sema- 
phores or lamps, or more commonly, a combination of both. Where semaphore 
signals are used, they are arranged to indicate three positions in the upper 
left-hand quadrant. These positions are, horizontal for “ stop,” 45° for “ pro- 
ceed with caution ” and vertical for “‘ proceed. fe 

Where semaphores have pointed ends, the horizontal position indicates “‘ Bon 

“dnd proceed ” and 45° indicates “ proceed, next signal at stop.” 

Where lights are used, the indications are as follows: 


Red 
‘Red + Stop and stay 
Red x 


Red 


a Stop and proceed 


Yellow 


Yellow ' 
Yellow + Proceed, next signal at stop 
Yellow 


Green 
Green + Proceed. 
Green r 


A “stop ”-signal combined with a yellow flag indicates “‘ proceed under control, 
prepared to stop short of any obstructions.” 

Location of Poles. The standard location for a signal pole is 7 ft 9 in from 
the center of the track to the center of the pole, with semaphore 15 ft from top 
of rail to bottom of arm. The wooden blade of the semaphore is 3 ft 6 in by — 
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7 in and from top to vertical projection of center of rotation when horizontal - 
is 3 ft 11 4 in, the center of rotation being 16 ft 7 in from top of rail. 


Lenses. (a) For high-speed 
interurban service, a lens of 
not less than 8% in in diam- 
eter should be used on all light 
signals operated by continuous 
track circuits 


I (6) For moderate speed 
seen gf roads, a lens of not less than 
Fig: 47, Manually Operated Signal System. 53 in in diameter should be 

used where light-signals are 


operated by trolley contact or other end-set devices. 


Manually Operated Signals. Signals employing a wire circuit are used 
on the shorter interurban roads and on some city roads. A typical system is 
shown in Fig. 47 in which a double-throw electric switch is installed on a pole 

at each end of the block, so as to be accessible to the motormen. When a 
car enters the block at either end, the conductor or motorman throws the switch 
to the opposite position, thereby lighting the lamps at both ends. (lf there is 
already a car in the block, the lamps will not light, as the motorman coming 
the other way will have thrown up his switch.) When he leaves the block he 
throws up the switch, thereby extinguishing lamps at both ends. The man on 
the next car puts down the switch and if it lights he proceeds. A light always 
means safety, whereas no light is unsafe. 


A development of this is a semaphore in place of Jamps and automatic throw- 
ing of the switches by mechanical trip or magnet on the car. 


Manual Block System. This is similar to the system used on steam oais 
wherein block signals are operated manually upon information received by tele- 
phone or telegraph. 


Controlled Manual Block System. This is ciate to the simple manual 
block system except that the signals at the end of each block are interconnected 
electrically, so that a clear signal cannot be obtained without the cooperation | 
of the signalmen at each end of the block. 


Token System. This is a manual block system Re to single track 
lines. In this system no train is allowed to occupy a block section without 
obtaining possession of a tablet, staff or other characteristic token. These 
tokens are taken from signals at the ends of blocks and form part of an inter- 
connected electric system, such that but one token can be removed at a time from 
a pair of signals, and until the token has een replaced in one signal, no token 
can be taken from-the other. The possession of a token is authority to proceed. 

Where it is desired to admit two trains to a block, divided tokens are used, 
each train taking one, and no further tokens can be withdrawn until all of the 
pieces of the first are replaced. 

Automatic Block System. This is a system in which signals controlled 
by trains govern the entrance to each block, thereby affording both head and 
rear protection. 

Protection is obtained either by a sectionalized trolley wire, sectionalized 
track rails or short insulated sections of track rail at the ends of blocks. y 

Due to the use of the track rails as part of the traction current circuit, some 
means must be adopted to keep the signal and traction currents separate. On 
direct-current railways, this may be accomplished either by bridging the insu- 
lated rail joints by inductance bonds, which permit the traction current to flow 


Trolley Wire 


Signal Wire Lamps 
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_ and choke back the alternating signal current, or by confining the traction cur- 


rent to one rail, and the signal current to the other, the latter system being 
favored where the track work is complicated, as in yards, junctions, etc. On 
alternating-current railroads, it is usual to reserve one track rail for signal 
purposes. 


Insulating Rail Joints. Insulating joints at the ends of blocks are made | 
‘by inserting a piece of insulating fiber between the rail ends, insulating 


bushings around the bolts and a plate of insulating fiber between the joint 
plate and rails, the former being prepared especially for the purpose. 


Effect of Preservatives in Ties. Zinc-treated ties when new tend to 
short-circuit the rails, due to the conductivity of the zinc salts. Circuits of 
2000 ft length may be operated successfully with 50% of ties so treated, but 
5000 ft circuits with all new zinc-treated ties will not operate. 

Crossing Protection. Automatic highway crossing protection is usually 
accomplished by means of a gong (200 cycles per min) operated by a “ setting 
switch ” placed in the trolley wire at the approach to the crossing and a “ re- 
storing switch ” at the crossing. 


Dispatcher’s Signal Systems. These are for the operation of special signals 
to control train movement from a dispatcher’s office. 


One system has a pendulum of a different length at each signal, and.a dupli- 
cate of each of these in the dispatcher’s office. When the dispatcher starts 
one of his pendulums, it makes and breaks an electric circuit, thereby periodic- 
ally energizing electromagnets near all the line pendulums. Only that pendulum 
which is synchronized with it starts into motion and it trips a release which both 
sets the signal and closes a sounder circuit in the dispatcher’s office, thus indi- 
cating that the signal has been set. 


Standard Practice, The reports of the Joint Committee on Block Signals for 
Electric Railways, American Electric Railway (Engineering) Association, give full details 
of actual and recommended practise. See Proceedings American Electric Railway 
Engineering Association and A.E.R.E.A. Engineering Manual. The standards cited in 
this article are those of the above association. : 


21. Track 
(By WALTER Lortnc WEBB) 


General. Track for urbah electric roads is identical with that for steam 
roads (Sect. 3) except in the following items: high girder rails, to comply with 
paving and street traffic requirements, and rail bonding, to facilitate the return 
of the current to the power house with minimum power loss and electrolytic 
effect. 


Rails. Some of the forms of high rails together with suitable rail joints 
are shown in Figs-48 and 49. All such rails, being imbedded in pavement 
and prevented from lateral displacement, are laid with close joints, no allow- 
ance being made for temperature changes. Being buried in the pavement 


the range of temperature is less than if fully exposed to the atmosphere, and. 


temperature changes merely produce a‘ harmless tension or compression in 


the metal. This permits the use of WELDED Joints, which have the advantage. 


of greater permanency, less cost for maintenance and better conductivity. 
THERMIT PROCESS: A mixture of powdered aluminum and oxide of iron is 
placed in a, crucible and ignited. The chemical reaction develops a heat of 
about sooo Fahr. The oxygen combines with the aluminum, and the iron’ 


becomes a molten low-carbon stecl. The molten iron sinks to the bottom of 


the crucible, An iron pin, covered and protected by an asbestos washer, 
Ya 
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forms a ‘plug for a hole in the bottom of the crucible, When the iron is 
thoroly melted, the pin is struck up'so that the molten metal escapes from the 
bottom and pours into a mold which has been made surrounding the joint. 
The intense heat welds the ends of the rails together and to the molten iron 
surrounding them, producing a solid welded joint. ‘The cost is approximately 
$5.00 per joint. CasTaRon welded joints (the Falk method) are made by 
melting cast iron in a portable cupola which is transported over the line. 
The joint is about 14 in long and will require 7o to 140 lb of-east iron, accord- 
ing to the size of the rail. No splice plates are used. Cast-iron molds are 
placed around the joint. The cast iron is heated to a somewhat higher tem- 
perature than jn ordinary cast-iron ; 
molding. The molten metal ad- 
joining the mold chills, hardens 
and contracts first, forcing the 
molten iron into the finest inter-. 
stices in the surface of the steel 
rail, whichis itself heated toa white 
heat by the molten iron. It has 
been found that if the rails are high 
in manganese and low in phos- 
phorus, they will be self-hardening,- 


Fig. 48." Shanghat Rail Fig. 49." "“Girder’ Rails 


but a low-carbon rail will become annealed by such a process and will wear 
rapidly at the joint. The conductivity of such a joint is designed to be equal 
to that of the rail, but tests have shown that there is frequently a considerable 
percentage of discount. ‘The cost of applying cast-iron welded joints (details 
of method not given) is quoted in one case at about $3.75 per joint, including 
removal and teplacement of pavement. The ELECTRICALLY-WELDED joint as 
made by the Lorain Steel Co. welds two plates 18 in long by 3 in wide and 
iin thick to the webs of the rails. Each plate has three raised bosses on the 
surface, the bosses being the only portions of the plate actually welded to the 
tail web. The plates are prest against the web with a pressure as high as 
35 tons, while a current which may amount to 25,000 amperes runs thru the 
joint. The mechanism for making such joints is carried on a car andthe 
current taken directly from the trolley wire. The cost is approximately from. 
$5.00 to $6.00 per joint. ] 

Track Gage. The convenience of operating standard-gage steam railroad - 
equipment on electric roads has resulted in the almost universal adoption 


. 
ae 
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of standard gage (4 ft 8% in) for electric roads. Philadelphia (5 ft 2%4 in) 
and St. Louis (4 ft ro in) are the most prominent exceptions to this rule. The 
flanges of wheels have conoidal surfaces and there are therefore no definite 
points on their surfaces between which the gage of the wheels may be measured. 
The gage is therefore arbitrarily measured between points on the flanges 
¥, in from (or below) the treads, and this gage-width for the wheels is made 
4 in less than the gage-width between rails. 

Track Clearances. The spacing between track centers for double track 


or turnouts depends on the width over all of the cars in use, and also indirectly © 


on the speed, which would affect the clearance. The extreme width of cars 
out to out varies from 8 ft to 9 ft xin. This width plus the clearance, which 
usually varies from 5 to 13 in, equals the distance between track centers, 
which therefore varies from 8 ft 614 in in Philadelphia to 9 ft 5 in in Chicago. 
When streets are very wide, the clear distance between cars may be increased 
to 2 ft. For center-pole construction even greater space must be used and 
the distance between track centers may be increased to 15 ft. The large 
cars now commonly used overhang the track so much when going around sharp 
curves that the standard clearance between the tracks on tangents is too narrow 
to permit the passing of 
two carsonsharp curves. 
It is frequently impos- 
sible toincrease the track 
clearance so that the 
largest cars may pass on 
the curves, and it is then 
necessary to require one 
car to wait for another 
and not permit them to 
run on the curve simul- Fig. 50. Clearance for Car on Curve 
taneously, The amount 

of added clearance depends on whether the car is mounted on single or double 
trucks, its length (including the possible fender at either end) and the spac- 
ing between the center pins of the trucks. ‘The simplest rule for determining 


the extra width between track centers is to draw at a proper scale the curves — 


at the desired radius, and draw a plan view of a car together with its wheel 
base, somewhat as shown in Fig. 50. The excess over the width of the car 
of the sum of the distances (a and 0 in Fig. 50) from the track center to the 


extreme projecting points of the car on both sides is the required excess in track ~ 


clearance. Whenno excess clearance is provided, both tracks have a common 
center of curvature. By using curves with different centers of curvature and 
with suitable radii, the desired extra clearance may be obtained. Since the 
projection of the car over the rails varies with each change of curvature, 


the necessary combination of curves to provide sufficient clearance for a given _ 


type of rolling stock must usually be determined by trial. 


Transition Curves or Spirals should be used at the beginning and 


ending of all curves. The spirals for easy curves should be those already : 


developed for steam railway work. The curves around street corners are — 


usually so sharp that spirals having more rapid changes of curvature must be 
used. The manufacturers of “special work” now use spirals not only in con- 
structing approaches to simple curves but also for branch-offs, Y’s, etc. 
The design of such special work may be left to them by furnishing them with 
. the following items: (a) total central angle of curve, (b) total required clear- 
ance at Senter of curve between curb and nearest rail or distanee from vertex - 
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{ 


a ees 


J 


Art. 21. °° Track 315 


to inner rail, (c) distance from rails to curb in each street. The following 
description of spirals which may be used with plain curves is compiled from 
the catalog of Wm. Wharton Jr. & Co., Inc, Four spirals have been developed, 
all of which have one common base represented in spiral No. 1. The other 
spirals are derived from it by multiplying the functions of this spiral by. the 
Y figures indicated for the number of the 

0 spirals; that is, by 114 for spiral No. 114, by 

Central angle 2 for spiral No, 2 and by 3 for spiral No. 3. 

It is recommended to use the spiral No. 1 
for curves with a central radius not exceed- 
SF ing 62 ft 6 in; No. 11%, 112 ft 6 in; No. 2, 
Aaa 200 ft, and No. 3, sooft. Thesystem has 
40 also been designed so that switches can be 
06 set into the plain ends of curves without 
27 changing the lines. The curves whose 
00 dimensions are given by the table are those 
49 of the gage line of the inner rail and not 
38 the center line of the track as in steam rail- 
road work. The spirals are of the multi- 
form-compound-curve class. The central angles for each chord length from 


Partial 
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the tangent ‘are identical for each spiral (as far as they go) and are as given 
in the tabular form. 


To Select a Curve with Spirals. Given the centtal angle 4 and the 
desired external distance E from the intersection of the tangents to the desired 
middle point of the inner rail curve. As a trial R’= E/exsec14 4, which 
gives the radius of a simple curve thrtt that point and connecting the tangents. 
The radius R for the central part of fhe curve must be somewhat less than 
R’ and also somewhat less than the radius of the last chord of the spiral which 
it is proposed to use. For example, with 4 = 100° 20’ and E= 21’, R/= 
34.424. (Note that R, E and R’ here refer to the gage line of the inner rail 
and not to the track center line.) All the chords of a No. x spiral will be 
needed andthe angle y = 20° 26’ 21”. 


Be Ecos 4%A-—s Ecos ¥A—z 
~ cosy—cos%A asin (y+ %a) sin Ya 


In this equation; Z=3 ft 3% in= 3.281. Then R =3%4.304. The central 
part of the curve with radius R hasa central angle of a= A— 2 y= 59° 27’ 18”; 
Ya= 14° 51’ 50”; (y+ Ya) = 35° 18/11”; w for this case=27 ft 24% in= 
27.187 ft. The ordinates and abscissas of the various points of the spiral are 
as given in the table below. The distance from the vertex V to the point of 
tangency B= ztan 4%A+R (sin 4a/cos 4A) + w. 


Dimensions of Spirals for Street Railroad Tracks 
(Wm. Wharton Jr. *& Co., Inc.) 
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‘As an example assume a curve in a track following a highway where the central 
angle:A is 30° 20’ and the maximum permissible distance E is 13.5 ft, A simple eurve 
thru the desired middle point and joining the tangents will have a radius R’ = Efexsec 
¥a A= x1.5fexsec 15° 10’ = 318.67. Rmust be somewhat less than this, We must use the 
first three chords of a No. 3 spiral and z= o ft 8%4 in= 0.73 ft; y= the total central angle 
for three chords = ¥ 23/ 24"; a = A — 2 y.= 30° 20° — 6° 46! 48” = 237 aa ukaes 
(y + 144) = 3° 23? 24” + 5° 53" 18% = 9° 16’ 42”. Solving for R we have 313-51 ft. To 
determine the tangent distance we must use 3: ft 578 in = 31.490 ft as the value of w for 
this case.. The tangent distance in this case equals 46.618 ft. 


Spacing of Turnouts; Single-Tracl Road. Economical and efficient 
operation absolutely requires that turnouts shall be located as nearly as possible 
at the points where the cars will naturally meet (according to the system adopted) 
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Fig. 52, Chart to Determine Location of Turnouts or Passing Points’ 


without requiring one car to wait for another at any meeting point. Before 
these meeting points can be determined, the maximum number of cars to be 
operated on one section and their effective schedule time must be known. When 
there are unusually steep grades on the line which will cause certain sections to 
be run more slowly than others, allowance must be made by a corresponding 
shortening of the sections having the steep grades. The necessity for slow 
speed thru village streets and the possibility of comparatively high speed thru 
the open country or on private right-of-way, and even excessive curvature, 
will have substantially the same effect in modifying the distance between 
adjacent turnouts. The principles of spacing turnouts may be best stated by an 
example. Assume a road 6 miles long, operating six cars; assume maximum 
velocity of 20 miles per hour with stops averaging 800 ft apart. Assume that the 
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grades are equivalent to an average of 2%, but that there is a half-mile stretch 
of 6%. The energy which will move the car at 20 miles per hr on a 2% 
grade will move it only 9 miles per hr on the 6% grade. The half mile will 
require 200 sec, which at 20 miles per hr would run the car 11/y miles or 5867 ft. 
Therefore that half-mile stretch must be increased to 5867 ft in Fig. 52, and the 
virtual length of the line must be considered as increased by 5867 — 2640 = 
3227 ft = 0.61 miles, or that the line is virtually 6.61 miles long. The velocity 
will be ro.2 miles per hour and the entire 6.61 miles will be run in 38.9 min. 
With an allowance of say 6 min for terminal wait, the run must be practically 
on 45 min schedule. Lay off on profile or cross-section paper, at suitable 
scales, times as vertical ordinates and distances as horizontal spaces. The 
2640 ft of 6% grade is expanded to the 5867 ft of virtual distance requiring 
the same time interval. Two inclined lines represent the course of the car 
during the round trip. The six cars run at 15 min interval. The location of 
the meeting places is graphically determined. The location of turnout (¢) 
must be determined by scaling 2649/;s¢7 of the space from m (or m) from the 
line (c). From the above example the following general principles may be 
determined: ; 
(a) The number of cars is one greater than the number of turnouts. 


(b) The running time between consecutive turnouts is one-half the running- 
time interval between cars. 


(c) The time interval between consecutive turnouts is necessarily uniform 
thruout. 


(d) When, as illustrated above, the velocity for any section is necessarily 
reduced, the spacing must be reduced accordingly. 

(e) If variations in traffic density seem to require a temporary or periodical 
reduction in number of cars, it must be done by cutting out one or more cars 
from the regular schedule, or perhaps by cutting out every alternate car, and 
operating the others precisely as before. This merely means that some-turn- 
outs are not always utilized. 


(f) Since in the example given the lay-over is 6 min and the time interval. 
between successive car passings at (a) is 15 min the time interval from the 
terminus to (a) is 9 min and the distance is 0.6 the normal distance. between 
turnouts. The distance between (e) and the other terminal is the same. 
There are therefore 4 +40.6 + 0.6 = 5.2, intervals in the virtual distance of 
6.61 miles. The interval is therefore 6.61/5.2 = 1.271 miles, = 6711 feet, 
which is the distance (a) to (0) and (d) to (e). If (b) to m is 920 ft, then m to 
(c) is virtually 6711 — 920 = 5791 ft, which multiplied by 2640/jgg7 = 2606 ft, 
the actual distance. The spacing from (b) to (c) is therefore 920 + 2606 = 
3526 ft. 5867 — 5791 = 76, which multiplied by 240/;55, = 34 ft, the true 
distance from (c) tom. As a check, 2606 + 34 = 2640. (a) and (e) are each 
distant from their termini by §/j9 of 1.271, or 0.74 mile. 
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MECHANICS OF SIMPLE STRESSES 
1. Tension, Compression, Shear 


Stress is the internal force which, when’a body is subjected to extern 
forces, tends to hold the molecules in their original relation and to preser 
the integrity of the body. Stresses are measured by the same units as force 
namely, in:pounds, tons, kilograms. 

Unit Stress is the measure of intensity of a stress. It is the quotient o 
tained by dividing a total uniform stress by the number of units of area ov 

- which the stress is distributed. Unit stresses are exprest in pounds per squa: 
inch, tons per square foot, kilograms per square centimeter, and the like. 

Ultimate Stress. If the external forces acting on a body are increased | 
such an extent that the internal force or stress is no longer able to preserye tl 
integrity of the body, rupture occurs. Ultimate stress is the greatest stre 
which can be “produced in a body before rupture occurs. Ultimate un 
stress is the ultin.ate stress on one unit of area, Ultimate stress and ultima 
strength are interchangeable terms. ‘ 


Tension is the name for the stress which tends to keep two adjoining plant 
of a body from being pulled apart under the influence of two forces actir 
away from each other. If a bar of uniform cross-section is hung vertical 
from a tigid support, and a load of 2000 pounds suspended at the lower en: 
a tensile stress is developed in every section of the bar. In order that equilil 
rium may obtain, the internal stress or tension in the bar due to the loa 
must equal the external force or load, or 2000 pounds. 


Compression is the name for the stress which tends to keep two adjoinir 
planes of a body from being pushed together under the influence of tw 
forces acting toward each other. A brick pier of uniform cross-sectio 
supporting a column carrying a load of 40 short tons will be subjected to 
compressive stress due to the load. When equilibrium obtains -this stre 
must equal 4o short tons. If the area of the pier be two feet square, tl 
Unit stress in the pier due to the load will be 10 short tons per square foot. 


Shear is the name for the stress which tends to keep two adjoining plan 
of a body from sliding one on the other under the influence of two equal an 
parallel forces acting in opposite directions. The forces which induc 
shearing stresses in a body are termed SHEARING Forczs, and usually al 
but slightly separated,\so that their action is similar to that of a pair of shear 
whence the name Shear. When two flat plates, secured together by meat 
of rivets, are subjected to forces which tend to pull the plates apart by slidir 
one on the other, as in the case of the plates of a boiler under internal stea 
pressure, shearing stresses are induced in the rivets which hold the plat 
together. Unless otherwise noted, shearing stress is assumed to be distribute 
uniformly over the section upon which it acts. 


Axial Forces and Axial Stresses. When forces producing tension « 
compression act on a body of symmetrical form in such a way that the 
restiltant coincides with the axis of the body, they are termed Axtat Force 
and the stresses induced thereby, AXIAL StrEssES. In simple axial tensic 
or compression alone, the stress is distributed uniformly over every sectic 
of the body normal to the direction of the force. i 

Axial tension and compression are the two commonest forms in which stress is m 
with in engineering structures. An example of simple axial tension is to be found in 
vertical eyebar in a bridge truss, where the only force acting on the bar is along its axi 
A horizontal eyebar or one inclined to the vertical, while acted upon by axial fore 
transmitted thru the end pins, is also subjected to a force acting normal to or at an ang 


< 
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with the axis, due to the weight of the bar, which produces strésses not axial, so that the 
resultant stress in the bar is not uniformly distributed over each section, and the case is 
not one of simple axial tension. F 

A short vertical prism, whose length does not exceed about six times the least side 
ot diameter, ‘is-subjected to simple axial compression under a load the resultant of 
which passes thru the centers of gravity of the end sections. If the length of the prism 
is more than eight or ten times its least side or diameter it becomes a Cotumn, and altho 
the resultant force is still axial as regards the end sections, some bending is assumed 
to have taken place in the shaft of the column, resulting in an unequal distribution of 
Stress over a given section, and the case is not considered one of simple axial compression. 

Formulas for Simple Stresses. Let P be any force producing tension, 
compression or shear, A the area over which the induced stress is uniformly 
distributed, and S the unit stress; then 


P=SA S=P/A A=P/S (x) 


_ which are expressions applying to all cases of simple axial tension, compres- 
sion, or shear. ‘Iwo quantities being given the other one can be found. 


Factor of Safety, Working Stress. In order that the safety of a structure 
shall be assured, there must be no danger of rupture in any of its members. 
To secure this assurance of safety the stress induced in any member by any 
load which the member will be called upon to carry must:never approach the 
ultimate strength of the material. The Worxine Srress for any material 
is the unit stress which, by experiment, has been found safe to allow in that 
material and still give a proper degree of security against rupture, and is 
the unit stress to be used in determining the sizes of structural members of 
that material. The Factor or-SAFrety is the number by which the ultimate 
stress must be divided to give the working stress. Ifin formula (1) S be taken 
as the ultimate stress, a factor of safety, and Sz the safe allowable stress or 
working stress, then S, = S/n. 

The purpose of the factor of safety and the working stress is twofold; first, to guard 
against undiscoverable defects in the structural material employed, which defects reduce 
the ultimate strength of the material; and second, to provide against the possibility of 
* an increase in the load to be carried due to unforeseen circumstances. The selection 
of the working stress and the factor of safety therefore depends, fitst, upon the degree 
of definiteness with which the ultimate stress for the particular material is known. Thus, 
the factor of safety for steel or iron is smaller than for timber, since the ultimate strength 
of each of the various grades of steel or iron is very nearly a constant quantity, while there 
is a wide variation in the values for the ultimate strength of timber obtained from differ- 
ent specimens of the same variety. Second, upon the definiteness with which the loads 
to be carried can be computed.- Thus, when “dead” load capable of exact calculation 
forms a large proportion of the total load to be carried, as in the truss members of long 
‘and heavy bridges, the factor of safety is smaller than when live or moving loads form 
a large proportion of the total load, as in the case 
_of girders supporting traveling cranes or heavy 
moying machinery. 

'” Riveted Joints, such as the longitudinal 
joints in boilers, are examples of simple 
' stress and may be designed or investigated 
by formula (x). ; 

Casr I. Lap joint with single riveting. 
(Fig. 1.) Here the shear in each rivet comes 
in one cross-section only and is termed ar ae A 
“single shear.” Let a nits pitch or rivet LY tS Bl 
_ spacing, ¢ =the diameter of the rivets, ¢ =the thickness of the plates, P = the 
load to be transmitted from one plate to the other in the distance a, S;= the - 
unit tensile stress produced in the plates by the load P, S;= the unit com- 
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pressive stress produced in the plates where the rivets bear against them 
(commonly called ‘“‘bearing”’), Ss = the unit shear produced in the rivets; then 


Sz-=P/t(a —d) Sc=P/id - Ss=PlAnd 


Case II, Lap joint with double riveting. (Fig. 2.) As in Case I, the 


rivets are in single shear. Using the same symbols as before, 
Sz=P/t(a-d) Sc=P/2id Ss=P/2-Unk 
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Fig. 2. Double Lap Joint Fig. 3. Butt Joint 


Case III. Butt’ joint with single riveting. (Fig. 3.) In this case the 
shear in the rivets comes in two cross-sections and is termed “double shear.” 
Using the same symbols as before, 


S:=Pji(e—-d  S-=Pyid Ss=Pl)2-Uynd 


2. Deformation under Stress 


Deformation is the amount of the change in the shape of a body caused 
by the action of an external force. Deformations are measured by the same 
unit as the linear dimensions of a body, namely, inches and millimeters, 
If a weight is suspended at the end of a steel bar, the effect of the weight is to 
increase slightly the length of the bar. ‘This increase is the deformation. 


Hooke’s Law. Whenever a body is subjected to an external force a ~ 


stress and an accompanying deformation result. From experiment it has 
been found that when the unit stress does not exceed a certain limit, which 
limit varies with each pa¥ticular material, the stress bears a constant ratio 
to the accompanying deformation. Thus, if a weight W, suspended from a 


steel bar produces an elongation of Yoo inch, a weight of twice W will — 


produce an elongation of 3400 inch, and a weight of three times W will 
produce an elongation of 400 inch. 

Stress and Strain. The word strat has been frequently used for the internal force 
in a body, or stress. It is present practise, however, to use the word strain as a synonym 
for deformation only, or the effect of a stress. Thus the expression “stress and strain” 
is equivalent to the expression “‘stress and deformation.”” Owing to the conflicting mean- 


ings of the word Strain it has been suggested that it be avoided, the word DErorMATION — 


being used in its place. 


Kinds of Deformation. Deformation may be of three kinds: elongation, — 


or increase in length, due to tension; shortening, or decrease in length, due to 
compression; detrusion, or the slipping of one plane on another, due to shear. 

Elasticity and Set. It has been found by experiment that up to a certain 
limit, in addition to the constant ratio existing between stress and the accom- 
panying deformation, a body deformed under stress will return to its original 


shape when the stress is removed. ‘This ability to return to its original form — 
after deformation is termed Exasticiry, If the unit stresses be increased, _ 


however, beyond such limit, it is found that not only do S deformations 


re » 
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increase more rapidly than the corresponding stresses, but that the material 
undergoes a SET, or certain amount of permanent change, and is no longer 
capable of returning to its original shape when the stress is removed. 

. Elastic Limit. The elastic limit of a material is the highest unit stress 
to which that material may be subjected and still return: to its original shape 
when the stress is removed. : 

Proportional Limit. The proportional limit of a material is the highest 
unit stress for which the deformation is proportional to the stress. 


With actual materials it is probable that some very slight inelastic action occurs under 


any stress whatever, and that Hooke’s law is a very close approximation rather than a 
rigid statement of fact. The 1916 “ Standards” of the American Society for Testing 
Materials specify that in making laboratory determinations of elastic limit and of pro- 
portional limit deformations shall be measured to the nearest o.ooor inch. Within this 
degree of precision the elastic limit and the proportional limit are practically coincident, 
and the terms are, for practical purposes, interchangeable. 


Various methods of determining the proportional limit or other practical “limits ” 


closely related to it are in use. The “ Useful Limit Point ” proposed by the U. S, Bureau 
of Standards and “‘ Johnson’s Elastic Limit ” are discussed on p. 377. 


Modulus of Elasticity. The modulus of elasticity of a material is the 
constant which, within the proportional limit, expresses the ratio between unit 
stress and unit deformation. Thus, let E=the modulus of elasticity, P =an 
axial force, A =the cross-sectional area of a bar, S =the unit stress produced 
by the force P, or P/A, d=the deformation produced by the force P in a bar 
of length/, and d/l =e; then 


E=(P/A)/(@/l) or E=S/e 


Since / and d are linear dimensions, e is an abstract number, and £ is exprest 
in the same units as S, such as pounds per square inch, tons per square foot, or 
kilograms per square centimeter. 

Corrricrent or Exasticity, and Younc’s Mopac are expressions sometimes used 
for the Modulus of Elasticity. They are not now in general use in the United States, 
Modulus of Elasticity being the generally accepted expression for the quantity E. 


Deformation within Elastic Limit. The moduli of elasticity of materials 
measure their relative ability to resist deformation under-unit stresses within 
their proportional limits. The above formula may be written in the form 
d=SI/E. For the same unit stress S, d decreases when £ increases. It will 
thus be seen from a comparison of the various moduli of elasticity (Art. 3) that 
for the same unit stress timber im tension will be deformed ten times as much 
as cast iron, and cast iron about twice as much as steel. This formula may be 
employed to determine the total deformation Oe a bar of a ents 1 a Ss 
and # are known. 

From the values of the proportional limit and the moduli of elasticity in tension 
(Art. 3) the unit elongation at the proportional limit may be computed for each of the 
common structural materials, as follows: 


imb: 5 f For wrought iron —. = 0.0011 
For timber eg 00070 fas 
I 
For medium steel ce = 0.0012 
The ultimate elongation, or the elongation at rupture, cannot be computed, since beyond 


the proportional limit the ratio of the unit stress to the unit deformation is a constantly 
varying quantity. 4 
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‘3. Phenomena of Stress 


Stress-Deformation Diagrams, The action of a bar under stress may best _ 


be represented by a curve the ordinates of which represent unit stresses and the 
abscissas the corresponding unit deformations. For all unit stresses below the 
proportional limit the stress-deformation curve will have the form of a straight 
line, since the formula S =Ee isan equation which represents a straight line 
thru the origin of Seon rE the slope of which is represented by E. Beyond 
the proportional limit 
the curve will take 
various forms and radii 
of curvature depending 
upon the material. The 
end of the curve will 
represent the point of 


ss E 2 Bs Sa 
= eaene DY 


est ordinate will rep- 
resent the _ ultimate 
strength of the mater- 
jal. The stress-defor-— 
mation curve  con- 
structed from informa- 
tionderivedfrom actual 
experiment, a sufficient 
number of points of the curve being plotted to determine accurately its curvature, — 
affords in most cases the most satisfactory method available for determining 


Fig. 4. Stress-elongation Diagram. 


the proportional limit of the material, the proportional limit being represented — 


by the ordinate of the point of tangency between the straight line and the 
rest of the curve. Fig. 4 is a typical stress-deformation diagram, being that 
for medium steel in tension. The curves for cast iron and timber are shown 
for comparison. 


The stress-deformation curve has various forms depending upon the material in 
question and whether the stress is tension or compression. In some cases the curve is _ 
of such form as to make it difficult to locate the proportional limit with accuracy. In~ 
the case of medium steel in tension (Fig. 4) the point of tangency between the straight — 
line and the rest of the curve is fairly well defined, but in the corresponding curve for 
medium steel in compression the transition from the straight line to the curve is more 
gradual, and the point of tangency is more difficult to locate. Thus again, timber and 
cast iron have curves entirely different from medium steel or wrought iron, in that they 
are curved thruout their length and, for cast iron especially, the proportional limit cannot 
be at all definitely fixt. ~ é 


Yield Point. In tests for the determination of ‘the elastic aioe and 
ultimate strength in tension of such metals as structural steel and wrought 
iron it is noted that after the elastic and proportional limits have been ex- 
ceeded a point is reached where the unit elongations increase rapidly without, 
any, or at most very slight, increase in the unit stresses. The unit stress at 
this point is termed the yield point. 


The yield point is often confused with ‘the elastic limit and the former is given for 
the latter in many reports of tests, owing to the facility with which the yield point may — 
be determined with some testing machines. It is that point where the scale beam.of the 
testing machine drops and remains down until the operating screws have stretched the 
metal acertain amount. After an interval the bar again rises and the stress in the speci- _ 
men increases. The yield point. is beyond the elastic limit—for structural steel from 
3000 to 6000 Ib per sq in beyond it. Yield points are observed only in ductile metals, 

- such as wrought iron and steel. CS elly Meroe 


rupture, and the great- 


i 
‘ 
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Elasticity and Set. The portion of the stress-deformation curve between 
the origin of coordinates and the elastic: limit represents the range of unit 
stress and unit deformation within which the material will return to its original 
shape upon the removal of the stress. Beyond’ the elastic limit a body under 
stress only partly recovers its original shape’ upon the removal of the stress, 
the body being more or less permanently deformed. The amount of -this 
permanent deformation is termed the PerMANENT SET. Thus a bar of wrought 
iron subjected to a tensile stress of 30 ooo lb per sq in shows a unit elongation 
of 0.003 in per in. Upon the removal of the stress the bar will show a recovery 
of, say, 0.001 in per in, having a permanent set of 0.002 in per in. 


Ultimate Strength and Stress at Rupture. The ultimate strength of a 
material is represented by the greatest ordinate in the stress-deformation dia- 
gram and is the greatest unit stress to which the material may be subjected . 
before rupture. The ultimate strength of a material as indicated by the stress- 

_ deformation diagram is not necessarily at the point of rupture. The stress- 
deformation curve for such materials as steel and wrought iron shows a decided 
drop after the ultimate strength has been reached, and the end of the curve 
corresponds to a unit stress in some cases considerably below the ultimate 
strength. 


Average Properties of Structural Materials 


Elastic limit 
- Modulus of elasticity | and propor- Ultimate strength 
tional limit | i 
. Weight! | 
per | Ten- 
Material cubic | Tension sion Ten- | Com- 
| foot. | compres- Shear com- | Shear sion, | BESS Shear 
Pounds} sion pres- sion : 
sion . 
Pounds per square inch 
% ! 
Cast iron... ...| 450 | 15 000000] 6000000 .! ag 20 000 |80 000 + | 
Wrought iron..} 480 | 27 000.000} 10 000 000|30 000 |18 050|50 000 |31 ooot | 40 0001] 
1 Medium steel. .| 490 | 30.000 000] 12.000 000/35 000 |2T 000 ‘60 000 |40 c00f |48 cca} 
Nickel steel | 490 | 30000000] 12 000 .000]42 000 |25 000 |85 000 [48 ooo} |68 cca}: 
(3.5% nickel) j 
Tamiber...xckh .'. 35 I 500 coo 300.000] 3 009]...... 8.000} 8 cco 500 
along alon= 
grain grain | 
SCORES. Neri 3 165 § 000000] 2 700 000) - aaa ern te, ‘| 6000 | 1 500 
PacIckevOniite, cop) LAS RMN isd an ool eer . Sine hist: OM Tato //fGes me 
| Terra cotta ma- i : 
Sony. i... . / THO MATL keris Ml eed Riccas 4 plore er 5 DOS: ths. wile 
Portland _ce- 
ment concrete 
Pear Al a. =|. DSO 2500 000]....... Ase: ai bs 150} 2000 | I 300 
'Gypsum....... 1 80 t Coo/ODA) F8. Lain. ig Wicha tame s. T4oo |s..c.. 


» No well-defined elastic limit or proportional limit. 
{ Strength in shear greater than strength in tension, in shear tests a tension failure on 
an es plane takes place. 

{No well-defined ultimate im compression, The yield point, which is te higher 
then the proportional limit, is the ited: ultimate. 
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To determine the unit stress in direct tension or compression divide the applied load 
by the area of cross-section of the original bar before the loads were applied. This is not 
strictly correct, since when the bar is approaching rupture the area of cross-section is 
considerably reduced. If after the ultimate strength has been reached the actual load, 
as indicated by the scale beam of the testing machine, could be divided by the actual 
area at the moment that particular load is acting, it would probably be found that 
the curve, if properly constructed, would curve upward beyond the point of ultimate 
strength. 


Ultimate Deformation. Since there can be no general expression for the 
relation between stress and deformation beyond the elastic limit, it is not 
possible to determine the ultimate deformation, or deformation at the point 
of rupture, save by actual experiment. Ultimate deformations are rarely 
determined save in the case of tension tests, where the ultimate deformation 
becomes the ultimate elongation. It is usually exprest in percent, and is 
found by determining the amount that a measured length of bar bas elongated 
after rupture and dividing the amount of this elongation by the original 
measured length. Thus, if a measured length of eight inches of a bar before 
testing increases to ten and one half inches at rupture, there would be 31.2 
percent ultimate elongation. The elongation after fracture is an index of the 
ductility of the material. 


4. Methods of Fracture 


Brittleness. A material which cannot be deformed to any extent without 
rupture is termed brittle. Brittleness is relative, no material being perfectly 
brittle, that is, capable of no deformation before rupture. Many materials 
are brittle to a greater or less degree, glass being one of the most brittle of mate- 
rials. Brittle materials have relatively short stress-deformation curves, the 
deformations of which they are capable before rupture being relatively very 
small. Of the common structural materials cast iron, brick, and stone are to 
be considered brittle in comparison with steel. Brittle materials rupture 
without appreciable reduction of area, and show a clean, sharp fracture, no 
flow of material taking place before rupture occurs. 


Plasticity is the ability to change shape without fracture. A perfectly 
plastic material is one in which an applied load however small produces a 
permanent deformation., Such a material has no elastic limit and has ae 
point of rupture. The Ynaterial flows continually under the applied loads, 
- a prism being ultimately reduced to a thin sheet without actual fracture. 
Lead is the best example of a plastic metal, having little or no elasticity. 
Structural steel near its ultimate strength becomes plastic, and the deforma- 
tion or flow of material under the stress becomes very marked. 


Brittleness and plasticity are opposite terms. Materials which have a high degree of 
plasticity have no brittleness, and rupture with considerable reduction of area. The 
reduction of area at rupture may be considered the measure of the plasticity or brittleness 
of a material, a large reduction of area indicating a high degree of plasticity and little 
or no reduction of area indicating a high degree of brittleness. | 


Ductility is the ability to undergo great stretch without fracture. . 
Toughness is the ability to withstand high stress together with great defor- 
mation. ‘Toughness is an index of the ability of a material to withstand impact 
without complete fracture. Toughness is measured by the area under the stress- 
deformation diagram for a material, or, less exactly, by the product of ull-| 

mate strength and elongation after fracture. 
Fracture Under Tension. Figs. 5, 6, 7 represent typical fractures under. 
tension. Fig. 5 shows the fracture of a brittle material like hard steel, with 


‘ 
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a very small reduction of area, Figs. 6 and 7 show the fracture of more 

plastic materials, such as wrought iron and steel, with a typical cup fracture 
as for structural steel (Fig. 6), and a fibrous fracture as for 
wrought iron (Fig. 7), the reduction of area in both cases 
being marked. ; > 


Fracture under Compression. Figs. 8, 9, 10 rep- 
resent the rupture of materials under compression. © For 


very brittle materials, such as 

. brick (Fig. 8), fracture occurs 
ba | by shearing along planes near- 
ly parallel to the direction of 


the applied load with little or 

no increase in area. For more 

‘ ‘ . ‘ ‘ ig, 10 Plastic materials, such as tim- 

See Nee oaties? | Wie: & ig. 0 = ber (Fig. 9), fracture occurs 

along planes inclined to the direction of the load, the greater the degree of 

plasticity the greater the inclination of the planes of fracture. A perfectly 

plastic material (Fig. 10) under its ultimate stress has a large increase in areq 
without any shearing planes of fracture. 


Relation of Shear to Tension and Compression. A body subjected to 
a force producing direct tension or compression has induced in it shearing 
stresses along certain planes of that body. 
Thus if an axial force P. be applied to a 
bar (Fig. 11) along any plane a—a in- 
clined to the direction of the force, P 
may be resolved into two components, 
P; and Ps, acting respectively normal 
and parallel to the plane a—a. The 
component P2 parallel to a—a produces 
‘a shearing stress over the plane a—a. Fig. 11 
For all planes making angles 0° or 90° 
with the direction of the force P the shearing stress will be zero. It will be of 
maximum intensity along planes inclined 45° to the direction of P, and its 

: value will be one-half of the direct tensile or 
= P compressive stress. Thus, if S be the unit ten- 
sile or compressive stress, the maximum unit 
shearing stress Ss along planes inclined 45° to 
the direction of P will be Ss =\%S. 


i In a body subjected to shearing stress, such as a 

p ie shaft in torsion, there are set up tensile or compres- 
sive stresses on oblique planes. If in the body shown 

Fig. 12 in Fig. 12 there is set up shearing stress along the 


plane mm there is set up shearing stress of equal inten- 
sity along planes at right angles to mm and ‘tensile or compressive stress, in addition to 
shearing stress, along an inclined plane pp. If pp makes an angle of 45° with mn the 
shearing stress on pp becomes zero and the tensile or compressive stress is a maximum 
and its intensity is equal to that of the shearing stress along mn. The strength of a body 
is sometimes determined by stresses along oblique planes. Many brittle materials have 
great strength in compression, less strength in shear, and still less strength in tension. 
Under torsion such materials fail by tension along inclined planes; under compression 
they fail by shearing along inclined planes, 


5. Work and Resilience 


External Work. When a load P is applied to a bar and a detonation 
d results, a force has acted over a certain path in producing this deformation 
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and therefore a certain amount of work has been expended. When:the forc 
P is applied in small increments or is increased in amount gradually frot 
zero up to P, the elastic limit of the material not being exceeded, the mea 
force which has acted to produce the deformation is 4P, and the path ov: 
which the force has acted is the deformation d. If K be the amount of wor 
expended, K =14Pd. Or, if A is the cross-section of the bar, / its length, . 
the unit stress’ produced, and e the unit elongation under the unit stress S, the 
this formula becomes K =4SeAl, which is an expression for the externi 
work required to produce deformation within the elastic limit. The facte 
\4Se is the external work per unit of volume, the volume of the bar being AJ. 


Resilience is the amount of work which may be stored up in a body unde 
stress within the elastic limit, in the form of stress energy, and which ma 
be recovered when the force producing the stress is removed. When th 
force has been applied gradually so that no energy has been converted int 
heat, from the law of the conservation of energy the resilience must equ: 
the external work. The resilience of a bar may be exprest, therefore, b 
the last formula, which, after making the necessary substitutions, may b 
written K =14(S2/E)Al. When S is the elastic limit of the material, th 
factor 4%S?/E is termed the Modulus of Resilience. 


The above formulas apply to any stress, whether tension, compression, or shear. I 
the case of tension and compression the deformation or path of the force is normal to th 
planes of the body over which the stress is distributed, and parallel to the length /; whil 
in the case of shear the deformation is parallet to the planes over which the stress is dis 
tributed and normal to the length /. It should be further noted that the formulas appl: 
only to elastic resilience, that is, to the resilience within the elastic limit of the material 


Work Required for Rupture. Since beyond the elastic limit the defor 
mations are not proportional to the stresses, }4P does not express the meaj 
value of the force acting. The formula K =14(S?/E)Al therefore does no 
express the work required for deformations after the elastic limit of the materia 
has been past, and cannot express the work required for rupture. The worl 
per unit volume required to produce deformations beyond the elastic limi 
or for rupture may, however, be determined from the stress-deformation dia 
gram, it being measured by the area included between the axis of abscissas 
and the stress-deformation curve up to fhe deformation in question. 


6, Cylinders and Rollers 


Thin Cylinders. Under the internal pressure of water or steam, a pip 
or-a cylindrical boiler tends to rupture longitudinally along an element. Th 
internal force or pressure acts normally to the inne: 
surface and with equal intensity at all points. The 
tendency to rupture is resisted by the tensile strengtl 
of the material. When the thickness of the material i: 
very small compared with the diameter, the stress may 
be considered uniformly distributed over the thicknes: 
without appreciable error and the case is considered one 
of a thin cylinder.. Ordinary pipes and boilers are con- 
sidered thin cylinders, 

Fig. 13 Let R be the unit pressure (Fig. 13), d the ae 

of the pipe or boiler, / its length, ¢ the thickness of the 

shell, and. the unit stress in the material. From a principle of hydrostatic: 
_the force isbich tends to produce rupture is dR. The total seaieting stress is 


‘ 
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2S, In order that equilibrium may obtain, the resisting stress must equal 
the pressure; hence 


2tS =dR or = S/R=d/2t (x) 


This is the formula commonly used in investigating pipes, or the cylindrical 
shells of boilers, under internal pressure. 


The Head of a Cylindrical Boiler under pressure tends to tear away from 
the cylindrical shell by transverse rupture under a force of %d?R. This 
tendency is resisted by the tensile stress in the material distributed over an 
area equal to xdt. The stress S being considered uniformly distributed over 
the thickness #, 

adlS ='Y4nd?R or S/R =d/4t (2) 


A comparison of formulas (1) and (2) shows that in a thin cylinder the resist- 
ance to transverse rupture is twice the resistance to longitudinal rupture. 


Cylinders under External Pressure, such as fire tubes in a boiler, fail by collapsing, 
the pressure tending to distort the cross-section of the cylinder from a true circle to an 
ellipse. While the formula 24S=Rd applies to cylinders under external pressure as 
long as the cross-section remains a true circle, actual experience shows that irregularities 
of manufacture result in distortion, which the continued pressure tends to increase. No 
rational method being available for the investigation of cylinders under external pressure, 
recourse has been made to empirical methods. For tubes having a ratio of length to 
diameter greater than 6 and a ratio of thickness to diameter greater than 0.03, Carman 
and Carr found that the collapsing pressures are given by the following empirical formula 
for lap-welded Btecl pipe: 


R=83 270 4/d—1025 ; (3) 


in which R is the external pressure in pounds per square inch, d is the external diameter in 
inches, and fis the thickness of the tube ininches, Univ. of Ill. Eng. Expt. Sta, Bulletins 
5 and gg. 

Thick Cylinders. When the thickness: of metal in a pipe or cylinder is 
such that the difference between the internal and the external radius is large 
compared with the mean radius, the stresses due to 
the internal pressure cannot he considered as uniformly 
distributed over the sectional area of the annulus, 
and formula (1) therefore does not apply. The 
most widely used formula for the design and inves- 
tigation of thick cylinders is Lamé’s formula as modi- 
fied by Clavarino. Let 1 and 12 (Fig.14) be re- 
spectively the internal and external radij, R, the 
pressure per square inch on the inside of the cylinder, 
R, the pressure per square inch on the outside of 
the cylinder, S the tangential unit stress at a distance 
x from the axis of the cylinder, Then assuming the ee 
factor of the lateral contraction, or Poisson’s ratio, Fig. 14 


to be , 


S= [ nani =12°Rz +— a RR» | Ye 3(r2? —11?) ; ; (4) 


It will be noted that S decreases as x increases, wherefore $ will be a maximum 
when #=ri, or at the inner surface, and will be a minimum when ¢ =f, or at 
the outer surface. When § is positiv the stress is tension; when negativ, 
compression. Under ordinary conditions Ra may be neglected in comparison 
with Ri, being usually only the atmospheric pressure of 15 Ib per sqin, Usually 
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‘only the maximum pressure, or that on the: inside of the cylinder, is required. 
Therefore, making Re =o and «=n, formula (4) becomes 


S=4Ri (1? +4f2?) / (ro —11?) (s) 


which is generally employed for common cases of investigation or design. 


In a thick cylinder, in addition to the tangential stress S, which may be either tension 
or compression depending on the relative values of r1, r2, Ri and Ro, there is a radial com- 
pressive stress R which will have its maximum value at the inner surface, where it will 
equal Ri, and its minimum value at the outer surface, where it will equal R:. 


Cylindrical Rollers are commonly used in providing expansion bearings 
at the ends of long girders and trusses, to provide for the difference in length 
due to temperature changes. These rollers are 
a ipancclbrdala designed to travel between steel plates and to 
transmit the load from the upper to the lower 
plate, each roller taking its proper proportion of 

the total load (Fig. 15). 


Let W be the load carried by one roller of a length 


w “ar” -~—Ss«d and a diameter d, and let S be the maximum 
, compressive stress in the roller and-E the modulus 
Fig, 15 of elasticity for the material; then 
S=[(9W2E)/ (gd) 
or dt = (3W/28)(E/2S)4 


The first formula is generally used for the investigation of cylindrical rollers, 
the load W, the length /, and the diameter d being given; while the second is 
the proper formula for the design of rollers with a given load, working stress- 
and. modulus of elasticity. If w be the load per unit of length of roller, or 
w=W/l, then this formula becomes w =34dS (28/E)”4, Substituting S =25 000 
and E =30 000 ooo there results w=680d for steel. The rule for bridge rollers 
given in most recent specifications is w =600 d. : 

From tests by McDaniel at the University of Illinois the safe load in pounds per inch 
of length for hard wood rollers rolling on hard wood planks would seem to be about 
a5 times the diameter in inches. 

These formulas are deduced tinier the assumption that the plates are not deformed. 
Experiments seem to indicate, however, that the plates are deformed as well as the rollers. 
The formulas err on the side of safety. 


Ball Bearings. The permissible load on a hardened steel ball as deter- 
mined by Stribeck from experimental data is given by the equation 


W =s6s d? for balls bearing against flat, hardened steel surfaces, and 
W =1400 d? for balls supported in a hardened steel race in the shape of 
a groove with a radius = 34d 


In the above W is the load in pounds, and d the diameter in inches. 


7. Repetitive and Impact Stresses 


Fatigue of Metals. It is a well-known fact based on experiment and 
general experience that stresses which can be applied to a body a few times 
without causing apparent structural damage may, if applied a great many times, — 
cause failure. Ifa polished surface on a heavily stressed part of a body is exam- 
ined under a microscope as stress is repeatedly applied, minute flaws will be 


al 


‘ 
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- seen to develop and spread, finally developing cracks. The phenomena of 


failure under repeated stress is known as Fatigue. 


A view formerly common was that under repeated stress metal “ crystallized.” This 
view became common because it seemed to explain the fact that under repeated: stress 
even ductile materials fail by snapping sharply off, and the fracture has a crystalline 
appearance. The gradual spread of minute flaws would cause the same result, the 


. effect of the flaw being to reduce the available area resisting stress as if a sharp notch were 


cut in the body at the plane where flaws form. The crystallization theory of failure 
under repeated stress has given way to the micro-flaw theory. 

Wohler’s Laws of Fatigue. All formulas for strength under repeated stress 
are based on test results. The earliest and the most noted repeated stress tests 
were made by Wohler, 1859 to 1870, and the following statements summarize 
the results of his tests: : 

(rz) ‘The rupture of a bar may be caused by repeated application of a unit stress less 
than the ultimate strength of the material. 

(2) The greater the range of stress the less is the unit stress required to produce rupture 
after an enormous number of applications. 

(3) When the unit stress in a bar varies from zero up to the elastic limit, an enormous 
number of applications are required to cause rupture. 

(4) A range of stress from tension into compression and back again produces rupture 
with a less number of applications than the same range in stress of one kind only, 


(5) When the range of stress in tension is equal to that in compression the unit stress 
that, produces rupture after an enormous number of applications is a little greater “une 


one-half the elastic limit.” 


The relation of the ultimate strength of materials under fatigue to their 
ultimate strength under gradually applied loads may be exprest by the for= 
mulas of Launhardt and Weyrauch (Art. 32), or by Merriman’s formula 


S =Se+34(Su —Sa)P'/P +14 (Su +Sa —2Se) (P’/P)? 


in which S is the ultimate unit stress under fatigue, Sz the ultimate unit 
stress under loads gradually applied, Se the unit stress at the elastic limit, 


' Sq the unit stress which causes rupture when the stress alternates from a 


certain value in tension to the same value in compression, usually taken as 


-%Se, and P and P’ two values between which the total stress or the load alter- 


nates an enormous number of times. The word enormous as used «above is 
intended to mean about 40 million. 

- Exponential Formula for Repeated setase? Tf within the elastic limit 
materials of construction were absolutely elastic, below the elastic limit the mate- 
rial would be capable of withstanding an infinite number of repetitions of stress 
without failure. As a matter of experience, however, material will fail under a 
large number of repetitions of stress smaller than the elastic limit. From a 
study of available test data, Basquin in 1910 proposed the following formula 
for failure under repeated stress ~ ‘ 


_A_ 
VN 
in which S is the unit stress which will cause failure after V repetitions, and A 


and q are constants depending on range of stress, manner of loading, and nature 
of the material. In 1915 Moore and Seely proposed the Pere modification 


Sis or log S=log A —x/q log N 


_ of the exponential formula 


B 


=——=— or log S=log B—log (1 -P’/P) —Klog N 
(1=P'/P) WN. 
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in which S and WN have the same significance-as above, B is an experimental! 
determined constant for the material, and P’/P is the ratio of minimum 
maximum stress. The accompanying table gives values of B as determin 
from test data for a number of materials: 


Tentative Values of B 


Material , B Log B 

Structural steel and soft machinery steel.. 250.000 5.39794 

Wrought roma aes dis biscdhian oi. ortde bles 250 000 5.39794 

Steel, 0.45 per cent carbon...........+.- . 350 000 5.54407 

Cold-rolled steel shafting................ 400 000 4 5.60206, 

| ms 400 000 5.60206 
Tempered spring steel.............-..4. | to 

800 000 § -GO309 

Hard-steel wire... ... Retell ices pl 600 000 5.77815 

1 GTAWCASEATON Sais ele te ssiepig ais o'e sie.co6 100 000 5.00000 

Geta TTR oa cutis igasiaig 3 & 8 0.5.0 bie ecm 80 000 4.90309 

Hard-drawn copper.........++++++s+++- 140 000 5.14613 


For low stresses, corresponding to numbers of V above ro 000 000, test data are ve 
few, but such as are available give values of S higher than are given by the exponent 
formula, which seems to err on the side of safety. This may be explained on the su 
position that under low stresses the over- stressed crystals of material are scattered a) 
damage spreads slowly. Improved agreement with test data is obtained if the valu 
of S given by the exponential formula are multiplied by. a “ probability factor.” Waly 
“of such a probability factor are given in the accompanying table: 


A comparison of Merriman’s formula and the exponen- 


tial formula is given by the following example: re 
The girders supporting an elevated railway track are N _ | Probabilit 
of structural steel, and are subjected to a stress varying | factor 
from a minimum to a maximum of opposite sign and 
twice as great as the minimum, P’/P = —0.5. Sy=60 000, ee ea, 
S~e=35 000, Sg=14S¢, B inthe exponential formula = tocc0 000 | r.135 
250 000, log B=5.398, and N is taken as 40 006 000, | 20000 000 1.368 
By Merriman’s formula, 50 000 000 1.670 
100 000 cco 1.818 
S=35 000+ (60 c0o—17 500)(—0.5) 560 060'080 1.960 
+14 (60 000+17 500—70 000) (0.25)! Infinity 2,000 


=25 300 lb per sq in, 
by the exponential formula, 


log S=log 250 000—log(1 — 0.5) — 14 log 40 000 000 


7.6025 
=5.398—0 1761 — =4,2716, 


8 
S=18 709 


From the above table the “ probability factor ” for N =40-000 000 is, by interpolatio 
1.57. Using this factor S becomes 18 700X1.57=29 400 |b per sq in. 


Allowable stresses under repeated loading as computed by Merriman’s formula don 
differ greatly from the stresses computed by the exponential formula for M=abo 
ta.000.000. Beyond 10000000 repetitions of stress there is very little experiment 
data available. Many machine members and some structural members, e g., the girde 
carrying an electric elevated railway—have to withstand more than 10 000 090 repetitio 
of stress in a normal “ lifetime.”” The exponential formula indicates a very rapid increa 

~ of endurance for a slight reduction of stress, which is in accord with observed facts, a 
it gives a finite endurance for any repeated stress however small, In parts. of structur 


oe 


e . 
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“or machines whose failure would endanger human life it is recommended that in using 
the exponential formula the “ probability factor” be omitted, 

Tn designing parts to resist repeated stress it must be borne in mind that the static 
strength is a critetion independent of the strength under repeated stress. The safe 
static stress must never be exceeded in any member, although for low. values of the num- 
ber of repetitions the exponential formula may give results higher than the safe static 
stress for the material. Static strength and strength under repeated stress: are two 
independent properties of a material. 


“Static and Sudden Loads. A load at rest, producing no change in the 
unit stress S, or a load which is increased gradually by increments from o up 
to P, is termed a Static Load, and unless otherwise noted is the load usually 
understood in the discussion of structural members. Many structural mem- 
bers, however, are subject to load applied in such a manner that the full 
intensity of the load is acting during much of the time that it is producing 
deformation. Such loads are termed Dynamic or Sudden Loads. It is obvious 
that the effect of a load suddenly applied i is much greater than the effect of the 
same load applied in small increments. 


Stresses Due to Sudden Loads. In a bar acted on by a load gradually 
applied within the elastic limit.the load increases gradually from O to P, and 
the load-deformation diagram for the bar is a triangle. The energy stored up 
in the bar equals the area under the load-deformation triangle, or 44Pd, where 
dis the deformation. If the load is applied very suddenly the load-deformation 
diagram is no longer a triangle, the area under it increases, and, as the limiting 
case, the load may be considered to be instantly: applied, and its value equal to 
P for the whole period of deformation. . In this limiting case the load-deforma- 
tion diagram is a rectangle, the area under it equals Pd. Instead of there 
being equilibrium at the deformation d, as in the case of gradually applied 
load, the deformation and the stress increase until the additional energy under 
instantaneous load is expended. As this energy is twice as great as in the case 
of gradually applied load and, as the stress-deformation diagram is still a triangle 
the stress produced by an instantaneously applied load is twice as great as is — 
the stress produced by a gradually applied load. Actually no load is instan+ 
taneously applied, but the instantaneously applied load may be regarded as 
the limiting case of rapidly applied loading. , 

Impact is a word used to denote the effect of a moving load. The blow of 
a hammer is 4 good example of impact, the velocity with which the weight 
of the hammer or the load is moving when it strikes being an important 
factor in the effect produced. If P be a load in motion with a velocity V at 
the moment of striking a horizontal bar, the energy dué to the velocity, or the 
kinetic energy, could be exprest by PV2/2g, in which g is the acceleration : 
due to gravity. If h be the height thru which a load must fall in order to t, 
acquire the velocity V, then V?/2 ¢=h, and the kinetic energy of the moving 
load may be exprest by Ph. The load P striking the bar produces a stress 
which increases from o up to Q, with a corresponding deformation increasing ' 
from © up to d. The energy stored in the bar is: evidently exprest by 14Qd, 
which must be equal to the external work, provided no energy has been expended 
as heat or in giving velocity to the bar, or 4%Qd;=Ph. If d be the deforma- 
tion produced by a static load P, then d,/d =Q/P, whence by combining and 
solving for Q and di there results. 


Q=P(2k/d)4 «dy =d(ah/d)% 


from which it appears that Q and d increase with h or in other words with 
the velocity with which the load is moving when impact occurs, If the bar 
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be vertical instead of horizontal the external work expended is exprest by 
P(k+d,). Substituting this value for the external work above. 


- Q=P4P(1+2h/d)  d=d+d(1+2h/d)? 


It is obvious that these formulas are valid only ‘when the stresses do not exceed 
the elastic limit of the material. 


* Compared with actual experiments the above formulas give values somewhat too large. 
This is due to the fact that some of the external work is not effective in producing stress, 
it being expended in giving motion to the bar and in producing heat, the heat being 

» caused by the friction between the displaced molecules. For light bars, however, the 
values given by the formulas give results approximately correct. 


Rupture from Impact. Since the stresses caused by moving loads in- 
crease with the velocity of the load, it is obvious that rupture may be caused 
by impact provided the load has the requisite velocity. ‘The above formulas, 
however, do not apply, since they are valid only for stresses within the elastic 
limit. There being no rational formulas for rupture due to impact, the only 
information available has been obtained thru experiment. The relation 
between the work required for rupture from impact and the work required 
under static loads has been determined by Hatt. From nearly 200 experi- 
ments he determined that the work required for rupture from impact was 
about 30 percent greater than that required by static loads. He also found 
that the ultimate elongation was about 20 percent greater than for static loads. 


Live Load Stresses, Coefficient of Impact. In computing stresses in 
structural members two classes of loads are usually considered; the dead load, 
or the weight of the various parts of the structure, and the live loads or the 
superimposed loads which the structure has been designed to carry. ‘The 
effects of these two loads are usually computed ‘separately. The stresses 
iue to the dead loads are computed from static loads in the ordinary manner, 
the actual stresses increasing gradually as the structure is built. Stresses 

due to the live loads, however, may often be considerably greater than those 
due to corresponding static loads, since under some circumstances the loads 
are applied suddenly, as when a. heavy, rapidly moving train runs onto the 
floor system of a bridge. It is evident, therefore, that in computing stresses 
_ due to various live loads proper allowance should be made for the suddenness 
with which the stresses may be induced. The Coefliciént of Impact is the 
factor by which the corresponding static stress must be. multiplied in order 
to give the amount that the live-load stress exceeds the corresponding static 
stress. Thus let S be the corresponding static unit stress due to a live load 
W, and ¢ the coefficient of impact. Then the amount that the live-load stress 
exceeds the corresponding static stress would be 2S and the total stress S +45. 
Values of the coefficient of impact 7 have been determined by empirical methods, — 
the values varying with existing conditions. For loads suddenly applied, such 
as in the case of the sheave beams of elevators or hoists, 7 is taken as unity. 
In other cases where the application of the load is more gradual, as in the 
case of a moving train on a bridge, 7 is taken as a fraction less than unity. 
It should be noted that the meaning of the word impact as here used differs somewhat 
from its strict theoretical meaning. The use of the terms “impact” and “coefficient 
of impact ” in connection with live-load stresses is, however, very general. 


8. Combined Stresses ee 
Combinations of Axial Forces. Assume a bar of a cross-section A acted 
upon at the same time by a number of axial forces some of which produce 
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tension and some compression. Assuming those producing tension to be 
positiy and those producing compression negativ, five forces may be repre- 
sented by P,, P2, P; and-P,,—P,. Let the unit stress in the bar be S. 
It is obvious that the unit stress in the bar is equivalent to the stress produced 
by a load represented by the algebraic sum of the several loads acting, or S = 
(P,+P2+P;—P,—P2)/A. If the forces represented by P, and —P, and 
P, and —P; eure, the same numerical values, then S=P,/A. P, pS = 
the algebraic sum of the forces acting, and being positiv indicates ‘tension. 


Change in Cross-section. A body under either tension or compression is 
subject also to shearing stresses along planes inclined to the direction of the 
applied force. The deformation resulting from these shearing stresses causes 2 
decrease in the cross-section of the body in the case of tension and an increase 
in cross-section in the case of compression. When the elastic limit of the 
material is not exceeded, experiments show that the lateral unit deformation, 
or change in diameter or other lateral dimensions, bears a constant ratio to 
the linear unit deformation. Let this ratio be exprest by ~. Let a bar of a 
diameter d and a length / under a unit stress S within the elastic limit have a 
linear unit deformation e, then the total linear deformation under the unit 
stress S will be represented by el, and the total lateral deformation, or change 
in diameter, will be exprest by ped. If d’ be the diameter and /’ the length of 
the bar while under the stress S, then - 


For tension, I’ =(x +e)l and d’=(1—pe)d 
Forcompression, ’=(r—e)} and d’ =(1+pe)d 
The quantity » is sometimes called the “ factor of lateral contraction” but 
More commonly Porsson’s RATIO. 


Average values for Poisson’s Ratio for common materials are given by the accompany- 
ing table: 


Material » Poisson’s Ratio 
SEGGL DS, «5 ats: lalrcichctatslaterstat nia ates sate eat 0.333 
PV ROMS HE Gram oy. oreio sre din oYelda lois bere 0.333 
RU GRPAIYOM svirert iis Helv Gao ow sidine mie eid is 0.250 
EEVRT SS Ses ciara cbareiipsle ir etaia:s sspieiaitce) seed tiesets 0.333 
RENNIE (ai ettia c= oles she ors via aere1sT0% 9,2 eTrieis ©.100 


The True Internal Stresses due to three forces acting on a body so that 
each force has.a direction prependicular to the plane of the other two,.as would 
be the case of three forces acting normal to 
the faces of the ‘parallelopiped (Fig. 16), 
each force being assumed to be opposed by 
an equal and opposite force on the opposite 
face, may be investigated by means of the 
factor of lateral contraction or Poisson’s Ra- 
tio. Assuming the forces to be all tension, 
and the tensile unit stress in the direction 
parallel with the edges Or, O2, 03, to be 
Tespectively 51, So, and S3, then the forces Fig, 16) 
producing the unit elongations e1, ¢2, and es in ; 
the directions of S;, Sz, and Ss, respectively, will, if E is the modulus of elasticity, 
be exprest by : 


Ee, =Si—pS2—-pSs Eex=S3—PSi—PSs_— Een =Sy —pS — PSa 


a eee ee ee ee ae 
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Representing by Ty, Tz, and Ts the unit stresses Ee;, Hep, and He3, each bein 
respectively the unit stress which would produce the~ corresponding un 
deformation were the other two lateral forces not acting, 


Ti =Si-pS2—PS3-« T2=S2—pS3-PS, 73 =S3 —pS1 —PSa 


: i 
Here 71, T2, and 73 are called the true unit stresses in the three directior 
although they are not stresses as defined on p. 320 but rather quantities measure 
in pounds per square inch, obtained by multiplying the unit deformation by th 


' modulus of elasticity of the material. The stresses in this formula are assume 


to be all tension and are therefore taken as positiv. Taking compression stress 
as negativ, the formula may be modified for any combination of tensile and con 
pressive stresses by changing the proper signs. 

Apparent Stresses are those in the determination of which no account | 
taken of the lateral deformation due to a-force itself or to other forces actin 
in directions normal to that force. TRuE SrresseEs are those determined fror 
the actual existing deformations, all forces acting on the body being considere: 


Assume a bar 2 in X 2 in in cross-section to be subjected to an axial load of 24 OC 
lb with no other forces acting; Using symbols as above, Si1=6000 lb per sq in, an 
from formula 71:=Si = 6000 |b per sq in, orthe true stress is equal to the apparent stres: 
assuming p= =0.333, T2=0.333 X —6000=—2000. Whence it is seen that a true stre: 
of 2000 Ib per sq in exists at right angles to the direction of the load. Again assum 
a bar 3 in X 3 in in cross-section and 1o‘in long to carry a load of 54 000 lb-compressio1 
with a second load of 90 000 Ib compression applied normal to one side. Then from tk 
formula, assuming p=0.333 as before, the true stresses are 


T1= —6000+0.333 X3000= — 5000 lb per sq in 
T2=—3000+0.333 X 6000 = —1000 lb per sq in 


Shear under Tension or’Compression. A body under tensile or com 
pressive forces is subjected to tensile or compressive stresses in planes norm: 
to the direction of the forces, and to ‘shearing stresses between planes incline 
to the directions of the forces, the intensity of the shear varying with th 
inclination of the planes. Assume two forces P; and P2 acting on a bar a 
right angles to each other, producing apparent normal unit stresses of S 
and Sg. Let S’ represent’ the maximum shearing stress. Then from the relz 
tion existing between the maximum shear and tension or compression, 


S’ = (Si —S9') : 


The planes in which the maximum shearing stress occur are found to be thos 
which make angles of 45° with the directions of the two forces. 


A bar of cast iron 1 sq im in cross-section under a compressive load of 2499 Ib 
subjected to unit stresses Si=2400 and S:=0. The maximum shearing stress 
S'=2400/2=1200. 


Failure under Combined Stress. Several theories have been advance 
to explain the phenomena of failure under combined stress. Three of these’ at 
of practical importance. 

The Maximum Strain is the criterion of safety or danger for materi: 
according to one of these theories. This is equivalent to using as a criterio 
the maximum “‘ true” internal stress as defined on p, 335, Using this theor 
as a basis for calculation it is necessary to take account of the lateral deformatio 
accompanying axial stress, in other words, Poisson’s Ratio must be cor 


‘sidered. An example of the “use of this theory is given under ty Pee 


on True Internal Stress above. 
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The Maximum Stress, or rather the maximum apparent stress as defined 
mn p. 336 is the criterion of safety for a material according to the second of these 
heories. Using this theory as a basis for computation no account is taken 
§ the lateral deformation accompanying axial stress. This is equivalent to 
aking Poisson’s Ratio equal to o. This theory is frequently called the 
Rankine theory or the common theory, and is the one commonly used by engi- 
ieers. While the weight of experimental evidence seems to show that it is 
\ot strictly true,’ yet in most cases it gives results not widely divergent from the 
naximum strain theory. An example of the use of this theory.is given under 
he paragraph on Apparent Stresses on p. 336. 


The Maximum Shearing Stress developed under load is the criterion of 
afety for materials according to the third of these theories. This theory in-, 
folves the relation of strength of a material in shear to its strength in tension 
r compression, If the maximum shear theory is true for all cases it must be 
rue for a bar under simple axial tension. For such a bar the maximum sheai- 
ng stress is on a plane making 45° with the axis of the bar, and is equal to one- 
alf the tensile stress.- For brittle materials the strength in shear is distinctly 
reater than one-half the strength in tension, for ductile metals the strength in 
hear varies from about one-half to 0.6 of that in tension. An illustration of 
he use of this theory is given in the paragraph Shear under Tension or Com- 
ression, p. 336. 


Experimental Study of Failure under Combined Stress has been made by Guest, 
y Scoble, by Mason, by. Hancock, by Becker, and by Matsumura and Hamabe. 
tecent investigations are those of Becker on steel (Univ, of Ill., Eng. Expt, Sta., 
sulletin 85) and of Matsumura and Hamabe on cast iron (Memoirs of the Coll. of Eng., 
<yoto Imperial Univ., Feb., 1915), These investigations indicate that for cast iron and 
robably for other brittle materials the maximum strain theory holds, and that for ductile 
naterials it is necessary to compute both fhe maximum “ true ” stress, and the maximum 
hearing stress, and to know the ratio of shearing strength to tensile or compressive : 


trength for the material. For steel this ratio varies from about 0,5 to 0.6. 
' ; 


9. Miscellaneous Cases 


Eccentric Loads in a Rectangular Bar. An eccentric load is one whose 
ine of action does not coincide with the axis of the bar upon which it acts.. In 
oncentric or axial loading the load, or if there are seyeral loads all acting at 
he same time, their resultant, coincides with the axis of the bar. The rat 
yf an eccentric load is an uneven distribution 
f stress over the area of cross-section, the 
mit stress in one portion of the cross-section 
yeing considerably greater than in another 
portion, the actual variation depending upon 
he position of the pee load with. refer- 
nce to the axis. 

Let P be a load acting on a rectangular 
yar (whose area is A) at a distance e from the Fig. 17 
xis of the bar, e being measured in the di- 
ection of the width d (Fig. 17). Were the load P axial the unit stress S$ mo 
fe the same all over the area of cross-section and would be S=P/A, The 
«ad P being eccentric, P/A expresses only the average unit stress, the maximum 
unit stress and the minimum unit stress varying from the ayerage an amount 
Jependent upon the position of the load. Let m—mn be any section and 5; be - 
urit stress along edge nearer to P and Sp unit stress along opposite edge. It 
7 been found that the intermediate stresses between S$; and S2 will vary 
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uniformly or as a straight line, so that the plane figure (Fig, 17), of which 5; 
and Sz are two parallel sides, is a trapezoid. In order that equilibrium may 
obtain, the resultant stress must equal P, and its line of action must be in the 
same line as P, From these two conditions of equilibrium it results that 


Si =(P/A)(x+6 e/d) Sp =(P/A)(1 —6 e/d) 


and these formulas are applicable alike to cases of tension or compression. 
The same result might have been obtained by considering the bar subject to an 
axial load P and a bending moment Pe. 


Making e=o in the formulas, Si=P/A, and S:=P/A, which is a case of axial loading, 
When e=d/6, Si=2P/A and S:=o, which indicates that when the resultant force is 
at the edge of the middle-third the maximum stress is twice the average stress and the 

* minimum stress is zero. Making e greater than d/6, the sign of the stress S: changes, 
indicating a change from tension to compression or vice versa. A brick pier 5 ft X 4 ft 
in cross-section, loaded at a point 1 ft from the center of the top in the direction of the 
width, with a load of 16000 lb, would have a maximum unit compression of S:= 
(16 000/20)(t-+ 6 X 14) = 2000 and a stress on the opposite edge of the pier of S2 = 
(16 000/20)(t — 6X14). = —400. The minus sign indicates a change in stress, or tension 

Centrifugal Stress in a Revolving Bar. If a weight is secured to an axis 
of revolution by means of a cord or a bar, and is made to revolve about that 
axis at a certain radius, a tensile stress is generated 
in the cord or bar. Let P be a weight revolving 
about an axis B (Fig. 18) at a radius 7 from the axis 
to the center of gravity of P and with a velocity V. 
Let Q be the centrifugal tension generated, Then (ae 
from mechanics Q =P V? /gr, in which gis the accel- B 
eration due to gravity, the mean value of which is 
usually taken as 32.16 feet per second per second. 
Let # be the number of revolutions per second; then 
V =2z7nr and Q = (4 Px’n*r)/g, which gives the Fig. 18 
centrifugal stress in the member securing the weight 
to the axis when that member has no appreciable weight, as would be the 
case were it a cord. If the ities member is a bar of a length / and 
weight W, then 


— QO= (4 Pr) /g + (2 Wa wl)lg or Q=4(Pr+14Wl) nn? lg 


In this formula a orton of the stress Q is due to the weight P revolving 
with its center of gravity at a distance r from the axis, and a portion is due 
to the weight of the bar revolving with its center of gravity at a distance %] 
from the axis. @Q in this case is the stress in the bar at the axis. The stress 
in a simple bar revolving about an axis at one end varies from Q at the axis 
‘too at the outer end. If w be the weight of the bar per unit of volume and A 
its cross-sectional area, the stress Q’ at any point distant » from the axis is 


Q’ = 2wad (P — x°)7?n? J/g 


Giving Q’ its proper value and making x=o, the number of revolutions required to 
rupture a bar of any given size, length, and material may be found. Thus the number 
of revolutions required to rupture a steel bar one square inch in cross-section and 4 feet 
long will be found by substituting in the formula «=o, /=4 ft, A=1, w=3.4 lbs, O’= 
‘60 000 Ibs per sq in, g=32-16; then # equals about 42 revolutions per second. 

Revolving Thin Hoop. A thin circular hoop having a thickness ¢ anda 
radius ¢ revolving about its center generates a tension in the hoop due to the 
centrifugal force acting radially in a manner similar to the action of an interral 
pressure on a section of a thin cylinder. If S be the tensile unit stress in the 
hoop, W'=weight per foot of the hoop, and the other symbols as above, thea 
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: S=4runPfg or S=4(xnrywlg 
_ which applies only when ¢ is very small compared with the radius r. 
Revolving Thick Hoop or Solid Wheel., Let a thick hoop have an 
inside radius of r, and an outside radius of r2, and let R be the radial unit 


stress and S$ the tangential unit stress, at a distance « from the axis, due to 
the angular ie @ or 27m. Other symbols eh aa as above, then 


= (3/2 g) (wan?) (mn? er? — nr? /a? — 
= (3/2 8) (wan?) (mn? + 1? + re2re?/x? — eee 


- For a solid on. such as a millstone or a grindstone, m =o and m =r. 
Whence, when x = 0, the unit stresses at the center are R= S = 3/2 (wnr)°w/. 
When x =r, then R =o, and S = (anr)*w/g is the tangential stress at the 
circumference. The above formulas are deduced by supposing that the revolv- 
ing body does not change its form, but they give the correct actual stresses 
at the circumferences. For the center of a solid wheel, the formula for S 
does not give the correct stress by making r, = 0, but the true radial and 
tangential stresses corresponding to the actual deformation are % (x — pf) 
(xnr)w/g, Here p is Poisson’s Ratio, or the factor of lateral contraction, the 
mean value of which is % for steel, 14 for cast iron, and % or less for stone. 
For a solid steel wheel, the true unit stress at the axis is (wur)’w/g, but if 
there be a very small hole at the axis the true unit stress is two times as 
great. All these formulas apply only when the elastic limit of ibe material 
is not exceeded. 

Temperature Stresses. All structural materials undergo chateese in length 
duc to changes in temperature. Te Corrricirnr or ExpANSION for any 
material is the factor which expresses the change per unit of length for each 
degree of temperature. A bar or other structural member of a length / under 
a change in temperature of ¢ degrees will, if free to move, undergo a change 
in length of t/n, m being the coefficient of expansion. If the bar or member 
is fixt so that the change in length cannot occur it is evident that there is 
generated in the bar or member a stress equal in amount to that required to 
produce a deformation of i/m or a unit deformation ix. If E be the modulus 
of elasticity and S the unit stress produced, then 


S/E =i or S=mE 


from which it is seen that S is independent of the length of the member. 

Average values for the coefficient of expansion based on one degree (Fahrenheit) are 
as follows: =0.000 006 2 for cast iron, 0.000 006 5 for: steel, 0.000 006 7 for wrought 
iron, 0.000 00s 0 for brick and stone, and 0.000 095 § for concrete. 

Shrinkage of Hoops. A hoop surrounding a.cylinder such as a reinforcing 
band on a gun or a tire on a wagon whzel or locomotive driver, is usually 

_ held in place by turning the hoop to an inside diameter slightly smaller than 

that of the cylinder it is intended to surround, and then expanding it by heat 
until large enough to fit, the shrinkage in cooling holding it securely in place. 
In such a hoop a tangential stress is produced in the hoop and a radial pressure 
in the cylinder which it encloses. When the thickness of the hoop is small 
compared with its diameter, all the deformation produced may be considered 
as confined to the hoop. The tension in the hoop will be proportional to 
its change in diameter. Let d= the diameter of the cylinder to be enclosed, 
which is assumed to be the same after the hoop is in place, d,=-the diameter 
to which the hoop has been turned, S = the tangential cpt stress, L = the 
modulus of elasticity, R= the radial unit stress acting on the inside of the 
hoop, and ¢ = the thickness of the hoop. Then 


S=E(¢d—d)/d) and “R=.1S{d, 
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‘The values found for S from this formula are somewhat $00 large since some chan; 
is made in the diameter d due to the radial pressure. For thick hoops such as the ban 
on heavy guns more exact formulas are usually employed A 

Internal Friction. In 1893 the discovery was made, by Hartmann th: 
lines of stress became visible on polished metal specimens these lines remait 
ing after the removal of the load if the elastic limit had been exceeded. O 
a cylindrical specimen these lines are two sets of helices; on a flat specime 
they are two sets of straight lines. In tension they make angles with the ax 
greater than 45°, in compression the angles are lessthan 45°. These lines ind 
cate the direction of planes along which sliding or shearing is occurrin; 
Internal friction occurs along these planes from the theory of which Merrima 
deduced the ratio between the shearing and compressive strength ‘of britt 
materials (Mechanics of Materials, rgto, p. 380) finding o.r3 for anthracit 
coal, 0.18 for sandstone, 0.23 for hard brick, 0.29 for concrete, and, 0.35 fc 
cast iron. 


BEAMS, COLUMNS, SHAFTS 
10. Moments and Shears 


Flexure, or Bending, is the’ phenomenon which occurs when a straigh 
bar is subjected to a force or a combination of forces so applied that the axi 
of the bar is caused.to assume the form of a curve. The phenomenon fe 
flexure isa combination of the three simple stresses of tension, compressior 
and shear. Thus a horizontal bar simply supported at the ehdes under th 
influence of its own weight assumes the form of a curve, concave upward, an 
is undergoing flexure. The fibers on the convex side of the bar are elon 
gated and therefore are in tension, while the fibers on the concave side ar 
shortened and are therefore in compression. Shear is taking place betwee 
each vertical plane of the bar and the one adjoining, between the middle o 
the bar and each support. The structural members which are ordinaril 
subject to flexure are called BEAMS and are usually horizontal members, carry 
ing loads acting vertically. Flexure, however, is not confined entirely t 
beams, since it may occuf in any member of a structure under the influenc 
of loads other than axial loads. Even in the case of a strut or column whicl 
is under compression, flexure may occur when the acting forces are eccentri 
with respect to the axis. 

A Simple Beam is a horizontal member simply supported at the ends so that all part 
have free movement in a vertical plane under the influence of vertical loads. Simple beam 
are the commonest structural members. Under ordinary loading the upper fibers are it 
compression and the lower fibers in tension. A Canritever Bram is a member witl 
one end projecting beyond the point of support, free to move in a vertical plane under th 
influence of vertical loads placed between the free end and the support. The fibers it 
the upper side of such a beam are in tension and those in the lower side in compression 
A beam with one end rigidly fixt in a brick wall and the other end free is an exampli 
of ‘a cantilever beam. Constrained beams are those rigidly fixt at one or both point 
of support. A beam with one or both ends rigidly built into brickwork is an example 
A Continuous Bram is one having more than two points of support. More than tw 


- points of support cause a distribution of stress similar to that in a constrained beam. 


Neutral Surface and Neutral Axis. Any beam under flexure takes the 
form of a curve. The fibers of the beam on the concave surface are sub 
jected to compression, while those-on the conyex surface are subjected t 
tension. It is obvious that these stresses must decrease toward the middle o 
the depth of the beam; therefore at some pointi in the depth of the beam there 
is a surface where the fibers are neither in tension nor in compression. ane 
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where no deformation is taking place. This surface is termed the NEuTRAL 
SurFAcE. The trace of this surface or plane on any cross-section of the 
beam is termed the Neutra Axts of that section. 

From experiment it has been shown that where the elastic limit of the material has not 
een exéceded the deformation. in any fiber and in consequence the stress in that fiber is 
proportional to its distance from the neutral surface. It may also be demonstrated 
wnalytically that the neutral surface passes thru the center of gravity of the cross-section. - 

End Reactions. In order that equilibrium may obtain in any vertical 
system of forces acting in one plane, as in the case of the loads and reactions 
of beams, it is known from analytical mechanics that, first, the algebraic sum 
of all vertical forces must equal zero, and second, the aipebiaic sum of all mo- 
ments must equal zero. From the first of these laws it is apparent that the 
sum of the reactions must equal the sum of the loads. In a simple beam when 
the loads are systematically placed with reference to the supports, as in the 
case of loads uniformly distributed, such as the weight of the beam itself, or 
equal concentrated loads placed at equal distances from the supports or center 
of beam, each reaction will equal 14 the sum of the loads. When the loads are 
1ot systematically placed the reaction at each support may be-ascertaitied from 
he second of the laws stated above. Thus consider the system of loads, Fig. 19. 
Taking moments about the left support 
Rz X 20 — 4000 X 5 — 5000 X 8 — 10 000X 
ro = 0, or Ry = 8000 Ib. Similarly mo- 
ments taken at the right support give 
R,=11000. It will be noted that the 
sum of the reactions equals 19000 the 
sum of the loads, thus fulfilling the first 
law of equilibrium. When some of the 

Fig. 19 : loads are uniformly distributed over a 

portion of or the. whole of the beam the 

ame method may be applied to find the reactions by considering the uniform 
oads as concenizated at their centers of gravity. 


20! 
100 Ibs, per linear foot 


H owt () 
(a) Fig. 20 : 


Vertical Shear. At every section in a beam two equal and opposite forces, 
he one on the right and the other on the left of the section, tend to shear the 
yeam at that point. This shearing tendency is greatest at the reactions where 
he shearing forces are each equal in amount to the reaction, The vertical 
hear at any section is the measure of the shearing tendency at that section 
nd is equal to the algebraic sum of all the forces to the left of that section, 
ipward forces or reactions being taken as positiv and the downward forces 
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or loads being taken as negativ. The vertical shear may be either negativ or 
positiv, depending upon the relative values of the loads and reactions to the 
left of the section. 


Figs. 20a and 206 illustrate diagrammatically the vertical shear. Fig. 20a, shows a 
beam with a uniform load of 100 lb per ft, the vertical shear at each support being equal 
to the reaction of 1000 lb at that support and gradually decreasing to zero at the center. 

’ Fig. 206 shows diagrammatically the vertical shear under concentrated loads, the vertical 

shear between the left reaction and first load being 6000 pounds, between the first and- 
second load 2000 pounds, at the center zero, between the second and third loads 200, 

and between the third load and the right reaction 6000 pounds. 

The Bending Moment at any section is the algebraic sum of the moments of 
all forces on the left of that section, moments tending to cause rotation in the 
same direction as the hands of a clock being taken as positiv, and those tending 
to cause rotation in the opposite direction being taken as negativ. The bending 
moment at any section is the measure of the flexural stress at that section. 

In Fig. 21a let the beam have a length / and be loaded with a uniform toad of w Ibs per 
lin ft. The left reaction will then be w//2, and if M be the bending moment at the distance 
x from the left support, then M=lM4wlx—wx?, whence it is seen that M=0. 
when x=o, and M=\4wl? when x=4/. In Fig. 21b let the beam be loaded with the 


w per linear unit 


R (b) Ry 
Fig. 21 


loads Pi, P2, Ps. The reactions Ri and R2 may be found. by the principle of moments. 
The bending moment at any point between the first and secqnd loads will be M=Rix— Pim, 


Maximum Bending Moment. In a cantilever beam the maximum bend- 
ing moment is at the support irrespective of the position of the loads. Ina 
simple beam the point of maximum bending moment, or the dangerous section 
in a beam, is at the poirtt where the shear passes thru zero, that is, where 
the shear changes from positiv to negativ, or vice versa. This point may be 
located in any system of loading by beginning at one reaction and subtracting 
the loads in order from the reaction until a point is reached where the sum of 
the loads equals the reaction. 


In Fig, 20a the bending moment under a uniformly distributed load is illustrated dia- 
grammatically. From the expression for the bending moment at any point, M=l4wle— 
14wx?, it will be noted that the bending moment at any section may be represented by the 
corresponding ordinate of the plane figure (Fig. 20a) formed by the straight line ab and 
the parabola ach, It will be noted that the maximum ordinate is at the center, coin- 
ciding with the axis of the parabola, and that at the supports the ordinates are zero, 


; 11. Formulas for Flexure 
Conditions of Equilibrium. The investigation of beams is governed by 
the following three conditions of equilibrium, which hold for any section: 


Sum of all tensile stresses =Sum of all compressive stresses. 
Resisting Shear = Vertical Shear. 
Resisting Moment =Bending Moment. 


Formulas for Flexure . 


Properties of Common Sections of Beams 


Distance 


- “from 
Sections of neutral 
beams, axis to 
Fig. 22 extreme 
fiber of 
section 
bs be 


eh 


=¢) ica 
= Cy ya 
Yoh 

%b 

1 Yoh 


Moment of 
inertia J 


Ya bhS 


Section 
modulus 
T/e 


343 


Radius of Gyra- 
tion r 


VI7A 


=0.289 h 


12 


Yoo bh* =— — 0.236 hk 
24 18 
Yo (bh8—bila) bh8 bh? V bh by hy 
6h 12 (bh —byhy) 
nd' nd3 d 
— =.0491 dt = =.0982 d3 oe 
64 3a 4 
n(d4—d,4) n(d4—d,‘) es 
nwo 32d Vd?+d,? 
=.0491(d! —di4)} = oo =) 4 
bh3 — hy8(b—2) bh3 —hy3(b —1) ¥/ bh8 —h(b —1) 
12 6h 12[bh—Ay(b—-1)] 
2 db3+ hyi® 2 db3+ Ay? / 2dP +h 
12 6b Y x2 [bh—Iy(b—-2)] 


bhS —hy3(b —1) 


bh3 —h,3(b —2) 


ap 
= P+ 12(6 peels ) | 
de e [s+ 02 -»y| 

2 a+ va(i- -- 3] 
+e tro(c— i 


Int 


6h 


Wl fi | 


ols 


/ bh8-b38(b—t) ~ 
12 [bh —hy(6 —1)] 


mI 


yi 
A 


Resisting Shear. At any section in a beam the internal forces must equal 
- the external forces in order that equilibrium may obtain. At any section, © 
therefore, some internal force must oppose and be equal to the vertical shear 


at that section. 


This force is the shearing stress in the material and is called 


the Resistinc SHear. Let V be the vertical shear at any section, Ss the maxi- 
mum unit shearing stress at that section and A the area of the section. 
. The average shearing stress at the section is 


S’s=V/A 


“The shearing stress is not, however, uniformly distributed over the cross-section 
and the maximum shearing stress on the section is : 


Ss=kV/A , 


&) 
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in which & is a constant depending on the shape of the section. For a rectangle 
kis 1.50, for a triangle & is 1.33, and for a circle k is 1. +33» Values of factors for 
determining maximum shearing stress in I beams and channel beams are given 
on pp. 441, 458. : 

In a beam the shearing stress is greatest at the neutral axis and is o at the extreme 
fibers. At any point in a beam the horizontal shearing stress is equal in intensity to the 
vertical shearing stress at that point. Wooden beams which are weak in shear along the 
grain are in special danger of failure by horizontal shear, : 


Resisting Moment. The bending moment at any section tends to cause 
rotation about that section. The tendency to rotate is resisted by the moment 
of tensile and compressive stresses in the material at that section, which act 
as an internal couple. This internal couple is called the resisting moment. 
Let S be the unit stress at any extreme fiber on the surface of the beam due 
to the bending moment and ¢ the distance from that fiber to the neutral sur- 
face, M the resisting moment or its equal, the bending moment; then 

SI Mc 


. ' M mre or S ae (2) 


in which J is the moment of inertia of the section about a gravity axis. 

The Moment of Inertia of an area with reference to any axis may be defined 
as the sum of the products obtained by multiplying each elementary area 
of cross-section, da, by the square of the distance of that particular elementary 
area from the axis. The moment of inertia is-represented by J, and 


4 I =2z2"da (3) 


in which z is the distance of the elementary area dad from the axis. The 

Moment or Inertia is a factor depending on the shape of the cross-section. 

From the above. expression it will be found that the values of J will be greatest 

for sections haying the largest area at the greatest distance from the axis of 

reference. Unless otherwise noted, the axis of reference is always the neutral 
~ axis of the section. 

Section Modulus. This is the term Z/c in the formula for the resisting 
moment. It is the measure of the resisting moment or the strength of a beam 
of given cross-section and is largely used as a basis of computation in the 
design and investigation of beams. In the table on page 343 are given the 
values of the moment of inertia J and of the section modulus J/¢ for the various 
sections mos‘ commonly uSed in structural design. 


‘Investigation and Design. Formulas (1) and (2) are the formulas used 
in the design and investigation of beams. Except in cases of short spans and 
heavy loads the question of resisting shear is not usually the controlling factor. 
Having obtained the bending moment from the conditions of loading in any 
particular case of design, and having assumed a proper working value for S, 
~ formula (2) is solved for 7/c and the proper beam selected. In the investi- 
gation of beams, M is determined from the conditions of loading and from the 
kind of beam employed. The proper substitutions are then made in for- 
mula (2) and the equation solved for S$, which may be either tension or com- 
pression, A comparison of the value of S with the allowable working stress 
for the material will determine the degree of stability. See also the Mesaj 
statement on p. 360 of the various ways in which beams may fail. 


Effect of Combined Shearing and Bending Stress. In a beam of I sec- 
tion or channel section both the shearing stress and the bending stress at the 
junction of web and flange may Le high, and the combination of the two stresses 


) . 
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sometimes caiises stress on an inclined plane which is greater than the direct 
stress in the extreme fibers of the flange. This effect of combined stresses 
is rarely of importance except for deep beams with short spans. | If S; is the 
maximium stress on an inclined plane at the point under consideration, iS’ the 
direct bending stress at the junction of web and flange, and .S’s the shearing 
stress at the same point, which js slightly less than the shearing stress for the 
same cross-section at the neutral axis, then 


‘Se = 365’ +-V (Ss)? +045’? 
See also paragraph on Flexure and Tension, p. 370. 


Elastic Curve. In a horizontal beam under a system of vertical loads 
the fibers in the upper surface are shortened, while those in the lower. surface 
are elongated. This causes the beam to deflect downward and the neutral 
surface to assume the form of a curve whose radius of curvature at any section 
is dependent upon the bending moment at that section and the moment of 
inertia of the section. 


Thus in Fig. 23 let mn represent the elementary section dl of a beam whose length is } 
and let 6’b and c’c represent two sections separated by the distance dl. These sections, 
before bending, are assumed to be parallel; 
after bending, the sections produced intersect 
at some point o, the distance om being the 
radius of curvature R. Let cic: be drawn 
parallel to 5’b thru ». The distance ’c’ rep- 
resents the deformation of the upper fibers in 
the length d/,and the distance cc: represents , 
the corresponding deformationin the flower 
fibers. Let c’c:’ be represented by e; then e= 
(S/E)dl, in which S is the unit stress produc- 
ing the deformation e,and £ is the modulus of 
elasticity. Let c represent the distance from, Fig. 23 
the neutral surface to the extreme fiber; it bs 
then follows that R/dl=c/e, whence R=EI/M, which expresses the value of the radius 
of curvature R at any section in terms of the modulus of elasticity, the moment of 
inertia and the bending moment at the section. When M=o, R=infinity, or the 
curve at that point is a straight line; when M is a maximum, R is a minimum, or the 
curve is the sharpest. If the curve be referred to a system of coordinate axes in which 
% represents abscissas or horizontal distances and y ordinates or vertical distances, giv- 
ng R its value as determined for very flat curves by the differential calculus i in terms 
of x,y and /; then 

EI _ dy 

cae 5 hae Pe ~@) 

which is the general differential equation of the elastic curve of any beam under any 
system of loading exprest in terms of the modulus of elasticity, the moment of inertia 
and the bending moment. : 


Slope of Beams. For a beam the integration 


Se 3 BI 2 4¢ 


TiAl dy 
gives an expression involving en the change of slope, or inclination of the © 


elastic curve for any section of the beam. C isa constant of integration depend- 
ing upon loading and upon end conditions. A beam so rigidly held that under 
bending action, the slope remains horizontal at a support is said to be fixt : 


ad 
at that support, and at the support a =O 
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Deflection. In formula (4), assuming the origin of coordinates at one 
support, where the deflection of a beam is zero, -y becomes the deflection at any 
point at a distance x from the support or origin of coordinates. Subxtituting 
proper values for EZ, J, and M, integrating twice, and giving proper values to 
the constants of integration, the value of y, or the deflection, may be determined 

' for any point in the beam. 


12. Beams of Uniform Cross-section 

Values for shear, V, and for moment, M, at any section; for maximum 
moment, Mmax, for slope, dy/dx, and for deflection, y, at any section, and for 
maximum deflection, ymax are given in the accompanying table for a number 
of common kinds of beams of uniform cross-section. 

It is possible to combine values given in the table for different Toadsnge to give 
values for loadings not given in the table. For example, by combining the values 
for a beam loaded with two symmetrical loads with the values for a beam loaded 
at one point in its span values for a beam with three loads may be obtained. 

A beam with ends and loads overhanging the supports may be treated as a 
combination of a cantilever beam and an end-supported beam. 


ep, Shear at any section, 


él V =P (constant); 
Moment at any section, 
-M = —P(l—x); 
Mmax = —Pl at O; 
vi Equation of slope, : 
dy/dx =(—P/EI) (lx —x?/2); 


Equation of elastic curve, 


1 Ul ai gten 
Moment =(—P/EI) eae) 
y¥ ; 
diagram 2 %i6 
ment Maximum deflection, ; 
Fig. 24. Cantilever Beam,Con- _ _ py 
centrated Load at Outer End. ymax = ~PP/3EI at A. 


; Shear at any section, 
Ly A yew", 
Vmax =W at O; 
Moment at any section, 
M=-W t/2—2 45) ; 


Mmax = —WI/2 at O; 
=A Fquation of slope, 


2 
dy/de = —(W/EI) -=4 ) F 


iM) yaa a Equation of elastic curve, 


x3 "gt , 
pened ge W/RD | ao =); 


| Fig. 25. Cantilever Beam, Maximum deflection, 
Uniform Load. ymax = —WI/8 EI at A. 
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Shear at any section, ” 
A. eo 
4 ! V=W (:- #44) 3 

Vinax =W at O; 
Moment at any section, 

3 2 
M=w (4 x aes ); 

Mmax = —W1/3 at O; 

Equation of slope, 


W [x4 x? Ix 
alas (5-5 Rice -*); 


a= ; Equation of elastic curve, 


Moment W [x3 a4 a ]y2 
diagram = 6 “7  GealaG 3 


ees, 2 


‘Fig. 26. Cantilever Beam, Maximum deflection, 


Load Increasing Uniformly from ; ymax = —WI3/15EI at A. 
_ Free End to Support. 


A P 
x Vinie =W at O; 
Moment at any section, 


Mmax = —%W1 at O; 
Equation of slope, 


ES 
& 
~ 


Equation of elastic curve, 


W [ss |e? a 
—=Ix?) ; 
“EI\6 Gol 3 
Fig. 27.- Cantilever Beam, “Maximum deflection, 


Load Increasing Uniformly from y: rege! we ated 
Support to Free End. <— 60 EI 


Total Load =W 


Shear at any section, 
V =W for OA; 


way B 


V=W Ce —a) for AB; 
s 


Moment for any section, 


itn. 
staal Li (: —% -*) the OA; 
D> _ B | ss 4 


REE ee) 
Monit M= Pra -«)? for AB. 
diagram B ' . 
- : Mmax = —W (2) at O. 
Fig.28. Cantilever Beam, Uni- 2 * 
form Load Over Part of Beam. 
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; Pp End reactions, Ra =Rg =P/2.. 
A \c B Shear at any section, V=+P/2; 
Kx is em Moment at any section, 
ie M =Px/2 for AC; 
‘ ‘ Mymax =Pl/4 at C3. 


Equation of slope, 


dy _P (#_P\, 
dx EI\4 16)’ 


Shear 
diagram 


Cc 


. . Equation of elasticcurve, 
P fas eps 
4 Pri i B a ial (= -=) : 


Moment diagram 


Maximum deflection, 
Fig. 29. Beam Supported at 
Ends, Concentrated Load at. 


PIS u 
Middle of Span. a APE ~48EI amid ispans 


ee 


End reactions, 


Ra =P(t-A); 
eh é = ce 
ta (k>¥%) yo B eer i 
' Shear at any section, 
en eal 1 V =P(1 —k) for AC; 
k mee V-=—Pk for CB; 


Moment at any section, 
M =P(1—k)x for AC; 
M =Pk(l —x) for CB; 
Mmax =PhkI(1 —k) at C; 
Equation of slope, 


Equation of elastic curve, 


See 
; Y= Fpl k)x3 —(2k —3k? +k )Pa] for AC; 


d i P 2 _p2]2 o 
A Moment diagram (ty SEI! —x3 +3lx? —k? Px — 2x +h] for CB 


Fig. 30. Beam Supported at \faximum deflection, a 
Ends, Concentrated Load at any 


eee 3 3 euien oy 
Point in Span, eet. o-n(2s -4) Tan enly 2a, 
EI Ops) 3 3 
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End reactions, 
Ra =Rp=P; 
Shear, . : 


V =P for AC, O for CD, —P for DB; 
Moment, 


Mmax =Pd at any section between C and D; 
t >| Equation of Ped 


{ dy/dx =a +d? —dl) for AC; 


“Shear diagram dy/dx 8 ae for CD; 
EI 2 


D Slopes for DB symmetrical with those for AC. 
| \ Equation of elastic curve, 
2 > 
Ay mil Ms. B y =(P/EI) (E+ eae 2) for AC; 
Moment diagram 3 6 2 2 , 
: ? rae pee CS : 
Fig. 31. Beam Supported at y =(Pd/EI) — = =o "a for CD; 


Ends with Two Equal, Sym: 
metrical, Concentrated Loads. 


Elastic curve for DB symmetrical with thatfor AC. 


Maximum deflection, 


Pd 
ymax =—— (4d? —3/?) at mid span. 
24h 


End reactions, 


=Ra=W/2; 
: Shear at any section, 

= = Wx 

, Total Load=W q V =W/2-—; 
Af V; oe at supports; 

max 
x—} 
‘ Moment at any eres 
_Ws Wat, 
A AN B. pa are” 


Mmax ae at mid span; 


Shear, diagram “= 
Equation of slope, 


il te. 2 2a(@-¢-1): 


Moment diagram 


Equation of elastic curve, 
Fig, 32. Beam Soncored 


. Ww Pee es 
vat ia a Uniform Load, ge 3 (= aay -l *) 4 
: Maximum deflection, . 
5 WE 
Ymax = Ber at mid span. - 
*. ¢ % 


: . 
- 
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Total Load =W End reactions, 


DB 
Ra _Wee an 
al 
Ree ee 
al 


Shear at any section, 
V =Ra for AC; 


Ww ; 
V=Ra4 at (*—a) for CD; 


=—Rez for DB; 


Moment for any section, 
“M =Rax for AC a 


Ww 
A B M =Rax “3% —a)? for CD; 
Moment diagram M =Rp(l—x) for DB; 
, Fig. 33. Beam Supported 


t Rab Rab 
at Ends, Uniform Load over M = AVY =r paeahy' 
Part of Span. te S ( 2W 5 Ww 


End reactions, 
Ra =Rp=W/2; 
Shear at any ee 


Total Load on Beam=W , 
F be ‘on? 
V=—W (|——-_——} for AC; shear diagrar 
A C B ‘- 5 
' symmetrical bate mid span; 
kK i : 
pS See Vmax = +W//2 at supports; 
Lt N ; Moment at any section, 
Tw oka 
M aa G mip +22) for AC; moment di 
A (o Paes aie 
headdiaivae gram symmetrical about mid span. 
Mmax =W1I/12 at C; 
a Equation of slope, 
dyaW {a? «3 4h pi 
= =— (—-—+— —— ; 
fl ihn oS a 
A Lt! ih B : . 
Momnentdiaaram . Equation of elastic curve, 
Wa/fP x7 gh aa 
Fig. 34. Beam Supported y= — (< =——4—3 == 
at Ends, Load Increasing Uni- : EI 12, 12h gol?) ™ 


‘formly from Center to Ends. Maximum deflection. 


Mie BLP 
Ymax = 320ET at C. 
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End reactions, r 
Ra =Rz=W/2. 


Shear at any section, 


Vax = +W /2 at supports. 
Moment of any section, 
x 2x7 
M=Ws (: -28 ) : 
Mmax =W1/6 at C. 
Equation of slope, 


6? 4 | 96 
Equation of elastic curve, 
. 4 We xt ? + S32 . 
Moment diagram y. EE goles 96 
Fig. 35. Beam Supported " ‘ 
at Ends, Load Increasing Uni- Maximum deflection, 
formly from Ends: to Center. WB 
max =~— at mid span. 
60EI 


End reactions, 
, Ra =W/3, Rp = W; 
pisbee at any me 
= =Wa/P-%); 


| ae mmm atte he at B; 


Moment at any section, 


Mmax =0.128 Wi at x =0.5771; 
Equation of slope, 

dy W es aa 

dx EI \r2l? 6 ‘18 )’ 


Dye Equation of elastic curve, 
lig We [x4 0? 
(Sa) 


Moment diagram x ET \6ol? 18 “180 
1 Fig. 36. Beam Supported Maximum deflection, 
} at Ends, Load Varying Uni- , we 
formly from One End to the . max =O. 01315 at x =o.52). 


(Other. . EI 
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End reaction at B, 
’ Ra= iP. 
Shear at any section, 
=H P for AC; 
V =—3% P for CB; 
Moment at any section, 
M =P(3} x—3; 2) for AC; 
M=%; Pil = i CB; 
Moment at mid span, 


Mc =3; Pl; 
Moment at fixt end, 
Ma = —i6 Pi; 


Inflection point (M changes sign) at x aah 
Equation of slope, 
dy Py 


= == ( 


dx Ero? © — 16 
dy P 
oe (6 Ix — $x? -f) for CB; 


lx) for AC; 


Moment diagram 


Equation of elastic curye, 
Fig. 37. Beam Fixt at One Px? 
End, Supported at the Other, y rr (33 x — gy!) for AC; 
Concentrated Load at Mid Py 
Span. ss (sate —fj03 —— =e) for CB; 
Maximum deflection, 
PB : L 
Ymax = Se ST at ¥ =0.553) 


Shear for AC, 
V =(P/2)(2 —3k? +k); 


Reaction at supported end. Shear for CB, 
Rp=V =2 i —k*); 

Moment for any section, | 
i =Flet Sis +8) —I(2k —3k? +48)] for AC; 
Mf = —"[e(sk*—#) (838%) for CB; 


Moment at fixt end, 


ie 


Ma= aC =382 +); 


Moment under load, 


_ Fig. 38. Beam Fixt at One ‘ Pir} . 
End, Supported at the Other, - Mo =—(3k? —4h? +h). 
Concentrated Load at any Point. 2 - - 


. 


PhASie a _ Beams of Uniform Cross-section ~ 358 


- End reaction at B, 


Re =W; 
Shear at any section, 


a —W ( -%); 
Vmax =%W at fixt end; 
| : Moment at any section, 


Total Load = W. 


as 


cos 1 
: M=-W ( =n) H 
Moment at fixt end, 
Ma=-WI1/8; 

B Maximum moment in span, 

Mmax =rs5 WI at x =54I; - 

Inflection point (14 changes sign) at « =1/4; 

\ Equation of slope, 
; = dy  W 43 

de Ace te2? + 2) 


Equation of pe curve; 


Woe2 / x2 
Fig. 39. Beam Fixt at One Pe (= ~S2+4) ‘ 
End, Supported at the Other; EI \24l 48 16 
Uniform Load. Maximum deflection, 


as at x 81. 
Ymax = —O. :00543 eT =0.57 


Shear at any section, 
PL 
mt RS oat 
Mament at any section, 


M=P (: -}) for AC; 


Moment diagram symmetrical about mid span; 
t "V2 Moment at fixt ends, 
\ Ma =MB = —-P1/8; 
Moment at mid span, 
Mo = +PL/3; 
Inflection points (M changes sign) at «=//4 and 
x=); : 


Equation of slope, 
dy Px i 
dk El ( -1) for AC} 
Equation of elastic curve, 
Px? ad ; 
y 5 ; ser \ae -+) for AC; 
_ Fig. 40. Beam Fixt at Both 


Ends, Concentrated Load at Slope curve and ‘elastic curve symmetrical about 

Mid Span. 4 mid span; 

i) Maximum deflection; 
PIs 

Ymax = 


2 - eacee at mid span. 
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V =P(1 —3k? +2) for AC; 
V = —Pk?(3 —2k) for CB; 


Moment, 


M =P|(1 —3k? +2hk3)x —l(k —2k? +h)] for AC; 
M =P[(2k3 —3k2)x +-(2k? —k3)I] for CB; 


C B 


AM 


» shear diagram | 


il 


Moment at fixt ends, 
Ma = —PIk(i —2k +k?*); 
Mp = —Pik?(1 —k); 
Moment under load, 
Me =Plk?(2—4k +2k?). 


Fig. 41. Beam Fixt at Both 
Ends, Concentrated Load at 
any Point in Span. 


Shear at any section, 


v=-w (5-4); 


Vmax = +tW/2 at ends; 


2 
m= -w (5 =e ar 
at. 2 5 ma) 
Moment at fixt ends, 
Wi 
Ma =MB =—-—; 
: 12 
Moment at mid span, 
i 
Mc a 
24 


Inflection points (M changes sign) at #=o.211 
and x =o0.789/; 


Equation of slope, : : 
dy Wala a TY 
ee ee a) 
. Equation of elastic curve, 
Fig. 42. Beam Fixt at Both  ~ : ee (2 28 “) 
Ends, Uniform Load.° EI \24l 12 24 


» Maximum deflection, 
SLL er 
ymax 3848 * mid span. 


Ea Se ES ana = ay ee 
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13. Beams of Uniform Strength 


General Principles. The general flexure formula for the investigation 
and design of beams, M =SI/c, indicates that the stress S varies with the bend- 
ing moment. In beams of uniform strength, S must be constant. There- 
fore from the flexure formula, since the bending moment varies, the quantity 
T/c, or section modulus, must be made to vary with the bending moment, in 
order to provide uniformity of strength thruout all sections under:various con= 
ditions of loading. Only beams which are rectangular in cross-section will 
be considered. From the table in Art. 11, J/c= {dh®. Substituting in the 
flexure formula there results 


M = YSbh? () 
from which beams of uniform strength may be designed, giving proper values 
to the bending moment M, determined from the conditions of loading. z 


Deflection of Beams of Uniform Strength. The accompanying table 
gives values for dimensions, stresses, and deflections for the common kinds 
of uniform strength beams. (Figs. 43, 43a, 43), 43c.) 


Dimensions, Stresses, and Defiections for Uniform Strength Beams with 
Rectangular Cross-section. 


At the ends of the beams where shear governs the design, the dimensions 
of the cross-section must be increased. 


I. Cantilever beam, constant depth, load at outerend. Fig. 43a. 
Depth =h; width, 6 abr 


6PL 
Fiber stress due to flexure, S =—— bh 
6PEB 

Maximum deflection, ymax = Enis 


Nore. A flat spring made up of a number 
of leaves held together by a band acts approxi- 
mately like a beam of varying width: : Fig. 43 

b=the sum of the widths of the leaves piled , 
_ together at any section. 


Il. Cantilever beam, constant width, load at outerend. Fig 43, 


Depth, h =i zi width =b. 

6Pl 

ta 
SPI8 

Eon 


Fiber stress due to flexure, S = 


Maximum deflection, ymax = 
Fig. 43a. 

Til. Beam supported at ends, constant depth, load at mid span. Fig. 436, 
abx ‘ “a 7 


Depth =h; width, ba. 


_ Maximum deflection, max = 
_ See note under I. above. a Fig. 436. 
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IV. Beam supported at t ends, constant width, load at mid span. Fig. 43c. 


‘Depth, h= Mn = ; width =); 


Fiber stress due to flexure, S 


fey 
2Lbhy* 


In the table of beams of uniform strength, the bending moment has been assumed te 
be the controlling factor. The shearing strength of the material, however, would modify 
a number of these forms near the ends, and this fact should be taken into account in actual} 
practise. While the discussion of beams of uniform strength is of considerable interest, 
theoretically, it is of little practical value, except in the case of plate girders, which aré 
designed in a manner somewhat different from that discussed above, and in the case of 
flat springs. 


Maximum deflection, ymax = 


ne 48c. 


14, Continuous Beams 


A Continuous Beam is one for which there are more than two supports. 
In the discussion here given it will be assumed that the supports are all on 
one level and that the beam is of constant cross-section. The expressions 
for the resisting shear, for the resisting moment SJ/c, and the differential equa- 
tion for the elastic curve M =EI(d?y/dx*) apply to continuous beams with 
the same force as they do to simple, cantilever, or constrained beams. The 
elements which must be determined in order to apply these expressions are 
the vertical shears and the bending moments under various conditions of 
loading. “Since the number of reactions will always be greater than two, it 
is obvious that they cannot be determined by the usual method of moments. 
Tt will be noted, moreover, that the several reactions of a continuous beam 
will depend for their values upon the elastic behavior of the beam under load. 
Therefore, instead of determining the bending moments from the reactions 
in the case of continuous beams, the process must be reversed and the bending 
moments must be determined from the elastic behavior of the beam under load 
and the reactions and vertical shears determined from the bending moments. 

General Formulas. As in the case of simple beams, the vertical shear 
at any section is the algebraic sum of the reactions and the loads on the left 
of that section. Let V be the vertical shear at any section distant x to the 
right of any support. Let V’ be the vertical shear at a section to the right 
of but infinitely close to the support. Let =P; denote the sum of the con- 
centrated loads on the distance x, and let w be the uniform load per linear 
unit; then 

V =V'—wx —=P, ; (1) 


Assume any two supports of a continuous beam. The bending moment 
at any section distant x from the left support being ‘the algebraic sum of the 
moments of all forces to the left of that section, rotation in the direction of the 
hands of a clock being considered positiv, and rotation in the opposite direction 
negativ, assuming M’ the moment at the left support, then 


M =M'4+V'x—Mws® -2Pi(x kl) in ee 
in which k is a fraction less than unity and / the distance between supports: 
If M”’ be the moment at the right support, there results the relation — mals 

vl =M" —M’ +¥% wl*® +2P; (1 —ki) : ved (3) 
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Ffom formulas (1), (2), and (3) it appears that V and M can always be deter- 
tined, when Mf’ and M”, or the bending monients at the supports, are known. 


Theorem of Three Moments-for Uniformly Distributed Load. For the 
purpose of determining the bending moments at the cite which from the 
preceding patagraph it appears are 
necessary for the determination of the 
bending moment atid the vertical 
shear at any section, the relation 
existing between the moment at any 
* support in a continuous beam and : 

the moiiients at the supports on either Fig. 44 

side is utilized. This relation be- 

tween the moments at any three consecutive supports constitutes the theorem 
“of three moments. In Fig. 44 let M’, M’, and M’” be the moments at any 


In all cases load per unit length = x 
0.09501 1 0,070 2 


Load = 2 0.875 wl if wl? Bs 
HNOUKEUUAG EOS 
; to.z50o (+0. 760% 
0 315 12 2% 0. 315 0. oar 0. itt, “op 0.125100" Two Spans 
Geaeiona  Shtoment ; 
ete! 0.001? & OFF B 0.0804 
Melos 
junio f “ My s nd 
oe ays ary og Phy gids 
w wi? * Three 
; he “phent,. Moment Spans 


aries Soh on 
P ITTVOOCTROTHOOAGUAAERAAPOAEAA AEA 
eS eer 1 
Pa 0.393 1,143 0,928 1,148 0.393 
t we t 4 


v we. w wl wi 


0.1 0.071 0,107 
Z ‘ wl » wl wi 
ie : Moment 


' ; 0.60502 
y SRR 0.905,or 9526t0% 0,500.07 0.474207 ‘ ; 


0 
3S Lidtsot Obthot o.o7iod 11Stoot 0.89but ObDede 
e 


aN 0.0781? 0.083:002 0.046.1? 0. at 
0,088 


eaner 0.500w? 0,526 
0.07801" shear 


Boment 
Fig. 45. ‘Continuobs Beams with Uniform Load and Equal Spans 
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three consecutive supports in a continuous beam, and let V’ and V” be the 
vertical shears on the right of the supports where the moments are respectively 
M’ and M’. Let the span between the first and second supports be 7 and 
between the second and third supports /’’, and let the uniform load on the 
first span be w’ per linear unit, and the uniform load on the second span w” 
per linear unit. From the properties of the elastic curves, and by substituting 
for V’ and V” their values in terms of M’, and M”, and M’” obtained from 
the use of formula (3), there follows the relation 


Ml +2M”" VU +1’) +My — —Yw'l!8 =Yyw!I''3 (4) 


Formula (4) is the general expression for the theorem of three moments under 
uniform loads. When w’ =w’ and when // =/’’, or, in other words, when the 
load is uniform thruout and equal to w per linear unit and the spans equal, 
formula (4) becomes 

M’+4M" 4M" = —¥4 wl? C) 
Formulas (4) and (5) are used as follows: In any continuous beam of » spans 
there will be 7+1 supports, and assuming the beam not to overhang the enc 
supports, there will be »—1 unknown moments, the moments at the end sup. 
ports being each zero. An equation in the form of (4) or (5) is written for eack 
of the unknown moments at the supports, and the solution of these equation: 
will give the unknown quantities M’, MW”, M’”’, and the like. Substituting 
M’ and M” in formula (3), the vertical shear V’ at a support may be deter- 
mined, from which the bending moment at any point may be found by means 
of formula (2).. The accompanying Fig. 45 gives reactions, shears, and bending 
moments for continuous beams with uniform load over from two to five equa 
spans, 


Theorem of Three Moments for Concentrated Loads. If M’, M”, anc 
M’" are the moments at three successive supports of a continuous beam showr 
in Fig. 46, and P’ and P” are 
concentrated loads in the twe 
spans considered, P’ being dis 
tant an amount a from the sup 
port where the moment is M’ 
and P” being distant an amount 
é b from the support, where the 

Fig. 46. Continuous Beam Notation moment is M”; then the theo: 
rem of three moments become: 
to (pt2 9d TTD , 
MV 42M" 41") +M"l"' = a a (6 
If all the spans are the same length 1, and all the loads are equal and locatec 
at the mid-points of the spans this. reduces to 


M'+4M" +M" = —% Pl 


For a combination of uniformly distributed load and concentrated load or fo: 
spans containing more than one concentrated load the moments and shear: 
may be computed separately for uniformly distributed loading and for singk 
concentrated loads in each span, and the resulting moments and shears super 
posed for the combined loading. 


15. Tests of Beams 


Phenomena. In the discussion of beams, the general flexure formul: 
M =SI/c and the formulas for deflection are based upon the assumption that 
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the values of E for stress and deformation below the neutral axis are the same 
as for stress and deformation above the neutral axis. While in most cases 
there is a slight difference between the value of EZ determined from compres- 
sion tests and its value determined from tension tests, for the materials of which 
beams are usually constructed, steel, wrought iron, or timber, the difference is 
so slight that they may be assumed to be the same, as is usually done, without 
| appreciable error. The formulas for the resisting moment and deflection are 
obviously valid only when the stresses produced are within the elastic limit. 
Beams under test loads, when the loads are small compared to the ultimate 
capacity and the deflections slight, exhibit phenomena which tend to confirm 
the assumption made regarding the distribution of stresses and the deflection. 
In tests on beams the measured deflections agree closely with the computed 
deflections and are proportional to the applied loads, as-is indicated in the 
deflection formulas, up to a certain point, beyond which the deflections are 
found to increase much more rapidly than the loads, indicating the elastic 
limit of the beam. 


Modulus of Rupture. Since the expression M=SI/c is no longer valid 
after the elastic limit-of the material has been exceeded, it cannot be applied © 
to determine actual conditions after that point has been reached. For pur- 
poses of comparison of brittle materials, however, it has been found convenient 
to determine: the value of S from this formula when M equals the bending 

moment causing rupture. The value of S thus obtained for any material is 
termed the modulus of rupture and is found to be intermediate between the 
ultimate tensile and the ultimate compressive strength. It is to be noted that 
‘the modulus of rupture does not express the actual stress in the extreme fiber 
of a beam, but. is a quantity useful only as a basis of comparison. 


Average values for the moduli of rupture of common structural vaiginpince are as follows, 
in pounds per square inch: 


Brick... Timber... 


Cast iron 


It has been noted from tests that the shape of cross-section and the ratio of diameter 
to span affect the value of the modulus of rupture to some extent. 

The manner of failure of beams under test depends upon the material of which they are 
constructed and the relative shape. Beams of brittle materials, such as plain concrete, 
stone or cast iron, fail by the fibers giving way in tension. In other cases where the 
material is less brittle and more plastic, such as timber, the beam fails by the crushing 
of the compression fibers. Beams of ductile materials, such as. structural steel, bend 
when the yield point is reached and no value for the modulus of rupture can be obtained. 
Beams that are very deep in comparison to their length sometimes fail by the material 
‘shearing off near the supports. This manner of failure is, however, rare, except in the 
case of plain concrete or stone beams, where failure sometimes takes place along a diag- 
onal line near a support. 


16. Methods of Failure of Beams 


The table on page 360 gives a number of kinds of typical failures of beams, 
_ with the general precaution to be observed in order to prevent such failures. 


17. Resilience and Impact on Beams 


Resilience of a beam is the measure of its elastic resistance to external work. 
If in a simple beam a load P is gradually applied at the center until the beam 
comes to rest with a deflection of f, the load P has acted over the path f with 
_ a mean intensity of 44P, so that the external work K producing the deflection 
fis K=%Pf. This formula will also express the resilience of the beam pro- 
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Typical Failures of Beams and General Methods of Prevention 


Kind of beam Danger of failure by Precaution against failure 
“All eamSarlsi eters .« Rupture or excessive de-| Sufficiently large section modulu: 
formation of extreme} J/c. . 
fibers. : 7 
Long-span I beams and| Sidewise buckling of com-| Additional material on compre: 
channel beams; long-| pression fibers, sion side; sidewise bracing; lor 
span timber beams, ‘ working stress in flexure fo 
mula, S=Mc/I. 

Short-span beams. Buckling of web of beam. | Sufficient thickness of web t 


resist diagonal column actior 
stilfening angles riveted to wel 


Short-span beams with| Excessive shearing stress in| Sufficient thickness of web, 
thin webs. web, 


Wooden beams....... Horizontal shear along| Sufficient breadth of beam t 


neutral axis. allow low working stress i 
shear, 


Short beams, . beams} Crushing of web adjacent] Sufficient thickness of web 1 
with short end-bear-| to load orto end-bearing.| carry compression under load 
ings, beams carrying over bearing block; stiffenir 
concentrated loads. angles riveted to web and fitte 

against flange of beam und 
load or over bearing block. 


vided the load P has been applied so that no energy has been lost in produci 


-heat. For any beam of length / and under any conditions of loadipg, the wo 


K may be exprest in terms of the volume of the beam by substituting for 
its value obtained from the general flexural formula for the particular co 
dition of loading, and substituting for f its value obtained from the pror 


deflection formula, thus; ., ; ‘ 
nr (£) Al 
b\e 


in which a is a coefficient depending upon the kind of beam and the manr 
of loading being 1 for a cantilever loaded at the end, 2 for a cantilever wi 
uniform load, and 4 for a simple beam loaded at the middle; 6 is a coéfficie 
obtained from the formula for deflection, being 3 for a cantilever loaded at t 
end and 48 for a simple beam loaded at the middle and r is the radius of gy. 


tion of the section with respect to the neutral axis and is equal to VI /A, whe 
A is the sectional area. The quantity A/ is the volume of the beam. 


Stresses Due to Impact. The effect of a weight falling upon a beam 
to produce a deflection considerably greater than would be produced by t 
same weight being applied to the beam gradually or-in small increments. I 
P be a load which when falling from a height h on a horizontal beam produ 
a maximum deflection dj. The work performed in producing this deflecti 
is therefore P(k-+di). Let Si be the unit stress in the extreme fiber produc 
by the load P falling from the height # and S the unit stress produced by 
static load P, and let d be the deflection which would be produced by 1 


static load P. The elastic mae not being exceeded, the Cheer inate are p) 


' 
t 


Cs 
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portional to the unit stresses or di/d =S1/S, or if Q be the static load which 
would produce the deflection di, then d;/d=Q/P, or Q/P=S:/S. If none 
of the energy is lost in producing heat or giving movement to the beam, the 
external work and the internal energy stored in the beam at the moment the 
Jeflection reaches di may be exprest by 44Qdi, whence 4Qd1=P(h+d)), 
whence by combination with the above : 


Si=S+S (: +f) fein ae eS (: +) ae 
These formulas give the maximum unit fiber stress and the maximum deflec- 
ion due to the dynamic load P. In place of k in the above discussion its 
value V2/2 g may be substituted, in which V is the velocity at the moment of 
mpact and g the acceleration due to gravity, usually taken at 32.16 feet per 
second per second. S may be obtained from the general formula for flexure, 
M =SI/c,-and d from the proper formula for deflection under a static load. 


Tf a force P moving horizontally with a velocity V strikes a beam the ends of which are 
cured against horizontal movement, producing a lateral deflection di, the work expended 
n producing this.deflection may be exprest by Pdi, whence 


Si=S(2h/dy’? and di=d(ah/d)”? 


give values for the maximum unit stress in the extreme fiber under impact from a hori- 
zontal load moving with a velocity V, in which k= V2/2g. 


18. Columns 


A Column is a structural member in which the length is such compared 
with its least lateral dimension that failure under compression is most likely 
to occur by the rupture of the material in the extreme fiber owing to flexural 
stresses accompanying lateral deflection. Any compression member in which 
the length exceeds 8 or 10 times its least lateral dimension is usually termed 
1 column, strut, or post. 


Columns differ from other compression members in that in a column it is assumed that 
in unequal distribution of stress is liable to take place, resulting in flexure and lateral 
leflection. While theoretically an axial load in a perfectly straight symmetrical memher 
san produce only uniformly distributed stresses with consequently no flexure, actual 
experience teaches that when the length exceeds 8 or 10 times the least lateral dimension 
some flexure will result owing to the fact that it is practically impossible to construct an 
absolutely straight and symmetrical member and to load it absolutely axially. It is 
evident, moreover, that a lateral deflection once present, due to whatever cause, tends 
to increase with a corresponding iacrease in the flexural stress. 


The Length of a Column is usually taken as the distance between the 
points at which it is rigidly secured against lateral deflection. A long com- 
pression member with a number of points: of support dividing it into several 
sections may consist of several columns as in the case of the columns in a high 
steel building. In determining the unsupported length of each section, how- 
ever, only such points of support are to be considered as will prevent deflection 
of the’ column in any direction. 

Radius of Gyration. Since the strength of a column is so largely dependent _ 
upon its ability to resist flexural stress, the moment of inertia of its cross- 
section is an important factor in the determination of its carrying capacity, 
in place of the moment of inertia, however, for the. purpose of comparison 
it has been found more conyenient to use the Rapius or Gyration, which is 
; linear dimension. If J be the moment of inertia of a section with PESECGCS 
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to an axis, A the area of the section, and 7 the radius of gyration with reference 
to that axis, then the value of the radius of gyration in terms of the area and 
the moment of inertia may be found from the relation r2=J/A. Unless other- 
wise noted the radius of gyration is always taken with respect to ie axis ea 
the center of gravity of the cross-section. 

The axis of a columnis a line drawn thru the centers of gravity of the CrOReEecnCne 
If the column be perfectly symmetrical the moment of inertia and the radius of gyration 
will be the same for every axis thru the center of gravity of every section. In many columns 
used in strtictural design the cross-sections are not perfectly symmetrical, and there are 
therefore several yalues for the radius of gyration, depending upon the position of the 
axis thru the center of gravity. In the design of columns, therefore, it is necessary to 
know the value for the least radius of gyration in each particular case. 

The radius of gyration for a circle is d/4, where d is the diameter. For a rectangle of 
height ¢ and width b the radius of gyration for an axis parallel to d is 0.289 b and 
that for an axis parallel to b is o.289d. For-sections of rolled beams and shapes the 
values of the radius of gyration are given in Arts. 47-48, 

The Ratio of Slenderness of a column is the number obtained by divid- 
ing the length by the radius of gyration. The length and the radius of gyra- 
tion both being linear dimensions, the ratio of slenderness is an abstract number 
The radius of gyration and the length must be exprest in the same linear 
unit, and since it is current practise to give the radius of gyration in inches, it 
is necessary also to reduce the length of the column to inches before the ratio 
of slenderness can be obtained. 


Condition of Ends. The strength of a column being dependent largely 
upon its ability to resist lateral deflection, the condition of the ends has a 
marked effect upon the carrying capacity. The various conditions which may 
exist at the ends of columns are usually divided into four classes. Columns 
with ROUND ENDs are such that at the bearing at either end there is perfect 
freedom of motion, as would ‘be the case were there a. ball-and-socket joint 
at each end. Columns with HINGED ENDS are such as have perfect freedom 
of motion at the ends in one plane, as would be the case of compression mem- 
bers in bridge trusses where the loads are transmitted thru*end pins. 
Columns with FLAT ENDS have the bearing surface normal to the axis of the 
column and of sufficient area to give at least partial fixity to the ends of the 
columns against lateral deflection. Columns with rrxt ENDS have the ends 
rigidly secured so thatunder any load the tangent to the elastic curve at the 
ends will be parallel to the axis in its original position. 

Experiments prove that columns with fixt ends are stronger than columns with either 
Sat, hinged, or round ends, and that columns with round ends are weaker than any of the 
other types. Columns with hinged ends are equivalent to those with round ends in the 
plane in which they have free movement, while columns with flat ends have a value inter- 
mediate between columns with fixt ends and columns with round ends. _ It often happens 
that columns have one end fixt and one end hinged or have various other combinations. 
Their relative values may be taken as intermediate between those represented by the con- 
dition at either end. 

Euler’s Formula. Let A be the cross-sectional area of a column whose 
length is / and let P be an axial load under which the column is considered to 
assume a small lateral deflection f. Were the column absolutely straight and 
loaded absolutely axially and the material homogeneous it is evident that the 
load P could produce no lateral deflection, The deflection /, however, is 
assumed to be present, due to whatever cause, the load P being just sufficient 
to maintain the deflection f without the column returning to its original posi-~ 
tion or deflecting further. Assuming the origin of coordinates at one end with 
abscissas measured in the direction of the length and ordinates representing 
the deflections, the elastic curve assumed by the column would have the 
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differential equation EId?y/dx?= —Pf. From the integration of this equation 
and the determination of the constants of integration there results 


P= rE /? -Q) 


in which E has its usual value and » is a number dependent upon the inclina- 
tion of the tangent of the elastic curve at the ends. Giving to » proper values, 
formulas may be written for the several conditions of ends. For round ends 
n is taken as 1 and formula (1) becomes P =x7EI/I?, or, since J =Ar?, in which 
r is the radius of gyration, 


P/A =n? E(r/I)? (2) 
For a column with fixt ends is taken as 2, and formula (1) becomes 
Tr eET oe. nee Ne : 
P =4n or A =4r°E 4) (3) 


Formula (1), of which formulas (2) and (3) are special cases, is the general form of 
Euler’s formula for long columns. It is to be noted that the quantity /, or the deflection, 
does not appear. The load P in Euler’s formula, therefore, is the load which would be 
Tequired to maintain in the column any deflection which it might happen to have. A 
decrease in the load P would cause the column to return to its original position, while an 
increase in the load P would cause the deflection to increase indefinitely. The value of 
P in formula (x), therefore, may be taken as the ultimate strength of the column. For 
very long columns, where small loads produce marked lateral deflections, experimental 
results agree very closely with values computed from Euler’s formula. It will be noted 
that Euler’s formula does not involve the crushing strength of the material. For short 
columns failure occurs by crushing, not by flexure. For columns with values of //r 
from 50 to 150 failure occurs by a combination of crushing and flexure. For short columns 
Euler’s formula does not apply at all, the criterion being the ultimate in compression for 
brittle materials, or the yield point in compression for ductile materials. For columns 
with a value of //r less than about rso Euler’s formula gives results distinctly higher 
than those observed in tests. Euler’s formula is rarely used in practise... 


Rankine’s Formula is widely used for the design and investigation of 
columns employed in engineering practise. It is a modification of the formula 
which for many years was in current use under the name of ‘ Gordon’s for- 
mula.” Rankine’s formula is based on the assumption that columns in engi- 
neering practise are intermediate between long columns and short prisms 
failing by a combination of direct compression and flexural stresses accompany- _ 
ing lateral deflection. While under an axial load a perfectly straight column 
will be strest uniformly over its entire cross-section, any variation in structure 
will produce uneven distribution of stresses, resulting in lateral-deflection, which 
must be taken into account in safe design. Thus in a column in which P is 
the direct load, A the cross-sectional area, and S; the compressive stress due to 
bending, the maximum unit stress in the column will be exprest by P/A +5). 
Determining the values of S; from the ordinary phenomena of flexure assuming 

that flexure action in columns is analagous to that in beams and taking into 
consideration the condition of ends of the column, Rankine’s formula may be 
written 
' ye Ss 


A 1+9(l/r)? 


in which S is the maximum stress in the column, P the axial load, A the area 
‘of cross-section, / the unsupported length of the column, 7 the radius of gyra- 
tion of the cross-section, and @ a number depending upon the condition of 
the ends of the column and th “naterial of which it is constructed. The 
values of for vicious conditio.. are determined experimentally. Wide 
_ Variations in the values are found in columns of different shapes and materials. 
 Rankine's formula in the form above stated is applicable to the investigation 


- 
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of columns in which the factors P, 4, 7 and r are known and ¢ is assumed f 
the given conditions. The value of S them determined when compared wi 
the ultimate strength and yield point of the material will determine the fact 
of safety and the degree of stability of the column. 

In Rankine’s formula the following average values for ¢ are to be used: see also Secti 


8, pp. 823, 844, and 912. 
The value of S to be us 


Rares Bi ey eee a of Fa 

Columns elles shou’ e allowable cot 

Material Both ends one end fixt,|} Columns both pressive unit stress, while 4 

F fixt one end ends round computing in cases of ruptu 
znd it should be the ultimate co 

Timber: een alaloe see ee pressive unit stress for brit 
Weep cea a ‘ rede ae Taco bps | materials or the yield poi 
Wrought iron. / Uae 000 |r ey 6 000 ay 6 coo SN co eee fone 
Steel m5 4 ie 195 ie 4 ie materials. Rankine’s formu 
Saprgatireas | 5.000 |1.95/25 000 devs 25 000 should be. used beewecnnt 

! limits of 20 and 150 for J/r. 


Straight-Line Formula. The plotted results of actual tests on colum 
show that the relation between ultimate load and //r is fairly well represente 
by a straight line, for columns which fail by flexure of the whole column, and ni 
by local collapse. For a value of //r =o the average unit stress on the sectio 
P/A, is equal to the ultimate in compression for brittle materials and to fl 
yield poimt in compression for ductile materials. From the point thus dete 
mined the straight line representing the average results of tests is drawn tangel 
tothe curve of Euler’s formula for the material. The equation of the straight lit 


P/A =S —Cl/r 


~ isin which Sis the unit stress at the ultimate in compression for a brittle materi 
or at the yield: point in compression for a ductile material, and C is a constai 
determined by experiment. 

The following table gives average values of S and C for Herder) a 
cast iron, and wood. The loads. given by the straight line formula using tl 
constants in. this table are ultimate loads: - 


Ultimate Strength Constants for the Straight-Line Column Formula 
X P/A =S—Cl/r 


| Material and end condition Ss Cc ‘| Limit of L/r 


) Steuctural steel: 


Round ehdses 2. 62.ik [a soa) als a fee esas 35 000 150 160 

BUR CRIS yy, ctire cr acste svete dhiars aw arentbiars 35,000 UM 320 

One end round, one fixt 35 000 100 240 
Cast iron: 

ROWHU ena s aise rere sates centrale 34 000* f I75 go 

PUEDES ay ara vctelotere, cikeseenays suste vier 34 090* 88 160 

One end round, one fixt 34 000* a 116 115 
Wood: 

RaGad ends Msits. odd. 4 worden 5 000* 73) 75) 

Fixtoendsiec).. ciclo! as «is ered raoeugt 5,000 37 150 

One end round, one fixt.............. 5. 000* 5° 112 


* This. is less than the ultimate in compression for small specimens of cast iron or woo 
_ but from tests of full-size columns seems to be the value to be used: for full-size satis 
or timbers.which may containdefects, . . é 
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For purposes of design the straight line formula is usually put in a form which gives 
working loads directly. Both the constant S and the constant C are divided by a factor 
of safety. Examples of such straight-line formulas for wotking Joads on columns are 
given on p. 844, Section § for structural steel columns, on p. 843, Section 8 for cast-iron 
columns, and on p.762, Section 7, for wooden columns. Ina general way, in the straight- 
line formula P/A represents the average unit stress on the cross-section of the column 
at the middle of its length, and Cl/r represents the unit stress at the extreme fiber on the 
concave side due to flexure. S represents the stress at the extreme fiber on the concave 

to both direct compression and flexure. 


Eccentric Loads. In many column designs the loading will not act along 
the axis of the column but at some distance from the axis; such loads are called 
eccentric loads, and the distance from. the axis is called the eccentricity. It is 
evident that the greater the eccentricity the greater the flexural stresses, and — 
that the unit compressive stress S on the most comprest side of the columf 
will be greater than for axial loading. Let P be the load at distance z from 
axis of column; then Pz=M, the moment at axis. If the amount of unit stress 
along the side nearest the load is called S, then Rankine’s formula may be 
Written in the following form: 4 


-F( ( Piyce 
TAN TE gy kp 


where ¢ =distance from axis of colunin to side of greatest compression. The 
straight-line formula may be notified for eccentrically loaded columns as follows: 


(P/A) (1 +c2/r?) =S —Cl/r 


Shear in Columns. For columns built up of two or more members held 
together by lattice bars the shear is of importance because the stress in the 
lattice bars is due mainly to shear in the column. The distribution of flexural 
stress in actual structural columns is too rregular to permit a satisfactory anal- 
ysis foc.shear.. Tests at the University, of Ilinois and general successful. prac- | 
tise in the design of Jarge columns indicate that the total shear on any cross- 
section of a column may be taken as not greater than 2.5 percent of the axial. 
load, and that the lattice bars may be designed to take the stress corresponding 
to this shear. ; 


Tf P is the axial load on the column, then the shear at any cross-section may be taken 
as 0.025P. If there are lattice bars on each side of the column and @ is the ahgle which 
the lattice bars make with the axis of the column then the load carried. by each baris 
0.025 P/a cos @ for single latticing and 0.025P/4 cos 6 for double latticing. The average 
stress in the lattice bars’ should be very low as they themselves are often long, slender 
and eccéentrically loaded’ columns. The average’ stress for a lattice bar should not be 
over 5000-6000 lb'per'sq in. Lattice bar design is further discusséd in Section 8, p. 917. 


19. The Behavior of Columns under Load 


Steel Columns may be either one-piece columns, such as H-section columns, 
or built-up columns, such as latticed channel columns. Fig. 47 shows various 
forms of cross-section for structural steel columns, and others are shown in - 
section 8, page 911. When loaded: to: failure well-designed steel columns fail’ 
by buckling of the whole column, showing’ points of inflection if the test column’ 
is fixt-ended. Columns made up of very thin parts may faili by local “ wrin- 
kling ”’ of metal. The Manual of the Am. Ry. Eng. Assn. specifies that the 
minimum thickness of web: for a built-ip steel! columm’ shall be 1/s0'the widtly 
between the lines of rivets connecting it to’ the flanges, and that the minimum 
thickness of cover plate shall be 1/4) the distamce between nearest rivet lines. 


‘ 
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Three important series of tests of steel columns were made in 1917 by the U. S. 
Bureau of Standards (see Engineering News-Record for June 28,1917 and Feb. 7, 
1918, and U.S. Bureau Standards Tech. Paper 1ox for summaries of results). These 


GEPLTE) TESS 


Fig. 47. Sections of Steel Columns 


tests included a variety of forms of steel columns and emphasize the dependence of 
* strength of column on the yield point in compression of the material. The “useful 
limit point,” see p. 377, was used as a criterion of compressive elastic strength. The 
strength of structural steel in compression was found in some cases to be distinctly 
less than the strength in tension. No marked superiority was found for any particular 
“type of column, but.coiumns made up of channels connected by batten plates were 
found to be weaker than columns in which the flange members were connected by latticing. 
Cast-Iron Columns. The majority of designers at the present time have turned 
from the use of cast-iron columns to those of steel, but yet there seems to exist in the 
mind of some designers an impression that cast iron fulfills the necessary qualification 
as a material for columns. Tests of full-size cast-iron columns have been made at the 
Watertown Arsenal and at Phoenixville, Pa., and both series of tests showed that for short 
columns the strength in compression is much less than the strength of small test speci- 
mens of cast iron. This is probably due to the imperfections always present in iron cast- 
' ings. The cross-section of cast-iron columns is usually a hollow circle. For short 
columns failure of test columns takes place by shearing on an inclined plane; for long 
columns failure takes place by rupture on the convex side. Failure of cast-iron columns 
is always a sudden, shattering failure. Where the load is concentric and the stresses can 
be accurately determined, cast iron is used, by a good many designers, in certain places 
where steel would be more expensive. It is important that a very careful inspection be 
made of the cast iron and all pieces with flaws and blowholes be rejected. 


Wood Columns are usually square in cross-section. Tests of full-size 
wood columns show lower strength for short columns than is shown by com- 
pression tests of small specimens of wood, the cause being, doubtless, the pres- 
ence of defects and the non-homogeniety of the material. Wood columns 
fail less suddenly than cast-iron columns, but more suddenly and completely 
than steel columns. Wood columns are especially sensitive to effect of length 
on strength. 


Brick and Terra Cotta Columns usually have low values of J/r so that 
length does not play much part in determining their strength. The care used 
in laying up the brick or the terra cotta tile, and the strength of the mortar 
used are important strength factors. If loaded to the danger point brick and 
terra cotta columns are liable to fail very suddenly and to collapse completely. 
See p. 421. 


Concrete Columns are discussed in Section 5. 


20. Torsion of Shafts 


If a straight bar of material such as a round shaft be thoroly gript at one 
end and a twisting force applied at the other end, a state of stress is set up 
in the bar called torsion. The angle thru which a fiber of unit’s length is 
turned is called the ANGLE OF TORSION. The twisting of the bar is produced by 
two couples, one consisting of the applied force with its lever arm, and one at 
the grip, with its lever arm. The conditions of equilibrium are that the mo- 
ments of these couples must be equal. 
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Resisting Moment is the couple acting at the grip multiplied by its lever 
arm. If S be the unit shearing stress acting at a distance c from the axis of 
the bar, then S/c=the unit shearing stress at a unit’s distance from axis of 
bar, and Sz/c would be the unit stress at any distance z from the axis. If this 
be considered to act over an elementary area da, then the moment of this 
stress, at distance z from axis, about axis would be da.Sz?/c, and the sum- 
mation of this between proper limits would be the resisting moment. The 
summation of da multiplied by z? is the sum of the products of each elementary 
area multiplied by its distance from the axis of bar. This expression is called 
the polar moment of inertia and will be represented by the letter J. 


The Polar Moment of Inertia of an area is the moment of inertia about an 
axis which is perpendicular to the plane of the area. It is equal to the sum of 
the moments of inertia of the area about two axes which are in the plane of the 
area, which intersect at the point where the axis of the polar moment of inertia 
pierces that plane, and which are at right angles to each other. For torsion 
the polar moment of inertia about an axis thru the center of gravity of the 


area is of most importance. The polar moment of inertia of a circle is ee d‘, 


twice its moment of inertia about a diameter. 

Torsion Formula for Round Shafts. Considering a force P acting at 
one end of a shaft at a distance e from the axis, the moment of this force about 
the axis is equal to Pe. The resisting moment at the gript end would be 
SJ/c, and from the conditions of equilibrium SJ/c=Pe, or S =Pec/J, which 
is the torsion formula for round shafts. 

The twist of a circular shaft of length } subjected to a twisting moment Pe 
is @=Pel/JF in which F is the modulus of elasticity of the material in shear, 
and @ the angle of twist inradians, Values of F for various materials are approx- 
imately: 


EPeH ally QEAGES) 21. «2 cisccjc\sivievs hate aloeepe Rb s esas 12 000 000 
VED GRNE ICOM: S Fa pePsl «raia,05! eyo e veslstoye: ddeverstaPerctepers 10 000 000 
MGBSE TOM Piatto. crete. cldis wrorecmestelotee pave 6 000 000 


Solid and Hollow Suafts. In the design of a solid round shaft J= ad4/32 
and ¢c=%d. These values substituted in the preceding formula give Pe = 
/\srd°S. If the shaft is to be designed for the transmission of power, d =68.5 
(H/nS)¥s, where H is the Jhorse-power transmitted, » the number of revolu- 
tions per minute, S the allowable unit stress in pounds per square inch. On 
account of the greater strength of hollow round shafts over solid shafts of the 
same section area the former are often used for large sizes or where light weight 
isessential. In the design of hollow round shafts the value of J must be exprest 
in terms of the inner and outer diameters. Letting d; be the outer diameter, 
d, the inner diameter, J =1/32 x(d,4—d2'), and c =14 d;, the torsion formula then 
becomes S(d;4—do")/d, =321 000 H/n. In hollow shafts as in hollow beams the 
material is removed from the axis where it is but little strest and placed 
where it can resist the twisting moment more efficiently. It is obvious that 
the formulas for solid and for hollow shafts become the same when d® equals 
(d;4 —d,*)/d,. When the section areas are equal then d? must equal (di? —d22). 
From these two equations the ratio of strength of a hollow shaft to a solid 
shaft of the same section area is (2 d;” —d?)/ddy. 

Shafts with Non-Circular Cross-Section. The distribution of shearing 
stress in such shafts, while somewhat similar to the round shafts, is more 
complex. As an example, it has been found from experiments that no shear- 
ing stress exists at the corners of a rectangular shaft, while at the middle of 
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: i 
the wide. side the shearing unit stress is greater than at the middle of the 
long side. For any section with re-entrant angles, such as an I-section, the 
stress at the apex of the angle is, theoretically, infinite, and practically there i: 
a minute area of very’ high stress which may not be important under static 
loading, but forms a nucleus for cracks under repeated loading. The accom- 
panying table gives values for the approximate stress set up under torsion in 
shafts of various cross-section. The values are those determined by Bach, 
and later modified by Kommers as the result of experiments on specimens of 
brittle material. 


Shearing Stress under Torsion in Shafts of Various Cross-sections 


S, maximum unit shearing stress, in Ib per sq in 
Pe, twisting moment in inch pounds 


Cross-section RY Cross-section RY 
Fiz. 43a Fig. 485 
36 Pe ee 
« da 2 bh 
16 Ped’ 9 Pe 
aw di—dot a he 
Epo. chi 
a ab3 “a he 
Tf 2a > 26 
2 _ Peb 9 Pe 
am ab3 —aubo3 a he 
\ 1.09 Pe 9 Pe 
b? ahi 
20 Pe Qg Peb 
bs 2 Bh — batho 


For a shaft of any cross-section not having re-entrant angles St. Venant gives an 
approximate expression for the angle of twist measured in radians, , 
4am*Pet 
FA! 


in which A is the area of cross-section and the other symbols have the same significance 
agin the preceding paragraphs. k 


Computed Twisting Strength. In the twisting of a round bar to the 
point of rupture, failure takes place first on the circumference and then on 
the interior until complete shearing of the shaft is effected. The value of $ 


‘ 
<) 
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computed from the case of failure does not agree with the ultimate shearing 
strength of the material. .Average ultimate computed twisting strengths of 
the different materials are as follows in pounds per square inch: cast iron 30 ee 
wrought iron 55 000, structural steel 65 000. 

By the use of these average values the probable twisting moment that will cause 
rupture of round shafts, or the size of shaft that will fail under a certain twisting 
moment, may be approximately ascertained. The above values are larger than the — 
ultimate shearing strength of the same materials, and this may bé said to be due to 
the fact that these values have been computed from a formula which does not correctly 
represent the distribution of the internal stresses, while the ultimate strength of a 
material is a constant. When the angle of twist in a test due to the moment Pe reaches 
@ point where it does not increase uniformly, the shearing elastic limit is reached, and 
from the formula ‘S=Pec/J may be computed the elastic limit for shear. Therefore the 
constants given above should be used with a proper factor of safety. 

Shaft Couplings. When two lengths of shafting are to be joined together 
the connection is made with a coupling. The bolts used in such coupling 
transmit the torsion from one length of shafting to the other and therefore 
are subjected to shearing stress. This shearing stress is similar to that in the 
body of the shaft and is the greatest upon the side of the bolt most remote 
from the axis of shaft. If J; represents the polar moment of inertia of one bolt 
with respect to the axis of shaft, being equal to the polar moment of inertia 
of its cross-section about its axis plus the section area of the bolt into the 
square of the distance between the axis of shaft and axis of bolt, then in order 
that the strength of bolts and shaft be the same J/c =Jin/c1, ci being distance 
of the most remote fiber of bolt from’ axis of shaft, and the number of bolts. ~ 
Calling D the diameter of shaft, d the diameter of each bolt, and # the distance 
between axis of bolt and axis of shaft, and substituting the values of J and Jy 
in the equation J/c =Jyn/c;, an expression for finding thé proper diameter of 
the bolts would be formed. As this equation with proper substitutions is an 
awkward expression for finding the value of the diameter, it is general. practise 
to assume the shearing stress uniformly distributed over the area of the bolts. 
On this assumption ¢ =h, J, ='4xd?/?, and J/c=1/isrD*. Equating the equa- 
tion J/¢=Jin/c, with the proper substitutions it reduces to D*’=4 nhd? and 
d=4(D°/nh)'4, from which if » is known the diameter of bolt necessary can be 
found. The value found from the approximate formula is about ro percent 
larger than the value found from the accurate formula. 


21. Combined Stresses 


Flexure and Compression. The ordinary manner of determining the 
amount of compression existing in a bar under an axial force is to consider 
the axial compression and the compression produced by flexure. Thus, calling 
S the maximum unit stress due to the axial force and the flexure, Sq the axial 
‘compressive stress, Sy the unit compressive stress due to flexure, then S =S;+Sa, 
where Sy=Mc/I and Sg=P/A, I being the moment of inertia, c the distance 
of the extreme fiber, and A the area of cross-section. If the member is slender, 
‘a more exact method‘must be used in finding the total compression. Calling 
‘M the bending moment due to the transverse loads, P the axial load, e the de- 
flection, then the total bending moment is M-+-Pe and Sy=(M 4Pe)c/I. The 
value of e may be assumed to equal al*Sy/gEc from the action of beams under 
‘transverse loads. Substituting this value of e, the maximum unit stress on 
the concave side of the column is 
j ) P.. Mc/I 

: =7+ 
; A aPl2 
; pare pet 
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in which E is the modulus of elasticity, / the span, and a@ and @ numbers 
depending upon the arrangement of ends and the kind of loading of the beam. 
a 6 
Cantilever beam loaded at end............0seceeeee sy | 3 
Cantilever beam uniformly loaded 
Simple beam loaded at middle..............4 4 48 
Simple beam uniformly loaded...............sceeeeeses 8 384/5 
8 
8 


Beam fixt at one end, supported at other, uniform load... 186 
Beam fixt at both ends, loaded at middle........:....... 192 
Beam fixt at both ends, uniformly loaded.......+........ 12 384 


In Flexure and Tension the method of finding the total amount of ten- 
sion is similar to that for flexure and compression. Calling S the maximum 
unit stress due to the axial force and flexure, Sq the axial tensile unit. stress 
Sy the tensile unit stress due to flexure, then S=Sqa+Sy, where Sy=Mce/f 
and Sg=P/A. For a more exact formula, let Mi equal the bending moment 
that produces the stress S, M the bending moment due to flexure, P the axial 
load of force, e the decreased deflection; then M:1=M—Pe, and using the 
same reasoning as in the more exact method of flexure and compression, the 

pen dak Sa PMs (: en 
maximum tensile unit stress is 7 ai: BEI 
being the same as given in the previous paragraph. 


Flexure and Torsion result when a shaft is supported by hangers and 
loaded with pulleys for the transmission of the horse-power H. Find the flexural 
unit stress from S =32 M/xd' and the torsional unit stress from Sy =321 000 
H/nd*. Then the maximum apparent tensile and compressive unit stresses 
S, and S¢, and the maximum shearing unit stress Ssn, are given by 


an) the value of a and 8 


St=Se=YS +VSs? + (14S)? Ssn = VSs? + (16S)? 


The above formulas may be used whether shaft be solid or hollow by substi- 
tuting the proper values for d. If shaft is round and hollow (d,4 —d24)/d, 
should be substituted for d®, where d, equals outer diameter and de equals 
inner diameter. 

Using the maximum strain sary the maximum “ true ”’ tensile—or compres- 
sive—stress is 


T1 =r —p)S +(1 +) V'Ss? +045)? 


in which # is Poisson’s ratio. For steel p may be taken as 44 and the above 
equation becomes 


Ty = 6S +4/3V Ss? +(145)? 


22. Miscellaneous Cases ; 
Eccentric Forces are sometimes applied longitudinally to the ends of a simple 
beam, instead of along the axis, in order that they may not increase the de- 
flection of the beam. Let P be an eccentric tensile force acting at the distance 
e above the centers of gravity of the end sections, let f be the deflection and M~ 
the bending moment before the application of P. Then P(e+f)=M, whence 
the distance e should be e=M/P—f. When P is a compressive force it is 
applied below the axis at the distance e=M/P+/. As an approximation 
for both cases e=M/P. ? 
Curved Beams. Let the upper and lower sides of a beam, instead of be- 
. ing straight, be curved in circular arcs. Let the radii of the concave and con- 
vex | sides be 7; and 72 the centers of the circular arcs being coincident. When 


. 


Art, 22.” Miscellaneous Cases ~ 371 


such a beam is of rectangular section, the neutral surface, after the applica- 
tion of a load, is between the central axis and the concave side. Let a and 
é be the distances from the concave and convex sides of the beam to the 
_ neutral surface, and re—r;=d. Then, 


q=—n+r and c,=r,—r where r=d/ (Nap log r2 —Nap log r1) 
Let } be the breadth and d the depth of the beam, or d=rz—r,._ Then, 
ag 26, 202M 
~ bdr: (C2 —c1) *” bd (Cz 01) 


are the unit stresses at the upper and lower surfaces due to the bending mo- 
ment M. When m=72=, then the beam is straight and aboye formulas 
reduce to ¢ =co=14d, S;=6M/bd?. When 7 is very small, as at the inside 
corner of a channel, then c, is very small and S) is very large, If r; =o, then 
€1 =O, C2 =d, S:=, and S; =2M/bd?. 

The high values of stress at the inside of beams with sharp curvature is espe- 
cially important in beams subjected -to repeated stress, in which case local 
over-stress may start a crack, which, spreading, may cause eventual failure. 

The following table gives values of factors for obtaining the value of maxi- 
mum stress in curved beams of circular and rectangular cross-section from the 

" values of stress given for straight beams of the same cross-section by the common 
flexure formula M =SI/c: 


Factors for Maximum Stress in Curved Beams 


To obtain the maximum fiber stress compute the stress as for a straight beam, and mul- 
tiply the result by the appropriate factor given in the table: 


Ratio of depth or diameter 


Mcanutciradiis off Factor for beams of Factor for beams of 
Ce ete a ede rectangular section circular section 
0.2 1.06 1,07 
0.4 1.12 1.14 
0.6 1.18 ein 
0.8 1.23 1.27 
1,0 1,29 PHY 
r.5 1.41 1.48 
2.0 1.52 1.62 
3.0 1.73 1.87 
4.0 1.92 2.12 


Helical Springs. A helical spring is formed by winding a wire closely around 
a cylinder which is then removed. Let d be the diameter of the wire, D the 
mean diameter of the helical coil, NV the number of coils, P the longitudinal 
axial compressive load on the spring, and F the modulus of elasticity for shear- 
ing. The stress produced in the wire is one of shearing. The unit stress Ss 
and the shortening ¢ of the spring are approximately 


_8DP 8ND§P 
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When P is a tensile load then ¢ is the elongation of the spring. These formulas 
are only valid when Ss does not exceed the shearing elastic limit of the wire 
which is from 0.5 to 0.6 of the elastic limit in tension. 
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Circular Plates. A flat circulat plate of radius 7 and thickness ¢ siipports 
a uniformly distributed load of # per square unit. The flexural unit stress S 


6f tension or compression at the middle of the plate and the defléction f at that 


point are given by : 
S =mi(7/t)*p f =n(r/t)®rp/B 


where m and » are numbers which vary with the kind of material, and EZ is the 
modulus of elasticity. 


Wrought Iron and Steel Cast Iron Plain Concrete 
Plate supported around { m=1.00 : m=1.12 Mm=1.35 
the circumference n=0.67 n=0.74 n=0,86 
Plate fixt around m=o.67 m=0.75 m=0.90 
the circumference { n=0.17 n=0.18 n=0.19 


For a circular plate which carries at the middle a load of # lb per sq in 
uniformly distributed over a circle of radius 79, the value of S is, for a supported 
plate, 


r 
S=m (x +2 Nap log) (ro/t)*p 
0: 
in which m has same values as’ above. Example: when rx=14r, then S is 
0.26(r/t)?p for cast iron and 0.23(r/t)2p for steel. 
Elliptical Plates. Let 2a and 2b be the axes, ¢ the thickness and be the uniform 


load per square unit. The plate’ tends to crack along the longer axis, and the greatest 


unit stress is 
a%h?. ap 
mie ae cary 
in which the above valiies of m for circular plates may be used. 


Rectangular Plates. Let 2a be the shorter and 20 the longer side; when the 


plate is fixed at the corners, then above formula for the elliptical plate may be 

used with above values of m for a circular supported plate. For a square plate ~ 
of side 2a and supported on edges S$ =9/sm(a/t)?p, while for one fixt on all j 
edges S=%4m(a/t)*p in which m has above values tor supported and fixt cir | 


cular plates. 


Square Panels. Let an unlimited plate have many supports dividing the plate into 
inany square panels, 2a being the side of each panel. The greatest unit stress S in thé 
plate is S=8/gm(a/t)*p in which m has the values given above fot 
circular fixt plates. This applies to the flat stayed plates of steam boilers. 


Hooks. When a hook sustains a load P there exists in thé 
distance from the line of action of P to the center of gtavity of the 


ity to the inner edge of the bend, A the area and? the least 
‘radius of gyration of the’ cross-section then 


; 


sent (048) ie 


Fis. 49 gives the tensile unit stress at the inner edge of the bend in 
which k is a factor depending on the ratio of d the depth of the 

-eross-section of the hook to R the inner radius of curvature of the hook. 
& varies for different sections but an BUpROsaa ate value may be — from 
the following tables 3 


cr 


be Es ee oe ee 


bend of the hook combined tension and flexure. Let e be the — 


cross-section at the bend, ¢ the distance from that center of grav= — 
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d/R k a/R k 

0.2 1.06 1.0 1.31 a - 
O4 1.13 1.25 1.39 

0.6 1.19 1.50 1.44 

0.8 1.25 1.75 1.50 


2,00 1.57 


Circular Ring. When a circular ring.of mean radius R is pulled in the direcrron 
of a diameter by two tensile forces each equal to P, the maximum bending moment is at 
abe section, where P is applied, where it equals 0.318 PRand the unit stress is 


S=0.318k'PR/o. 09 8d3 


in which #’ is the factor for a curved beam of circular cross-section given in the table 
on p. 371 and d is the diameter of the cross-section of the ring. 


TESTING AND INSPECTION 
23. Testing Apparatus 


Testing Machines for determining the strength of materials of construction 
are of various types. A testing machine consists of a mechanism for apply- 
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Fig. 50. Screw-power, Compound-lever Testing Machine 
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ing a large force to a test specimen and a mechanion for determining thes mages: 
tude of the force applied. 
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The Screw-power Compound-lever Testing Machine is the type in 
most common use in the United States, and it is shown in diagram in Fig. 50. 
Power is supplied by a belt drive or by a direct-connected motor, and the power 
is transmitted thru a series of gears to vertical screws which operate the cross- 


head of the machine. The force applied by the belt is multiplied many times - 


by the gearing and the screws. This multiplied force is applied to the test 
specimen by the cross-head. If the specimen is a tension specimen it is placed 
between the crosshead and the upper head of the testing machine, if it is a 
compression specimen or a cross-bending specimen it is placed between the cross- 
head and the weighing table. In any event as the cross-head moves downward 
the specimen transmits downward pressure to the weighing table. -The weigh- 
ing table is supported on compound levers, Li Ly’, Fig. 50, which are fitted with 
knife-edge bearings, and these compound levers transmit the force, reduced, 
to a simple lever, Ze, Fig. 50, which, in turn, transmits the force, still further 
reduced, to the weighing beam. As Joad is applied the beam is kept in balance 
by moving the poise, the position of which indicates the load on the specimen, 
when the beam is in balance. 


For Flexure Tests, I beams may be placed upon the weighing table, with 
suitable bearing blocks on their top flanges to ‘support the beams to be tested, 
or the machines may be arranged with wings extending from the side and 
forming a part of the weighing table. The method of applying and registering 
the load is the same as in the compression test. 


Other Types of Testing Machine. A type of testing machine frequently 
used for very large machines uses the principle of the hydraulic press for apply- 
ing the load, and measures the load by some form of pressure gage.. Machines 
of this type of moderate size are made with plungers so carefully ground to fit 
their cylinder that no packing is necessary, and such machines are very accurate. 
Large machines use plungers with packing, and the variation of friction of the 
packing renders their readings less accurate than machines with compound- 
lever weighing devices. The hydraulic press type of testing machine is simpler 
and cheaper than the screw-power, compound-lever type. Another type of 
testing machine weighs the load by means of the displacement given to a heavy 
pendulum. For small machines spring balances are sometimes used to measure 
the load. The accurate adjustment of a spring balance for zero load is a matter 
of some difficulty. \ 


The Emery Testing Machine uses dmc’ pressure to apply the load 


to the specimen and transmits the load from the specimen.to a hydraulic pres- ~ 


sure cylinder, or pressure box, in which the plunger is replaced by a plate mounted 
on a thin metal diaphragm. This pressure box is filled with liquid and con-» 
nected by means of a pipe to a smaller pressure box fitted with a plate and dia- 
phragm, and the load on the smaller pressure box is weighed by means of a 
compound-lever balance. This hydraulic weighing device is extremely sensitive, 
and its accuracy’is high. The Emery machine i is very costly. 


Calibration of Testing Machines. Testing Sanehined are ealibrated by 
means of calibrating levers, or by means of a standard tension test specimen. 
Calibrating levers consist of a pair of simple levers with known ratio of arms. 
These ‘are placed so that their fulcra bear on the weighing table of the testing 
machine and the knife edges at the ends of the short arms press upward against 
the crosshead. Known standard weights are hung from the end of the long 
arms of the levers, and the poise reading on the balanced beam of the testing 
machine compared with the known pressure on the weighing table produced by 


the standard weights, This method of calibration is used for comparatively 


small loads. 
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For larger loads the reading of the beam of the testing machine is checked 
against the elastic stretch of a standard bar fitted with an-extensometer. This 
method can be used to test machines to their full capacity, but the standard 
bar itself must be calibrated by loading in a standardized testing machine. 


Accuracy and Sensitiveness of Testing Machines are two distinct char- 
acteristics. A machine is accurate if the readings of the machine agree closely 
with the actual loads applied by the machine. A testing machine is sensitive 
if a small change of load is indicated by a distinct movement of the beam or 
other weighing mechanism. A testing machine may be very sensitive, and yet 
very inaccurate. 

Machines for Torsion Tests are of two types. In the Thurston machine * 
one end of the specimen is held by a chuck in a horizontal spindle in the top 
of an A frame. The other end is held in a similar manner in a parallel frame. 
One spindle is rotated by means of a worm gear and crank. The motion is 
transmitted thru the specimen to the other spindle, to which is attached a 
weight on the end of a vertical bar. Any motion of this spindle will move- 
the weight out of the vertical, and a torsional stress in the specimen results. 
The position of the weight will then be a measure of the stress, since its moment 
will be proportional to its deviation from the vertical. : 


Another form of machine consists of two parallel heads in which are chucks for holding 
the specimen, one head being operated by gears and the other attached to a weighing 
system, consisting of a compound lever. In order to keep the specimen central during 
the test, parallel levers are used between the weighing system and the head. The 
moment in inch-pounds is read from a scale beam. 


Abrasion Machines are used for determining the toughness or resistance 
of road materials to wear. For testing macadam, the Deval machine is used. 
It consists of four cylinders 20 cm in diameter and 34 cm in depth, inside, 
mounted on a shaft at an angle of 30° with the axis of rotation. A charge 
of 5 kilograms of broken stone is placed in each cylinder, each charge consist- © 
ing of 50 pieces. The cylinders are rotated 10 000 times at the rate of 30 to 
33 per minute. The percentage of loss is computed from the amount of worn- 
off material that will pass thru a 1/1s-mesh screen. 


For Abrasion Tests of paving brick, the cylinder or rattler adopted by the National 
Brick Manufacturers’ Association is used. This consists of a barrel 20 in in length, 
inside, and whose cross-section is a. fourteen-sided polygon, 28 in in diameter, supported 
on either trunnions or rollers, but in no case does a shaft pass thru the barrel. The heads 
are made of cast iron, and the staves are of steel. The space between the staves must 
not exceed 5/15 in. The charge for bricks of “ block-size ” is ten bricks and with these 
bricks are placed in the rattler ten cast iron spheres 334 in in diameter and 300 lb of 
cast-iron spheres 174 in in diameter. These cast-iron spheres are weighed after every 
ten tests and when a large sphere is found to weigh less than 7 Ib, or a small sphere less _ 
than 34 Ib new spheres are substituted. “ 

The charge is rotated 1800 times at the rate of 29.5 to 30.5 per minute, and the per- 
centage of loss is calculated in terms of the weight of the dry brick composing the 
charge. The average of five tests on separate charges of brick is considered an official 
test. (Seep. 386.) 

Extensometers are used for measuring the small elastic deformations within- 
the elastic limit, and for detecting the stress at which the elastic limit is ex- 
ceeded. An extensometer consists essentially of two clamps which are fastened 
to the test specimen, and one or more micrometer devices by means of which a 
very small change of distance between the clamps can be measured. For all 
accurate measurement of elastic deformation of tension or compression speci- 
mens the extensometer should be attached so as to measure deformation along 
two or three symmetrically spaced axial lines on the specimen. Types of 
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micrometer devices used in extensometers are: the sctew micrometer, in which _ 
a very small axial motion of a screw is accompanied by a large circumferential 
motion of a dial attached to the screw; clockwork dial gages; multiplying levers; 
microscopes; and the “ optical lever” in which a very small angular motion _ 
of a mirror changes the direction of a reflected ray of light. Extensometers for 
general use usually measure deformations to the nearest ten- petiey ee of an 
inch. 


The Strain Gage is a special form of extensometer which can be attached 
to a specimen or moved from one gage line to another between readings. It 
consists of a pair of trammel points PP’, Fig. 51, attached to a frame FP. One 


YY WMH YY Yl Ye 


WE: ie Gi Zi 
Fig. 51. Strain Gage 


of the points, P, is movable and the motion of this point is measured by means 
of some micrometer device, M7, usually a clockwork dial gage. The trammel 
pints are conical in shape, and are made of hardened steel. On the specimen 
there are laid out gage lines along which deformation is to be measured, and at 
the ends of each gage line are: drilled small holes kh’ into which the trammel 
points fit, The strain gage may be clamped to a specimen, or, the reading of 
the strain gage may be taken under zero load, the instrument removed, and after 
an increment of load has been applied another reading taken, the difference in 
the readings being the deformation. Corrections for temperature deformations 
are made by taking readings on a “standard bar” which is not subjected to 
stress, but is subjected to the same temperature changes as the specimen or 
structure under test. In skillful hands deformations can be measured with a 
strain gage to the nearest ten-thousandth of an inch. The strain gage can be 

~ used to measure deformations in a structure or machine as well as in a test speci- 
men. One instrument can be used for a large number of gage lines. In a 
test of stress determination in a reinforced concrete floor slab in the Soo Line ~ 
Freight Terminal in Chicago measurements of deformation along over 1000 
gage lines were made, and five strain gages were used. For detailed discussion 
of the use of the strain gage see Proceedings of the American Society for Testing 
Materials, Vol. XIII, p. 1o19. 


For measuring the dimensions of cross-section of a test specimen micrometer calipers 
are usually used. For measuring the relatively large deformations beyond the yield- 
point, and the elongation of tension test specimens after fracture measurements with 
dividers and steel scales are sufficiently accurate. 


The Determination of the Elastic Limit according to its. strict definition: 
(see p. 323) is rarely carried out in commercial testing. In some U.S. Goyern- 


4 
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ment specifications it is required that a test specimen withstand a certain stress 
without a resulting permanent deformation greater than 0.002 in. In certain 
British specifications a similar requirement is made, except that the critical 
stretch is one which can be detected by the use of a pair of dividers. The pro- 
portional limit and the elastic limit of metals are practically identical, and 
the proportional limit is frequently determined and spoken of as the elastic 
limit. In certain tests of metals the Standards. of the American Society for 
Testing Materials specify that the practical determination of the elastic limit 
shall be made as follows: “The elastic limit . . . shall be determined by an 
sxtensometer reading to 0.0002 in. The extensometer shall be attached to the 
specimen at the gage marks and not at the shoulders of the specimen nor 
to any part of the testing machine. When the specimen is in place and 
the extensometer attached, the testing machine shall be operated so as to-~ 
merease the load on the specimen at a uniform_rate. The observer shall 
watch the elongation of the specimen as shown by the extensometer, and 
shall note, for this determination, the load at which the rate of elongation 
shows a sudden increase.” 


The U. S. Bureau of Standards in connection with a series of column tests 
made for the American Society of Civil Engineers bs proposed a “ Useful Limit 
Point ” for metal, which is to be de- 
termined from a stress-strain diagram 
by drawing tangent to the curve a line 
having one-half the slope of the initial 
straight portion of the diagram (Fig. 
52). This is a modification of the 
method proposed by the late J. B. 


Johnson who used a tangent line hav- g 

ing two-thirds the slope of the initial = 

straight part of the stress-strain dia- @ 

gram. Both the “useful limit point” *3 

and Johnson’s elastic limit involve the © 

drawing of a stress-strain diagram, C =% AB 
Useful Limit=LM 


either by an autographic attachment 

to the testing machine or by plotting 
observed values of load and deforma- 
tion. ; oO 
It is probable that for actual ma- 
terials no absolute elastic limit exists. Fig. 52 

The value obtained in actual testing 

depends on the precision of instruments and methods, and the method of de- 
termining the elastic limif’should always be stated. The yield point is sometimes © 
called the elastic limit. This is incorrect and should-be avoided. 


The Speed of Testing has no appréciable effeet on the properties of iron and 
steel within the following limits, which conform to the standards of the American 
Society for Testing Materials. 


eee ee J Se a 


Unit Deformation 


In testing steel and wrought iron in gage lengths of 2 and 8 in in accordance with the 
specifications of the American Society for Testing Materials, the speed of the machine, 
by. which is meant the speed of the cross-head when the machine is running idle, shall 
conform to the following requirements: 


‘The eross-head speed of the testing machine shall be suoh that the beam of the machine 
can be kept balanced, but in no case shall the values given in the following table be 
exceeded: : 
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* 


Maximum cross-head speed for 
. testing machine in determining, 


Specified minimum tensile 


strength of material, Gage length, in per minute 
Ib per sq in cS 
Yield point | Tensile Strength 
3 ih 2 0.50 2.0 
80 000 or under.......... 1 3 oice ripe 
Over 80000........0..8-0 4 2 0.25 i106 
5° tape 8 0.50 0 


In determining the elastic limit by the method prescribed by the American 
Society for Testing Materials, described in the preceding paragraph, the cross- 
head speed for a specimen with a 2-in gage length shall not exceed 0.125 in per 
min. In determining the proportional limit the cross-head speed shall not exceed 
0.025 in per in of gage length per min. ‘ 


‘The Cost of Tests varies in different laboratories; average prices are: 


Metals: Tensile test; breaking load only...... AC Gain add anGearouto MERE ts: $1.00 
Tensile test with yield point..............-...0-005 
Tensile test, elongation and reduction of area 
Transverse test (without deflections)....... 
(Compression test ..< fsiy vensserccs secu winnie oie 
Morsion test GitiMate ONY, s)<,0<0'6:+.< <die «+o slga few nS ak Vayama Nigh aka 


Cement: Determination of initial and final set, Vicat or Gilmore wires (cement 


ROCHUILC MEME) oie shotcie oss)0 6 27s, s,cigicielalaaieis sgeieiee olets wiz slataiets ote « Sarees aoe ae 
Determination of Specific Gravlty (1 lb required) 1:00 
Determination of expansion, either cement or mortar, average of 3 specimens s 

Ganonthsoriless. fiosy 2. J ee hee Xs om» vs Sepals (pase fle Via le aks eae 5.00 


Determination of tensile strength at 7 days, neat and sand, with Fstte time of 
set and soundness test (cement required 4 Ib). . 
Ditto 7 and 28 days neat or sand............... 
Ditto 7 and 28 days neat and sand.............. 


Paving brick:) Twotgets of rattler testa. oacicsk casas coevee ven etace nhees eel One 
Absorption test, 5 bricks............ 
Transverse test, 10 bricks 
Full standard test, National Brick Manufacturers’ Association. .. 


Compression test, 1 sample..... Reeds ols sera Bhi Piantabte Se ane 
Compression test, 5 samples...............0++062 eked eked ses 

Miscellaneous: Determination of voids in concrete aggregate Saar eHIAG or: ae 
Determination of percentage of loam in sand .. 2.00 
Determination of fineness of sand on 60, 50, 40, 30, and 20 mesh screen...... +, 200 
Determination of fineness of gravel on 14, 14, 34, 1, 114, 2, and 24 in sieves .. 3.00 


‘Determination of voids in sands 0. as secs ode se dee civaiees slo cissvciow edie s deiealeln GeO 


Stone: Absorption tests, 5 epee 
Compression test, x sample. . 
Compression test, 5 samples. . 
Specific gravity tests............ 


Special discounts are given from the above prices for testing a series of samples or 
specimens. Tests of a special nature are charged at the rate of $3.00 per hour for use of 
testing machines, including services of attendant, Shop work for the preparation of - 

~ specimens, $1.00 per hour, ‘ 
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Owner ~ 


|U. S, Bureau of 
‘| Standards, Pitts- 
burgh, Pa. 


Am. Bridge Co., 
Ambridge, Pa. 
Pheonix Iron Co., 
Phoenixville, Pa. 
fU. S. Bureau of 
Standards, Wash- 
ington, D. C. 
Boston Navy Yard, 
Boston, Mass. 
Am. Chain ~Co., 
Norfolk, Va...... 
U. S. Steel Co., Mc- 
Keesport, Pa. 
Renss. Poly. Inst., 
Troy, N. Y. 


Pa. R. R., Altoona, 
Pa. 4 

Nat. Mall. Cast. 
Co., Sharon, O. 

Buckeye Steel Cast. 
Co., Columbus, O. 

W. H. Miner, Chi- 
cago, Ill. 

Am. St’l Foundries, 

Oo. 


U. S. Bureau of 
Std., Wash., D.C. 

Lehigh Univ.; S. 
Bethlehem, Pa. 

A. Leschen & Sons, 
St. Louis, Mo. 

U.S. Ordnance Dp. 
Watertown, Mass. 

Univ. of Illinois, 
Urbana, Ill. 

U.S. Bureau of Std. 
Pittsburgh, Pa. 


Univ. of Wis., Mad- 
_ ison, Wis. 


Large Testing Machines 


Capacity, pounds 


Weigh-. 
Type ing Power] Tension 
device 
Vert. | Scale Bydri ie. s: 
beam 
press. 
gage 
Hor. |Mercury| Hydr.}4 000 000 
gage 7 
Hor. | Mercury] Hydr.|2 600 coc 
gage 
Hor. | Emery | Hydr.|1 200 000 
scale 
Hor. | Scale Hydr.|2 000 000 
beam 
Hor. | Scale Hydr.|2 000 000 
beam 
Hor. | Mercury} Hydr.|1 200 000 
gage 
Vert. | Scale Pydr:\jaaee eee 
beam 
press, 
gage 
Vert. | Scale Screw |1 000 000 
beam 
Vert. | Scale Screw | 1 000 000 
beam 
Vert. | Scale Screw | 1 000 000) 
beam 
Vert. | Scale Screw.| 500 000 
beam : 
Vert. | Scale SCLEW? [aes iors 
beam i 
Vert. | Gage By dt:|.avacrre 
Vert. | Gage Hivdr. |. tots. = 
Vert. | Scale Screw| 800 coo 
beam 
Vert. | Scale Screw | 809 000 
beam 
Hor. | Emery =| Hydr.| 800 000 
scale 
Vert. | Scale Screw} 600 000! 
beam rape 
Vert. | Scale Screw | 600 000 
‘ beam 
Vert. | Scale Screw | 600 000 
| beam E 
Vert. | Scale Screw | 600 000 
beam 
Vert. | Scale Hydr.| 450 000 
beam - 
press, 
gage 


Com- 
pression 


2 600 000 


2 400 000 
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24. Large Testing Machines in the United States 


Max. size of speci- 


men, ft 
Ten- | Com- Flex- 
sion | PI) ure 
_sion 
erdgay 6X6 
X30 
42.5 
5° 55 
33 33 
go 
go 
4° 32 
sehaa's ie 2xans 
X3 
8 3 10 
8 8 10 
10.5 | 10.5 | 10 
8 8 8 
orerarit ae 8 10 
ANSE 2X3 
2.5 
eee ts 8 
20 25 30 
19 - | 19 
20 26 
22 25 0 
24 | 30° | 25 
22 24 20 
22 24 20 
10 12 20 | 


The National Tube Co., Pittsburgh, Pa., owns a torsion machine with a capacity of 
I 500 000 inch-pounds, which will take a specimen 85% in diameter and 20 ft long. 
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25. Tests and Test Specimens for Metals 


The paragraphs of this article that are enclosed in quotation marks are quoted _ 
from the 1916 ‘‘ Standards ” of the Am. Soc. for Test. Materials. ] 


Tensile Specimens are either flat or round. A flat specimen is used for 
plates, and its standard size is 18 in in length, about 2 in wide along the ends, 
and 134 in wide for a central length of about 9 in, while the thickness is the same 
as that of the plate from which it is cut. Fig. 54 shows a flat specimen with. 
punch marks placed at every inch point. Wire and rods are frequently tested 
just as they come from the mill, the length between the jaws of the machine 
being usually more than ten times the diameter. Standard round specimens 
are cut from axles, shafts, beams, and other manufactured products. Prior 


of Testing 


Threaded Inds Shoulder Ends 
Fig. 53. Short Tension Specimens (2-in Gage Length) 


to 1895 the standard size of the round specimen was 1 in in diameter along a 
central length of 9 in, while the ends were larger and provided with screw 
threads. Both flat and round specimens are frequently called 8-in specimens 
because two marks are placed upon them § in apart for the purpose of measur- 
ing the elongation. The standard round test specimen now in use in the 
United States is shown in Fig. 53; this is called the 2-in specimen, because the 
central part is a little more than 2 in long and the marks are placed upon it 2 in 
apart; the diameter of this specimen is 0.5 in or sometimes 0.505 in. This 
smaller specimen has the advantage that less material is required to he wasted 
in taking it from an axle or shaft, but percentages of elongation computed from 
it are greater than those determined from the 8-in specimen. eee 

Fig. 54’shows the standard flat specimen and Fig. 53 the standard 2-in round specimen 
which is about 514 inches long, while the fillets connecting the body with the ends are of 
radius not less than }4in. The ends may be of any form which will fit the holders of the 
testing machine. F ne 


Ultimate Elongation is determined by measuring the distance between the two end 


marks both before and after rupture arid then dividing the increase in length by the gaged 


‘ 
na 


‘ 
i 
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lenstk. Most records in technical literature give the ‘elongation as determined from the 
84in specimen. Since the “ necking down” of a specimen, or reduction of area of cross- 
section, extends over only a part of the gaged length, it follows that the computed unit- 
elongations of different specimens are ; 
not comparable unless these are geo- 4 
metrically similar. For the 8-in spe- in 
cimen the ratio of gaged length to 

diameter is 10, forthe 2-in specimen 
this ratio is 4,-and -accordingly the 
“necking down” occupies a mh ao !N 
tionally larger part of the length, so’ 
that the computed ultimate dlonsation'N 
of the latter is the larger. Reports 
of ultimate elongation should always 
state the gaged length of the speci- 
men. For specimens which have to 
be cut from. plates or pieces so thin 
that the standard 2-in specimen can- 
not be used the gage length should 
be 4.5 times the square root of the | 
area of cross-section, which ratio holds 
for the 2-in specimen. : 


Ultimate Tensile Strength or — 
simply tensile strength is always *% WN Cross Head 
computed by dividing the'total break- \\ \ of Testing 


. SSS ; 
ing load by the original sectional \\ SS Machine 
area. This conventional method is N HEWN 


ASSe 
Upper Head 


of Testing 
Machine 


° 
° 
° 
° 
° 
° 
° 


° 


adopted for the sake of uniformity, ° 5 ea A 
altho it doés not, of course, give the , Sie co Vs es For Plate Matertals. 
actual unit stress which prevails at CORE NIADS 

-the small section at the time of rup- Fig. 54. Tension Specimens 


ture. 


_ Reduction of Area is computed by finding the ratio of the diminution in sectional 
zarea to that of the original area. Or, instead of computing the areas the squares of 
the diameters may be used. Thus, for a certain 2-in tensile specimen the original sec- 
tional area was 0.1995 sqin, and the area of the ruptured section was 0.1064 sq in; 
hence the reduction of area was 0.0931/0.1995=0.467, or 46.7 percent. -Reducticn of 
area is generally regarded as an index of the ductility of the material. It is probably 
a more reliable index than ultimate elongation, because the latter is liable to variation 
with the ratio of gaged length to diameter, whereas reduction of area is found to be more 
constant. 


“Gripping Test Specimens. ‘“‘ For specimens of rolled material, serrated grips, flat 
and V-shaped, should be adopted, the former for rectangular and the latter for round 
specimens. Serrated grips with curved faces appear to have no advantage, and to 
cause crushing of the material. Wedges with ball and socket do not seem to be neces- 
sary, and for commercial testing their use has been generally discontinued. Specimens of 
turned form; with threaded or shouldered ends, should be held in ball and socket bear- 
ings. Fig. 53 shows threaded-end and shouldered-end specimens. It is considered 
important for correct results that the specimen be located in the exact center of the heads, 
and to better secure this condition, the openings in the heads should be lined up with 
éach other by means of a plumb bob and be tested for parallelism with a spirit level. 
Each pair of packing pieces and wedges that are to be used together in the same head 
should correspond exactly in thickness and other dimensions, and the wedges should be ~ 
inserted: < equal distance when the specimen is in place.” 


In Materials. of Low Stretch, such as cast iron, it is important that special care 
should be exercised in the gripping of the specimens. In materials of a softer nature, the 
effect of i improper gripping is largely local and probably does not extend to the portion 
of the ‘Specimen within the gage marks, For cast iron the form of test specimen 
le in Fig. 53, held in ball and socket joints, is recommended, 
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Selections and Preparation of Specimens. “Specimens representative of steel 
castings may be cut out from the bottom of a sink head or riser, or from a coupon attached 
to the casting. In either case the part from which the specimen is taken should be rela- 
tively large in proportion to the size of the casting and should be annealed with it. 
Workmanship on specimens shall be of the most careful nature, and surfaces should be — 
free from nicks and tool marks, All wire edges should be removed and corners generously 


Eeaded Joint Leaded Joint 


Fig. 55. Tension Specimen for Wire Rope 


rounded. If specimens of rolled material are sheared in the rough from sections, at least 
¥ in of the material should be removed from the sheared edges in machining.” 


Compressive Tests of Metals. “The test specimen shall be a cylinder 
having plane ends truly normal to its axis. The diameter of the specimen 
shall be not less than 1 in nor greater than 1.13 in. A specimen 1 in in diameter 
is to be preferred. The length of the specimen should be between 2.5 and 
4 diameters. 


> 


“No bedding should be used for the ends of the specimen. The bearing blocks 
which transmit the pressure from the testing machines should be truly normal to the 


| plane ends of the specimen. To secure 

i this one of the blocks should be provided 

with a hemispherical bearing which can 

Crass Real oh turn freely.” Fig. 56 shows a compression 
Testing Machine iH ci i ° 

| test specimen in place in a testing ma- 


VM chine. The center of the spherical surface 
should lie in the plane of the end of the. 
specimen. ‘The speed of compression 
spherical should be slow, not exceeding o.1 in per 
Bearing minute. Near the elastic limit and yield 
point the load should be increased very 
slowly.” 

“For determining atoduliss of elasticity, 
the linear compression of the specimen should 
be observed by a precise compressometer 
which is attached to the specimen and does 
not touch the bearing blocks of the machine. 
Readings of the compressometer should be 
taken for three loads, the first at about one- 
fourth, the second at about one-half, and 
the third at about three-fourths of the elastic 
limit. , 

“To determine the proportional limit, 
several readings of the compressometer 
should be taken as that limit is approached: 
for load increments of 1000 Ib. per sq in. 
The yield point shall be noted, for ductile 
materials, by the drop of the scale beam or 

by visible axial compression as shown by the 
Lee Zs yy % use of a pair of dividers. 

Weighing Tablelof Testing Machine “The record of the test’ should mention 
any phenomena observed near the propor- 
Fig. 56. tional limit and yield point. The manner. 

of final failure should also be noted when the test is carried to this limit.” : 4 


Flexure Tests are used in determining the strength qualities of cast iron and 
of malleable cast iron. For gray iron castings the standard test specimen is 


‘ 
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n “arbitration bar,” the specifications for which are given by the 1916. 
‘ Standards ” of the Am. Soc. for Test. Materials as follows: 


& The mold for the bars is shown in Fig. 57. The bottom of the bar is 1/16 in smaller 
n diameter than the top, to allow for draft and the strain of pouring. The pattern 


Pouring Basin 


10'Pipe 
Bored-with, 
| Vent Holes 


N 


Fig. 57. Mold for Arbitration Bars. 


should not be rapped before withdrawing. The flask shall be rammed with green sand, 
a little damper than usual,’ well mixt and put thru a No. 8 sieve, with a mixture of rtor2 — 
bituminous facing. The mold shall be : 


Tammed evenly and fairly hard, thoroly 2 

dried and not cast until itis cold. The Fer 
test bar shall not be removed from the 8 of Testing Machine 
mold until cold enough to be handled. BAZ 


It shall not be rumbled or otherwise” 
treated, being simply brushed off before 
testing.” 

The arbitration bar is loaded at the 
center of a 12-in span, as shown in Fig. LLL VMOU 
58, and the load is applied at such a Ke ewalesgs Testing Machine 
‘rate that 20 to go seconds are required . ? 
to produce a deflection of ox in, ua Fig. 58. Cross-bending Specimen for Cast Iron. 


, 


384 Testing and Inspection “Sect. 4 


For cast-iron pipes the standard test specimen is 26 in long, 2 in wide, and 1 in 
thick, and is loaded at the middle of a 24-in span. For malleable cast iron the 
standard flexure specimen is 14 in long, t in wide, and either 14; 54, or 34 in 
thick according to the thickness of the casting which it represents. It is loaded 
at the middle of a 12-in span. 


ardness Tests of Metals in common use are the Brinnell test and the 
Scleroscope test. In the Brinnell test a hardened steel ball of known diameter 
is pressed against the surface of the metal to be tested, the pressure exerted and 
the diameter (or depth) of the resulting permanent impression noted. The 
smaller the indentation the harder the metal. The hardness is indicated by a 
“hardness number,” which is the quotient obtained by dividing the pressure 
by the spherical surface of the indentation. The standard steel ball used is 
zo mm in diameter, and the standard pressure is 3000 kg for the harder metals, 
and 500 kg for the softer metals. A modification of the Brinnell test which is 
used to some extent is the Ludwik cone test, in which a hardened steel conical 
point is used in place of a steel ball. 


The Scleroscope consists of a diamond-pointed plunger weighing 1 gram which 
drops vertically down the inside of a graduated glass tube to the surface of the metal to 
be tested, which is placed at the lower end of the tube. The height of rebound is meas- 
ured, and is a measure of the hardness of the metal. 

Brinnell tests and scleroscope tests possess-the great advantage that they may be 
made without damage to the material which is to be used, instead of being vicarious tests 
on samples chosen to represent the material. They are especially useful in testing the 
uniformity of different parts of the same piece, for example, the uniformity of hardness 
of the different teeth of a gear wheel. 

In a general way there seems to be a fairly well defined relation between the Brinnell 
hardness, the scleroscope hardness, and the tensile strength for the different grades of 
iron and steel. See paper by R. R. Abbott, Proc. Am. Soc. for Test. Materials, Vol. XV, 
Part Il, p. 42. 5 | ‘ ; 


Impact Tests of Metals are sometimes made for the purpose of determining 
toughness, that is, the ability to resist without actual rupture a combination 
of high stress and great deformation. Tough metals resist heavy accidental 
overload without shattering failure. In impact tests the amount of energy 
required to rupture or permanently deform the test specimen is the quantity 
measured rather than the stress. In general, the results of an impact test may 
be predicted by measuring the area under the load-deformation diagram for a 

. static test of the specimen, though there may be some variation introduced by 
the very rapid application'of load in an impact test. 


The Master Car Builders’ Drop Testing Machine is an impact machine con- 
sisting of a framework fitted with a hoist and a weight which can be varied from 1640 
Ib to 2000 Ib, and which can be dropped from a height varying from.o to so feet. The 
specimen is supported on an anvil weighing 20 000 Ib, and the anvil is supported on heavy 
springs. With this machine tests are made of rails in flexure, of car couplers in tension, 
of car axles and locomotive axles in flexure. Impact tests of cast-iron.car wheels are made — 
on a machine somewhat similar to this. Drop tests are made by delivering on a test 
specimen one or more blows from a given height,.and observing signs of failure in the 
test specimen. tinue doe 


The Charpy Impact Testing Machine is used for tests of small specimens of metal 
under impact. The specimen is held in a horizontal position and is in flexure over a short 
span. It rests against the vertical face of an anvil. The impact is furnished by’a pen- 
dulum which is let fall from a predetermined height, striking the specimen at the bottom 
of its swing, The pendulum is of known weight, and is so hung that its center of percus- 
sion is at the point of impact against the specimen. After breaking the specimen the pen- 
dulum continues its swing, and an indicating apparatus shows the maximum height to” 
which it rises. The energy supplied by the pendulum is the productof its. weight and 
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its height of fall; the energy left after the fracture of the specimen is the product of 
its weight and the height of rise; the difference is the energy required to break the speci- 
men, Specimens for the Charpy machine are notched at the middle of their length to 
insure a sharp plane of fracture, and the uniformity of size of specimen and of size and 
shape of notch is very important. 


Repeated Stress Testing Machines are of various types. In the White- 
Souther machine a round flexure specimen is rotated while carrying a known 
weight; as the specimen rotates the fibers are alternately on the tension side 
and the compression side, and the stress is thus reversed. In the Upton-Lewis 
machine a small flexure specimen is bent back and forth against a pair of cali- 
brated springs, and the bending force, as indicated by the amount of compression 
of the springs, is recorded on a strip of paper by a pencil. In the Smith machine, 
developed ,in England, a repeated stress is set up in a specimen by the variation 
in direction of the centrifugal force of. a known weight rotating at a known speed 
with a known eccentricity. 

Tests of Magnetic Permeability of steel and iron seem to give some 
indication of the hardness, strength, and uniformity. They possess the great 
advantage that the test does not destroy the sample tested, and hence may be 
made on the actual parts to be used. ‘Magnetic tests as an indication of hardness 
or strength are not standardized yet, but hold promise of future usefulness. 


Microscopic Examination of Metals is a most valuable means of studying 
their internal structure. The use of the microscope for the examination of 
metals involves great skill in handling, and reliable results can be obtained orily: 
by trained metallographists. The general process consists of polishing a small 
portion of the surface to be examined, using emery cloth followed by jewelers’ 
rouge; etching the surface with acid to bring out the structure, and then ex- 
amining and photographing the surface thru a microscope. Magnifications of 
about 100 times are in common use. The size of the “ grains”’ or “ crystals” 
of the metal can be determined, as well as the uniformity and plan of distribu-" 
tion of various ingredients, and the presence of small masses of impurities. 
Microscopic examination is the only sure way of distinguishing wrought iron 
from steel, by detecting the slag fibers always present in wrought iron. 


26. Tests of Stone and Brick 


The Specific Gravity Test for stone shall be made on a specimen that. 
has been dried for 48 hours at a temperature of 230° to 250° Fahr. After 
removing all sharp corners and grains that are loose, the specimen shall be 
carefully weighed, then placed in water and put under the receiver of an air 
pump and all bubbles of air exhausted. The weight in water shall be noted 
and the specimen removed from the water and all susplus surface moisture 
removed either with a cloth or blotting .paper. After again weighing, the 
specific gravity will be determined from the formula Sp. Gr. =Wt of dry stone 
in air +(Wt of saturated stone in air —Wt of saturated stone in water). Where 
an air pump is not available, the specimen may be weighed in the water after 
an immersion of 24 hours, all surface air bubbles being removed with a. ea 
brush or feather. 

Tests for Crushing Strength of stone shall be made on cubes, the size of 
which will depend upon’ the capacity of the testing machine. Specimens 
shall be sawed out and not chiseled. They shall be tested on their natural 
beds, and the opposite faces shall be ground parallel and tested between steel 
plates in a machine haying a spherical socket in the crushing head. At least 
three specimens shall be tested, and the load at which the specimen first cracks 
and the ultimate resistance shall be noted in the report. 
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Transverse Strength of stone shall be determined by placing a beam 
whose length is ro times its depth on slightly rounded knife-edges and apply- 
ing a load at the center. The modulus of rupture shall be computed by the 
formula R =3 W1/2 bd’, where W is the center load, y the span, 6 the width, 
and d the depth. 

The Absorption Test shall be made by drying the stone for 48 hoursat a temperature 
of 230° to 250° Fahr, carefully weighing, then placing in water for 48 hours. At the end 
of this period the stone shall be removed from the water, all-surplus water wiped off and 
the stone reweighed. The percentage of water absorbed shall be noted in terms of the 
original dry weight of the stone. 

In the Freezing Test, five clean stone cubes of the same size shall be dried, weighed, 
and immersed in water for 24 hours. They shall then be alternately frozen and thawed 
twenty-five times. . After the final thawing, they shall again be dried in an ee and all 
loose particles removed. ‘The loss of weight shall then be noted. 

The Quenching Test shall consist of heating the stone specimens to 500° to 600° Fahr, 
and plunging them while hot in water of a temperature of about 70°. The loss due to 
spalling or disintegration shall be noted in terms of the weight of the original dry stone. 

The Acid Test shall consist of soaking small pieces of clean stone for four days in water 
containing 1 percent each of hydrochlori¢ and sulphuric acid and agitating several times 
each day. At the end of the period the stone shall be washt, dried, and the percentage 
of loss computed in terms of the original dry weight. 

Toughness Test for macadam rock. The following was adopted in 1908 
by Amer. Soc, Testing Materials (Proceedings, vol. 8). 

“Test pieces may be either cylinders or cubes, 25 mm in diameter and 25 mm in 
height, cut perpendicular to the cleavage of the rock. Cylinders are recommended, as 
they are cheaper and more easily made. 

“The testing machine shall consist of an anvil of 50 kg weight, and placed on a concrete 
foundation. The hammer shall be of 2 kg weight, and dropt upon an intervening 
plunger of x kg weight, which rests on the test piece. The lower or bearing surface of 
this plunger shall be of spherical shape, having a radius of 1cm. This plunger shall be 
made of hardened steel, and prest firmly upon the test piece by suitable springs. The 
test piece shall be adjusted so that the center of its upper surface is tangent to the spherical 
end of the plunger. ¢ 

“The test shall consist of a t cm fall of the hammer for the first blow, and an increased 
fall of 1 cm for each succeeding blow until failure of the test piece occurs. The number 
of blows necessary to destroy the test piece is used to represent the toughness, or the centi- 
meter-grams of energy applied may be used.’’ 

Paving Brick are tested for abrasion in the method described in Art. 23. 
Other tests specified are the following. 

In the Transverse Test, the brick shall be placed on edge on two curved knife-edges 
which form the arc of a circle of 12 inches radius and rounded transversely to a radius 
of % inch. They shall be placed 6 inches apart, and the load shall be applied at the 
center thru a knife-edge with a straight edge but rounded transversely to a radius of ie in. 
Ten bricks shall be tested and the modulus of rupture computed from the formula 
R=3W1I/2bd2, where W is the average center broaking load, / the span, 6 the width 
and d the depth. 4 

The Absorption Test shall be made by taking: five of the brick that iad® past thru the 
abrasion test, drying them for 48 hours at a temperature of 230° to 250° Fahr, and 
immersing them in water for 48 hours. The percentage of water absorbed is compaited, 
in terms of the weight of the dry brick. 


27. Miscellaneous Tests 


Tests of Strength of Wood have not been standardized to an extent ‘whieh 
allows their inclusion in specifications for timber, but compression tests, flexure 
tests, shearing tests, and impact tests are frequently made. Compression tests 
are made both along the grain and across the grain. Compression specimens 
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Special Tests of Materials, Structures, and Machines 
Structural part, 
machine part, Test Measurements . 
ructure, machine, 


r material tested 


loor panel of build-| Proof test with dead load, not to 
ing. destruction. 


Proof test with dead load or with 
moving load.. 


EN en bass aa 


iveted joints..... Tests of samples to destruction. 
ivets, metal plates] Shearing test of samples to de- 
struction using special shear- 


ing tools. : 
re Ce ea Tests of samples to destruction 
in tension or torsion, 
oilers.........:.| Tests with hydrostatic pressure. 


Proof tests with pressures 
somewhat above working pres- 
sures. 
ar couplers and| Proof tests, tests of samples to 
coupler yokes. destruction under tension and 
impact tension. 


Vire rope......... Tests of samples to destruction 
in tension. 

rake beams for| Tests of samples to destruction 

railway cars. in flexure. 

BYRON Seles 6 a =,e02 Proof tests of entire chain in ten- 
sion, tests to destruction of 
sample sections. 

ATRODIDE. ous «== Hydrostatic pressure proof test. 


Scleroscope test for uniform 
hardness, 

Brinnell or scleroscope tests for 
uniform hardness of samples. 
train insulators for} Proof load in, tension, tension 
electric transmis-| test of samples to destruction. 

sion lines, 


rear teeth........ 


Ingraver’s plates. . 


DATS eabis ale =o~ Tension test of sample eyebars.-to 
destruction. 
solumns...........| Compression tests of models, or 


samples to destruction. 


Deflections, tensile and com- 


pressive deformations ia 
beams and columns. 

Deflections, tensile and com- 
pressive deformations in vari- 
ous members. 

Ultimate load, slip of rivets. 

Ultimate load, results depend 
on hardness of shearing tools 
used, a 

Ultimate load. 


Observation of leaks, cracks, or 
permanent distortion of parts. 


Ultimate load, distortion under 
proof load. 


Ultimate load, observation of 
manner of fracture. 
Ultimate load, deflections. 


Set after removal of proof load, 
ultimate strength. 


Observation of leaks, cracks, or 
other evidence of failure. 

Scleroscope hardness for vari- 
ous teeth. 

Hardness at various points. 


Evidences of failure under proof 
load, ultimate strength. 

Yield point, ultimate load, 
stretch. 

Yield point, ultimate load, de- 
flection, axial compression. 


Tests of concrete and of cement“are discussed. in Section 5 of this Pocket Book. 
irther discussion or tests of road materials are given in Section 15. 


e usually rectangular blocks, and should be tested with spherical-seated bearing 
ocks. Wood has a rather poorly defined proportional limit in compression. 
compression along the grain there is a well-defined ultimate. Shearing tests 
yng the grain are made by the use of shearing blocks placed in the testing 
achine, or for larger specimens by testing short, deep beams. The shearing 
‘ength of wood along the grain is of great importance. Flexure tests both of 
all selected specimens and of large beams are common. In flexure tests the 
lure may be by longitudinal shear along the neutral axis, by compression along 
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Cold Bend Tests 


Summarized from the 1916 “‘ Standards ”’ of the Am. Soc. for Test, Materials. t=thick- 
ness of specimen; D=diam. cf pin round which specimen is to be bent; A =angle, in 
degrees, thru which specimen must bend without cracking on convex surface. 


Material D/t A Specimen j 
Splice Bars (R. R.): i 
Low-carbon steel ..... o* 180 Unpunched bar. 
Medium-carbon steel., . 2 180t % inX% in or rect- 
High-carbon steel...... 3 got angular with surface as} 
Extra-high carbon steel. 3 6of rolled. 
Quenched _ high-carbon \ 3 got { Rectangular with round- 
BELCL raat Niet aisiciere sie" ed edges. 
Track bolts: a 
Quenched carbon steel. I : 45 Finished bolt. 
Quenched alloy steel... j I go Finished bolt. } 
Structural steel for Pa Sy: Flat led, hined 
: ee o* fort < %4in, at as rolled, machined} 
bridges, buildings. | ii ih to 34 in thick if > 144} 
locomotives, cars and | Port aah 180 in. For rounds, speci) 
ships. men for cold bend test] 
is r inX% in. 
mteSren ! 
Structural nickel steel. fipedor temic ee a } 180 Same as structural steel. | 
\) 2 for > 34 in si 4 
Rivet steel. for ships, 2 : 
buildings, and boilers... o* 180 Rod as rolled. 
Rivets ey 2 Lob as o* 180 Full-size rivet. 
Billet-steel plain reinforc- 
ing bars: 
Structural steel grade, . I 180 


Intermediate grade... { | 380 for 134 in | Rod as rolled. 
Hard grade. .......00: 3 } U 90 for fi> 34 in 
Billet-steel deformed: 


Reinforcing bars... . { x for [2% in \ 
Paes, 180 
Structural steel grad \ | 2 for #> 34 in ; 
Intermediate grade. ... 3 { r8ofort S34 in Rod as rolled. 
Hard grade. .........- 4 go fort> 34 in 


Cold-twisted bars... J | for #< 34 in } 180 
\| 3 for t> 84 in 
Rail-steel reinforcing bars 


Patra its ail ptosis! sires 3 | 180 f fs . % 
Deformed and hot- { me Sa eh \ Rod as rolled. 
twistedss.csceee eee 4 gotor!> 34 in 


Fordiam. e 7in 
use flat mandrel 
x in thick with 


inX ith cor- 
Guenched and tem- rounded ° edges;), mts ak ret 7 1 iss in|: 
pered steel axles. for diam. >7 radius, bs) 


in use 14 in 
mandrel with 
rounded edges. 


* Specimen bent flat on itself. : Heiash 
+ Special alternative test may be made. - : . 
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Cold Bend: Tests—Continued 


Material yt A Specimen | 


Same as for quenched and 


| Use mandrel x in 
Cold-tolled steel axles. . { i tempered steel axles. . 


diam. 


4 
oO 
° 

== 


. 


Soft steel castings... .. { Ure apansreh SIDS oe aap { "Os alt with rounded) 
Steel oa aaa Diam of pipe X18 180 Full-size pipe. 
Boiler and firebox steel { tfort< ‘es } 180 Strip of plate as rolled. — 
I. 2 for?>rx in * 
Staybolis.......... sees o* 180 ’ | Rod as rolled. 

; pt Rod as rolled for #2144 
Engine-belt iron........ I 180 in; rinXr in for#> 1% 

in 

d Rod lied if i 
Refined wrought iron... . 2 180 =e aa it 


“<4sqin. 


Strip as rolled; length! 
_ parallel to direction of 
rolling. 


1% for 1st qual. 
3 for 2d quality | / 


Sas. ee 


| Wrought-iron plates... if 


* Specimen bent flat on itself. 


the upper side of the beam, or by tension along the lower side. Impact flexure 
tests show the shock-resisting qualities of wood. 


The Turner-Hatt impact testing machine is in common use in the U. S. for impact 
testing of wood. This machine consists of an anvil on which the specimen is placed, 
and of a weight which can be dropt from various heights. Attached to the weight is a ~ 
pencil which draws a record on a rotating drum. From this record the deflections of the 
Specimen can be measured, as the weight is dropt from successively increasing heights 
until rupture occurs, or until the deflections increase abnormally, showing that the pro- 
portional limit has been passed. Another method of making an impact test consists 
in dropping the weight from such a beight that the specimen is fractured by one blow. 
The pencil attached to the weight traces a curve on the rotating drum whose steepness 
is a measure:of the velocity of the falling weight. Measuring the velocity of the weight 
before and after fracture of the specimen the energy absorbed in factuhing the specimen 
can be determined, Pam 

Special Tests of materials, structures, and machines are often made. The | 
table on page 387 gives some such tests. 


28. Inspection 


A Shop Inspector has duties suggested largely by the specifications govern- 
ing the work.’ Primarily his duties are to see that workmanship, method of 
fabricating material, and fimished product are all in accordance with the plans 
and specifications, 'a complete set of which should be furnished him. The 
tools needed are inside’ and outside calipers, micrometer calipers, rule, steel 
tape, testing hammer, and report blanks. In structural work he should meas- 
ure up finished material, particularly with reference to field connections, _ 
examine abutting joints to see that they are full and square, test all rivets with 
a light hammer and have all loose or cocked-headed ones cut out and replaced, 
should see that all members are free from twists, kinks, or bends, that pin 
holes are at right angles to the web of the member, countersunk rivets are _ 
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chipped, that surfaces for rollers, splice plates, and bearing plates have been 
planed, that eyebars intended for the same pins should when piled all take 
the right pins at both ends at the same time, that threaded ends are wrapt 
with burlap, or otherwise protected against damage in transportation, etc. 
All accepted material should be marked with the inspector’s private stamp. 


The Cold Bénd Test is of great importance as a shop test of ductility. It is 
made by bending cold a specimen of iron or steel flat on itself or round a mandrel 
of specified diameter. The bending may be accomplished either by pressure or 
by blows of a hammer. During and after bending the specimen must develop 
nocracks, A tabular statement of the requirements for cold bend tests of various 
grades of iron and steel as given by the 1916 “ Standards ” of the Am. Soc. for 
Test. Materials is giver in the table on p. 388. 


Flattening or Upsetting Tests are made on rivets, on boiler tubes, and on 
pipes. Boiler tubes are also subjected to flanging tests in which a flange is 
formed on a cold specimen of tube. In flanging, upsetting, or flattening tests 
the distorsion of the specimen must be accomplished without the development 
of cracks. 


Hot Bend Tests and Quench Bend Tests are made on wrought iron, and 
quench bend tests are also made on material for boiler flues. Hot bend tests: 
are made at a cherry red heat, and quench bend tests are made after heating 
the specimen to redness and cooling in water. For both tests the specirnen must 
bend round a mandrel of specified size without cracking. 


Nick Bend Tests are made on wrought iron to show the fibrous structure 
and the presence of scrap steel in the iron. A sharp nick is made across a test 
bar, which is then bent, opening out a cross-section. Wrought iron shows a gray, 
fibrous section, while the presence of scrap steel is indicated by bright, crystal- 
line spots. This is a valuable shop test, but is not entirely conclusive. © 


The Punching Test is made to ascertain at what distance from its edge a bright 
red test specimen can be punched without breaking out. The width of the specimen 
should be more than five times its thickness and the diameter of the punch should be 
equal to its thickness. 

The Drifting-out Test is made on a bright red specimen with width equal*to five 
times its thickness. A hole is first made with a punch whose diameter is about twice 
that of the thickness of the specimen, and then drifted out until cracks begin to show. 

Hammering Tests are made with a sledge hammer or a quick acting light steam 
hammer. The hot test specimen should be three times as wide as its thickness and be 
hammered until it is lengthened or widened 150 or 200 percent. 


» 
. See Arts. 30-33.for other information in regard to tests. 


IRON, STEEL, AND OTHER METALS 
29. Cast Iron 


Cast Iron is a saturated solution of carbon in iron, the amount of carbon 
varying ordinarily from a minimum of 1.5 percent to about 4 percent, de- 
pending upon the amount of silicon, sulphur, phosphorus, and manganese 
present in the solution. Other elements may also be present, but they are 
considered impurities. 


Metallurgy. In the production of cast iron two step§ may be necessary: First, ny 
preparation of the ore for the blast furnace, involving the washing or dressing of the ore, 
and the calcination; and, secondly, the reduction in the blast furnace. In the case of 
the richer ores the first step is not always required, and this is the condition in the United 
States. The purpose of the roasting or calcination is the expulsion of volatile ingredients, | 


aq 


€ 
. 
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The reduction or smelting of the ore is accomplished in a blast furnace, which, as the 
molten metal is drawn off at the bottom.thru the tapping hole, is kept filled to the top o1 
throat by adding metal in the form of iron ore, fuel in the form of coke, and flux, usually 
in the form of limestone, allowing the charge to work down. By means of tuyeres neat 
the base of the furnace, a supply of air, or “‘blast,”” under a pressure of from three to nine — 
pounds, is provided to maintain combustion at sufficiently high temperatures to reduce 
the ore. The flux combines, in the process of reduction, with the earthy matter of the 
ore and of the fuel, forming the slag. The slag, being very much lighter than’ the iron, 
fioats on the surface of the molten metal and is allowed to run away thru the cinder notch, 
or cinder fall, into trucks called cinder tubs, by which it is transported to the cinder heap. 


Pig Iron is the term applied to the form in which cast iron is obtained 
from the blast furnace. Pigs are generally semicylindrical in form, about 
5 in wide and about 36 in long, and weigh about one hundred pounds. In 
its more restricted sense, cast iron is the form assumed after it has been again’ 
melted and cast into the finished form. 


Composition. Commercial pig iron varies widely in chemical composi- 
tion, depending on the uses to which it is to be put. The tendency of the 
present day is to purchase pig iron according to analysis instead of by grades. 
The constituents of good commercial pig iron vary as follows: Carbon from 
2 to-4 percent; silicon from 0.5 to 5.0 percent; sulphur from 0.005 to 0.3 
percent; phosphorus from 0.62 to 1.$0 percent; and manganese from o.10 to 
1.75 percent. But these limits are by no means fixt. 


Carbon. The amount in cast iron is largely dependent on the presence of other ele- 
ments. While 4 percent is the ordinary maximum, the carbon may run as high as 7 per+ 
cent if much manganese is present. The presence of silicon in large proportions, on the 
other hand, may reduce the solubility of the carbon to as low as 1 percent. The per- 
cent of carbon present in cast iron in the combined form influences very largely the 
physical properties of the cast iron; thus, to get the maximum tensile strength, the 
combined carbon should be about 0.47 percent; for the maximum transverse strength it 
should be about 9.70 percent, and for the maximum crushing strength it should be over 
I percent. ‘The hardness of cast iron increases regularly with the increase in the per- 
centage of combined carbon. In Gray Iron the carbon exists almost wholly as graphite, 
having been precipitated as such in the process of solidifying. ‘The*graphite, known as 
“kish,”’ p:ves the iron a somewhat spongy nature and a dark color. The condition is 
brought about in part by slow cooling, which tends to produce large crystalsas well as 
graphite carbon. In White Iron the carbon is almost wholly combined and the iron 
has a more homogeneous texture, lighter appearance, and is composed of smaller crystals. 
Rapid cooling in solidifying tends to produce white iron. In Mottled Iron the propor- 
tions of combined and graphite iron are nearly equal, the fracture having, as the name 
indicates, a mottled appearance, due to the dark gray portions in the white: matrix. 

Silicon. The amount in cast iron determines, to some extent, the suitability ofthe 
material for various purposes. A certain amount is always desirable, Up to 0.8 percent 
it increases the hardness of the iron, but above that point it makes the iron soft and 
brittle. Silicon gives the iron a gray appearance, and if the proportion of silicon is large 
the iron is gray and highly crystalline. The shrinkage of cast iron is largely influenced 
by the presence of silicon, decreasing as the amount of silicon increases. A small propor- 
tion of silicon makes sound castings, free from blowholes. 

’ Sulfur. The presence of sulfur is generally considered objectionable. A quantity 
greater than about 0.08 percent produces what is known as red shortness, that is, brittle- 
ness when in a heated condition, This condition makes the material unfit for use. 

Phosphorus. The effect of phosphorus is to increase the fusibility and fluidity of the 
metal. Its presence, therefore, is desirable for light and ornamental castings, where 
well defined impressions in the mold are wanted. At the same time, it tends to increase 
the brittleness of the iron. ‘The maximum amount should not exceed 0.7 percent in good 
foundry pig for ordinary castings. ¥ 

Manganese. This clement is present in most pig iron and the amount varies greatly, 
For foundry use its presence is of no benefit when it exceeds about 1.0 per cent. The 
value of the pig iron to the steel maker, however, increases in proportion to the amount 
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of manganese present. Its presence prevents the absorption of sulfur in remelting. 
Hardness and closeness of grain are produced by the presence of manganese. SPIEGEL- 
EISEN, so called on account of its white glistening fracture, is a pig iron containing a large 
. proportion of manganese, that is, from 5 to 20 percent. It is very hard, resisting cutting 
by cast-steel tools. When the proportion of manganese rises above 20 percent reach- 
ing sometimes as high as 80 percent, it is known as ferro-manganese. 


Other Elements that are often found in pig iron as the result of reduction, but in 
very small quarters, and which affect its properties to some extent, are tin, causing 
increased hardness, greater fusibility, unfitness for conversion into malleable iron, and 
rendering wrought iron cold short; copper, causing unfitness for conversion to malleable 
iron; vanadium, increasing the softness and ductility; titanium, increasing the ied 
arsenic, chromium, aluminium, and zinc. 


The Grades of Pig Iron. Pig iron was formerly classified by grades, 
such as No. 1 soft, No. 2 soft, No. 1 foundry, No. 2 foundry, forge pig, etc., but 
to-day the practise is to buy pig iron by chemical analysis rather than by trade 
names of grades. Specifications for buying pig iron by analysis are given in 
the “Standards” of the Am. Soc. for Test. Materials. The following table 
gives typical analyses of pig iron for various uses. All values are in percent: 


Graph-| Com- 
Use ite | bined } Siticon |’ Sulfur | DROS | Mane 
carbon | carbon P Fae 
Bessemer pig, for making | 3.50 0.05 1.00- | Not more |Not more |o.25 
steel by the acid Bessemer 0.10 | 2,00 thano,os| thano,10 


process or the acid open- 
hearth process. 


Basic pig, for making steel | 3.50 | 0.05- |Not more|Not more | 0.30-  |o. 25 
by the basic open-hearth 0,10 | thanr.oo} thano.os| 1.00 
process, 


Malleable pig, for making| 0.10 | 3,00 6.75- | Not more} Not more| o.10 
2 


malleable cast iron. 00 than 0.05|thano.200) < 
Foundry pig, for general | 3.15- | 0.os- | 0.75- 0.02- 0.10- | 0,20- 
casting. 3.90 | O.10 4.00 0.08 1.00 0.25 


Molding is the preparation of hollow molds to receive the molten metal 
A wooden pattern of the shape of the finished piece is prepared and imbedded 
in molding sand placed in wooden boxes so arranged in two parts, called 
the lower and upper flasks, that after the molding sand is thoroly rammed 
and packed around the pattern, the upper flask may be taken off, the pattern 
withdrawn and the flask replaced and secured, leaving on the interior a hol- 
low space of the size and shape of the finished piece. An opening is left 
thru which the molten metal is poured into the mold. Smaller holes are 
also provided connecting with the hollow interior, to allow for the escape of 
che air and other gases that may be generated during pouring. When the. 
~ finished casting is to be hollow a core is employed. 


Patterns are generally made of thoroly seasoned white pine or mahogany, 
the wood being carefully shellacked to keep the pattern from warping or being 
otherwise affected by moisture. If much used, patterns are often made of 
metal, in which case after being cast they are filed and scoured smooth, warned b 
and coated with wax. Patterns are sometimes also made of plaster ia Paris, 
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especially for highly ornamental ncastinigs in architectural iron work. The | 
SHRINKAGE of cast iron in cooling must be allowed for in the making of the 
patterns. “The usual allowance is 1 inch per foot, but this cannot be laid 
down as a hard and fast rule, as the shrinkage varies with the relative dimen- 
sions of castings and with the character of the metal. 

Molding Sand consists chiefly of silica, 90 to 95 percent, which makes the sand suffi- 
ciently refractory; alumina and magnesia, 3 to 8 percent, which furnishes the necessary 
cohesion and plasticity to the sand; oxide of iron, about 1.5 percent; lime about o.s per- 
cent; and sometimes a small quantity of coal dust.. Fine sand compacts too much, pre- 
venting the gases from escaping readily and causing blowholes in the castings, while coarser 
sand lacks cohesion and makes inferior castings. 

Green Sand Molds are made of molding sand and are the molds most generally used, 
being most readily made and cheap. Drv SAnp Motps are made of a loamy sand, being 
first roughly molded into shape, then dried by heat and finished off with a tool. They 


* can be made without a pattern, and are therefore not used when a pattern has been pre- 
pared, as in that case green sand molds are cheaper. Loam Morps are generally used 


for large castings. ‘They are built up of brickwork to the rough outline of the casting 
and are then finished off on the surface with loam laid on by a trowel. 

Chills are metal molds used for certain castings, such as car wheels, where a hard 
surface is wanted, this being produced by the sudden cooling of the hot metal as it comes 
in contact with the comparatively cold surface of the mold. 


Cores are used for the production of the hollow spaces in castings, and are made of 
baked sand and clay formed into shape and fixt in the molds. For large cylinders and 
other large castings, the cores are built up of brickwork to the approximate size and the 
surface finished off by facing with loam. For water pipes and similar castings the brick- 
work is often replaced by iron tubes. 

The Cupola is the usual means for remelting pig iron to produce cast iron in its more 
restricted sense, namely, the finished castings. It consists of a cylindrical shaft provided 
with one or two rows of tuyeres near the base, thru which air is forced at a pressure of about 
one-half pound per square inch. The charge consists of pig iron and coke in the pro- 
portion of about 200 pounds of coke for each ton of metal. A little limestone is usually 
also introduced as a flux. The molten metal drawn off at the bottom is poured into the 
molds by means of cup-shaped ladles fitted with long handles, one of which has a cross 
bar for tipping the ladle in pouring, or, for larger work, in vessels carried on wheels and 
operated by mechanical means. 


Malleable Castings are made in the same manner as ordinary castings, 
but are subjected to a further annealing process. Only small castings can 


be treated in this way. The castings are placed in cast-iron boxes ealled 


annealing pots, about 18 by 24 in and 4 ft high, with the decarbonizing material 
packed around them. For the decarbonizing agent an iron oxide in the form 
of hematite ore or forge iron scale is used. Only white iron low in sulfur 
can be used, and generally the best charcoal cast iron is selected. The cast- 
ings, packed as stated, are placed in. an oven. in which the temperature is 
quickly raised and the castings kept at a cherry-red heat for three to five days, 
depending on their size, after which the furnace is allowed to cool slowly. The 
effect of this process is to make the castings “ malleable ” and to nearly double 
their strength. Castings of this kind may be bent cold, forged, or welded 
to a greater or less extent. They are used for pipe fittings, iron handles for . 


tools, wheels, pinions, small parts of machinery, etc. 


Semi-steel is the somewhat misleading trade name given to cast iron in the preda- 
tion of which 30 to 60 percent of steel scrap is used. With great care in foundry practise 
such “ semi-steel ? may be produced having somewhat higher strength than pxeinals: 
cast iron. 

The Air Furnace which is sometimes used instead of a cupola to melt cast iron com- 


_prises a hearth on which fuel is burned and a separate chamber in which the pig iron and 


scrap gre melted without direct contact with the fuel. Air furnace iron is somewhat) 
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freer from impurities than is cupola iron, but is much more expensive, Except for pros 
ducing malleable cast iron the air furnace is not very extensively used. 

The Fusibility of Cast Iron is dependent on the percentage of carbon and some of 
the other elements. The average fusion point is about 2200° Fahr, Its heat conductiv- 
ity is 35.9, silver being 100. ; 


The Specific Gravity of cast iron varies with its composition from about 
6.9 to 7.5. It is usually taken at 7.22 (water at 62° F. being unity) correspond- 
ing to a weight of 450 lb per cuft. Ina general way the specific gravity increases 
with the strength of the metal and the number of remeltings. 


The Coefficient of Expansion of cast iron may be taken at 0.000 0062 for 

° Fahr. as an average. If exposed to continued heat, cast iron becomes 
permanently expanded 114 to 3 percent, a fact that must be remembered in 
installing grate bars or other castings exposed to heat. 


The Modulus of Elasticity varies from 12 000000 to 14000000 |b per 
sq in for ordinary commercial cast iron, and from 16 000 000 to 18 000 000 for 
special grades of stronger cast iron, such as are used for ordnance. 


The Elastic Limit. Cast iron has no clearly defined elastic limit either in 
tension or compression. For malleable iron the elastic limit in tension varies 
from 15 000 to 20 000 lb per sq in. 

The Ultimate Strength in Tension for ordinary castings can, be taken at 
15 000 to 18.000 lb per sq in, and for better grades of castings at 20 000 to 30 000. 
Tests have shown as low as 9200 and as high as 46 450 lb per sqin. Malleable 
iron has a strength of about 4o ooo lb per sq in. 


Compressive Strength. 80000 lb per sq in may be taken as the average 
ultimate strength in compression. Tests show as low as 44 500 and as high 
as 215 000 |b per sq in. 

Modulus of Rupture. The average value may’be taken at 35 000 Ib per 
sq in, the tests varying from a minimum of 9700 to a maximum of 63 500. 


Shear and Torsion. As the ultimate resistance to shearing 20000 Ib 
per sq in may be taken. Under torsion cast iron fails by tensile strain on an 
inclined section. 


Defects. The most common defects in cast iron are (1) blowholes, caused 
by the formation of steam when: the hot metal comes in contact with the damp 
molding sand: (2) sand holes, and (3) roughness of surface, due to breaking — 
down of the mold in spots; (4) cold-shuts or cold-shorts, which are seams 
caused by the too rapid congealing of the metal so that it does not completely 
fill the mold, and (5) cracks resulting from uneven shrinkage in parts.of the 
castings of unequal thickness. The last is sometimes not discoverable until 
the casting is put underload. -Castings to be acceptable should present smooth, 
clean surfaces with all angles true and sharp, and should be soft enough to be 
dented on the edges by a hammer blow instead of breaking off. 


For Cast-iron Pipe the metal shall be “ of good quality and of such character as 
shall make the metal of the castings strong, tough and of even grain, and soft enough to 
satisfactorily admit of drilling and cutting.” (Standard Specifications, American Society 
for Testing Materials.) For strength tests, see p. 384. 

For Cast-iron Car Wheels the metal shall be soft, clean gray iron, closely approxi- 
mating the following composition: Graphitic carbon 2.90 percent, combined carbon ote 
silicon 0,70, manganese 0.40, phosphorus 0.50, sulfur 0.08 percent. 


For Gray Iron Castings that is, ordinary castings, the following standard 
specifications have been adopted by the American Society for Testing Materials 
(1916 f Pan p. 362): 


hve 
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Unless furnace iron is specified, all gray castings are understood to be made by the 
' cupola process, 

The sulfur contents to be not over following percentages: Light castings, 0.08; 
medium castings, 0.10, heavy castings, 0.12. 

In dividing castings into light, medium, and heavy classes, the following standards 
have been adopted: Castings having any section less than } in thick shall be known 

| as light castings. Castings in which no section is less than 2 in thick shall be known 
as heavy castings. Medium’ castings are those not included in the above classification, 

Transverse Test. The minimum breaking strength of the “ Arbitration Bar” under 
transverse load shall be not under 2500 lb for light castings, 2900 for medium castings, 
and 3300 for heavy castings. In no case shall the deflection be under 0.10 of an inch, 
(See p. 383.) 

Tensile Test. Where specified, this shall not run less than 18 000 Ib per sq i for 
light castings, 2t ooo for medium castings, and 24 ooo for heavy castings. The specimen 
is 1 in in minimum diameter, 314 in long with threaded ends, 

Borings from the broken pieces of the “ Arbitration Bar ” shall be used for the sul- 
fur determinations. One determination for each mold made shall be required, In 
case of dispute, the standards of the American Foundrymen’s Association shall be used 
for comparison. 

Castings shall be true to pattern, free from cracks, flaws, and excessive shrinkage. 
In other respects they shall conform to whatever points may be specially agreed upon, 

The inspector shall have reasonable facilities afforded him by the manufacturer to 
satisfy him that the finished material is furnished in accordance with these specifications. 
All tests and inspections shall, as far as possible, be made-at the place of manufacture 
prior to shipment. 


For Malleable-Iron Castings the following standard ‘specifications are 
given in the 1916 “ Standards” of the Am. Soc. for Test. Materials, p. 359: 


x. Manufacture. The castings shall be made from iron melted either in an air fur- 
nace, open-hearth furnace, or electric furnace. 

2. Physital Properties and Tests. Tension test specimens specified in paragraph 5 
shall conform to the following minimum requirements as to tensile properties: Tensilé 
strength, 38 000 Ib per sq in; elongation, 5 per cent in a 2-in gage length. 

3. Tranverse test specimens specified in paragraph 5, tested with the cope side up on 
supports 12 in apart, pressure being applied at the center shall conform to the following 


minimum requirements as to transverse properties: Specimen 4 in thick, load at center” 


goo lb deflection at center, 1.25 in; specimen 5% in thick, load at center, 1400 db, deflec- 


tion at center 1 in; specimen 34 in thick, load at center 2000 lb, deflection at centerr - 


0.75 in. 
4. In addition to the tension and transverse tests the inspector representing the pur- 
chaser shall satisfy himself of the suitability of the iron used for castings by breaking a 
reasonable number of castings before annealing to examine for excessive mottling or 
graphite spots. In case of castings of special design or importance he may also require 
test lugs of a size proportional to the thickness of the casting, but not exceeding 5434 
inin section. At least-one of these lugs shall be left on the casting for final inspection. 
5. (a) Tension test specimens shall be of the form and dimensions shown in Fig. 59. 
Me yeh test specimens shall be 14 in in length by 1 in in width and either 14, 5, or 
% in in thickness, The thickness 
of the specimen selected shall be 
in proportion to the thickness of 
the casting which it represents. 
(b) Two tension and two trans- 
verse test specimens shall be cast 
‘in each mold with risers of suf- Fig, 59, Test Specimen for Malleable Castings. 
ficient height at each end to secure 
sound bars. All specimens shall be cast without chills, and with ends perfectly free 
in the mold. 
(c) Four molds shall be poured to represent each melt, When the entire melt is used 
for castings which are subject to these ty terol two molds shall be poured within 
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five minutes after tapping into the first ladle, and two molds. from the last iron of the 
melt. _ When only part of the melt is required for such castings, two molds shall be poured 
from the first ladle of iron used and two molds after the required iron has been tapped, 

(2) The molds shall be suitably stamped to identify the specimens. 

The test specimens from one mold from the first and one mold from the last of the melt 
shall be annealed in the hottest part of the annealing oven, and the remaining specimens 
shall be annealed in the coldest part. 

6. One tension and one transverse test specimen from each of the four molds represent- 
ing a melt shall be selected for test. The remaining specimens shal! be reserved, and shall 
be tested in case of failure to conform to the requirements specified. 

7. If more than one tension or transverse test specimen frora each of the two molds 
annealed in the two points in the oven specified in paragraph 5 (d) fails to meet the 
requirements as to tensile or transverse properties specified in paragraphs 2 and 3, the 
castings from that melt will be rejected. 

8. Workmanship and Finish. The castings shall substantially conform to the sizes_ 
and shapes of the patterns, and shall be made in a workmanlike manner, A variation 
of 3799 in per ft will be permitted. 

g. The castings shall be free from blemishes, scale and shrinkage cracks. 

to. Inspection. The inspector representing the purchaser shall have free entry, at 
all times while work on the contract of the purchaser is being performed, to all parts of 
the manufacturer’s works which concern the manufacture of the castings ordered. The 
manufacturer shall afford the inspector, free of cost, all reasonable facilities to satisfy 
him that the castings are being furnished in accordance with these specifications. All 
tests and inspection shall be made at the place of manufacture prior to shipment, unless 
otherwise specified, and shall be so conducted as not to interfere unnecessarily with the 
operation of the works, 


Working Unit Stresses for cast iron depend upon the character of the 
applied loads and upon the grade of metal. Common average values for 
tension fibers of flexure members are 4000 lb per sq in for steady loads and 3000 
Ib per sq in for variable loads, while for compression values about four times 
as great may be used. In shearing the working,unit stresses may be taken as 
about the same as those for tension. ‘The properties of castings depend upon 
the quality of the ores and upon the method of manufacture. Cold-blast pig 
produces stronger iron than hot-blast pig, but it is more expensive. Drying 
the air before admitting it to the blast tends to secure uniformity of product. 
The darkest grades of foundry pig make the smoothest castings, but they are 


“apt to be brittle; the lightést grades make tough castings, but they are apt to 


contain blowholes or imperfections. 


Very low unit stresses should be used when cast iron is subject to repetitive stresses 
alternating from tension to compression; probably 1000 lb fer sq in is the highest’ value 
allowable. Cast iron is a brittle material which is tinsuited to resist shocks, and since 
1900 it has not been used in bridge construction. It is not generally used in direct 
tension, 


30. Wrought Iron 


Composition. Wrought iron isa product of the reverberatory furnace, gad 
is composed principally of ferrite (pure iron) and slag (iron silicate); in these 
exist small amounts of impurities, an idea of the percentage of which can be ~ 
obtained from the following analysis (Macfarlane): ;- 


p Common Wrought Iron: Best Wrought Tees 
CarDOnen cotta cts sure mac tite 0.05 0.06 


Phosphorus.. .. Ee ote ere 0.35 0.18 i 
Sulfur sore ace taabeak tints Geet. Foaen 0.06 0.04 

SULCOM saa eeasieie sis « perks Airhctelte 0.23 ° 0.20 Serr 
Manganese..... pian ofatrty Sots 0.06 ote 
Slag dina. ubtass, coors: ducaisastbouteat x0 GSO. petines ab 
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| Metallurgy. Wrought iron is made in a reverberatory furnace from pig iron 
and less frequently from molten metal taken directly from the blast furnace, 
This method of manufacture is known as the puddling process. The furnace 
consists essentially of a firebox, puddling or working chamber, suitable draft 
openings and flue. The working chamber is provided with openings for the 
purpose of charging and working the metal, and for the removal of slag and 
the puddled metal. There are two distinct puddling processes, Wet Puddling 
and Dry Puddling. 


In the Wet Process the hearth of the furnace is felted with high-grade iron ore or mill 
scale which acts as an oxidizing agent for reducing impurities. ‘The reduction of impuri- 
ties occurs in different stages, namely in the melting-down stage, during which most of 
the silicon and manganese and some of the phosphorus are removed; in the clearing stage, . 
during which phosphorus and sulfur are removed, and in the boiling stage, during’ which 
carbon is removed and most of the remaining phosphorus and sulfur. Since pig iron 
melts at a much lower temperature than metallic iron, as the mass becomes purified it 
assumes a pasty condition. It is then collected in balls weighing about 80 lb, carried 
to the squeezers or a forge and most of the slag expelled. The resulting bars are then run 
thru roughing rolls, the rolled bars trimmed, and thereafter known as “ muck bar.” 
The muck bar is again heated to a welding heat and rerolled. This treatment cleans out 
most of the remaining slag, and the resulting product is commercial merchant bar. The 
operation of heating to a welding heat and rerolling is sometimes repeated several times, 
the effect being to improve the bars thus treated. 

In the Dry Process, which is infrequently used, white pig iron is charged and subjected 
to the action of an oxidizing flame. The oxygen in this case is supplied by the furnace 
instead of from the fettling. ; 


Appearance. A section of a wrought-iron rod or plate when polished shows: 
more or less regular laminations of slag and iron. By notching one side of a 
bar and bending -one end away from. the notched side, the iron will break 
along the slag laminations and give’ a fracture known as “barking.” If a 
bar is notched all around and then struck a blow heavy enough to.cause it to’ 
break, the fracture. will be coarsely crystalline; when broken in tension, the _ 
fractured section is generally irregular and fibrous. . 


To distinguish between Wrought Iron and Soft Steel (Iron Age, Dec. 23, 
1909); The sample is cleaned from grease and scale and immersed in a solu- 
tion of the following: water, 9 parts; sulphuric acid, 3 parts; muriatic acid, 
rt part. The acids are poured into the water and the mixture allowed to cool. 
The specimen is allowed to remain in the solution for 15 or 20 minutes, when 
it is removed and rinsed in water. The fibers will now show plainly, or if 
not, the process is continued. Soft steel dissolves uniformly and without the 
fibrous structure found in wrought iron. : 

Grades. . Wrought iron may be graded as follows: (1) Charcoal iron, the 
purest grade of wrought iron; (2) Puddled iron, classified according to quality 
into stay-bolt iron and merchant iron, grades A and B; (3) Busheled scrap, 
a heterogeneous product made from iron scrap; steel is frequently mixt with 
the iron scrap, causing considerable irregularity in the resulting product... 
_ Properties. Wrought iron possesses the important qualities of toughness, 
ductility, malleability, and weldability, but it cannot be tempered. 


Coefficient of expansion.... 0.00000648 per degree F... (Clarke) 

Electrical conductivity...... 0.16 (Cu=100) (Lazare Weiler) 

Melting temperature....... 2732° to 2912° F. (Pouillet, Claudel, Wilson) 
Specific heat......... +--+. 0.1138 (Rontgen) 

Specific gravity.......... . 7.4 to 7.9 (Kent) 


Tension, The average results of a great many tensile tests made at the 


4.9 
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Testing Laboratory of Columbia University on good wrought iron for general 
purposes give the following: 


Yield point, Ib persqin.......... ae iieatit 1h : 31 000 
- Ultimate strength, lb per sqin....... ASN 51 000 
Elongation in 8 in, percent...........00.05 21 
Reduction of area, percent......6...0.c000. 30 
Modulus of elasticity, Ib persqin.,....... . 28 200 000 


Shear and Torsion. J. Platt and R. F. Hayward (Proceedings Inst. C. E., 
Vol. 90) give the following values for ‘“‘ crown” best wrought iron which had 
an ultimate tensile strength of 48 4oo lb per sq in. 


Ultimate strength in single shear, Ib per sq in.. 42 050 
Elastic limit in torsion, lb per sqin......... 20 530 
Modulus of elasticity in torsion, Ib per sq in. 12 800 000 


Compression. The ultimate compressive strength of good wrought iron 
is not well defined. Practically, its yield point in compression should be con- 
sidered as the ultimate for compression. This yield point is about the same as 
the yield point in tension. 


The Strength of wrought iron is affected by its chemical composition, the 
mechanical work and heat treatment it has undergone, and also varies for 
different temperatures. Wrought iron has a well-defined yield point in both 
tension and compression which is from 2000 to 4000 lb per sq in higher than the 
proportional and elastic limit. Beyond the yield point wrought iron is a plastic 
material which flows rapidly as the maximum strength is approached. In 
compression it is difficult to determine the ultimate strength, and some engi- 
neers consider it best to regard this as coinciding with the yield point. The 
ultimate strength in tension increases with the amount of carbon, which, how- 
ever, is rarely greater than 1/1 of 1 percent. The strength of iron entirely 
free from carbon and phosphorus is probably between 39 000 and 40 000 lb per 
sq in. 


N : ‘ 
Effect of Work of Rolling on Wrought-iron Plates (Holley) 


Thickness Blastic limit, Ultimate |Elongationin} Reduction 


in * strength, 8 inches, 
inches Ibiner sce lb per sq in percent 
32 400 51 800 It.2 
31 180 49 760 14-2 ] 
30 775 50 200 15-5 a | 
30 400 49 050 16.0 


_. The effect of the work of rolling on circular sections exhibits the same variation, that is, ; 
a material increase in the strength of the bar results from a reduction of the cross-section. 


Wrought-iron Wire is manufactured by cold drawing thru dies. Tensile 
tests on wire (U. S. Report on Tests of Metals, 1897) have given rzro 000 lb per © 
sq in for wire o.or inch diameter and 65 280 lb per sq in for wire 0.2 inch 
diameter. A rod 0.8 inch diameter of the same kind of material as the wire 
gave 50 000 lb per sq in. ; 

The Effect of Temperature upon the ultimate strength of wrought iron is 
shown by the following table (M. Rudeloff, Trans. Internat. Soc, Testing 
Materials, 1909). y j 

t 
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Ultimate 
strength, 
Ib per sq in 


Temperature, 
degrees C, 


Elongation, 


Ib per sq in ESTEE 


49 300 
51 400 
54 300 
60 700 
67 100 


_ Effect of Reheating and Rerolling. Within limits, puddled iron is much 

improved in quality by being cut up, piled, reheated, and rerolled or hammered. 
However, it is found that only in special cases is it advantageous to reheat 
puddled iron more than twice. The following figures (Johnson) show the 
effect of reheating and rerolling on the tensile strength: The original bar 
had a tensile strength of 43 goo lb per sq in, after the second working this 
rose to 52 860 lb per sq in, and after the sixth working it became 61 820 lb per sq 
in; the tensile strength then diminished with the number of workings until 
after the twelfth working it became the same as that of the original bar. 


Uses. Wrought iron is used for spikes, nails, bolts and nuts, wire, chain 
‘rod, horseshoe bars, sheets and plates, stay bolts, pipes and tubing, third 
rails, armatures, electro-magnets, and in the manufacture of crucible steel. 
Wrought iron is sold as “‘merchant bar” for subsequent working into vari- 
ous wrought shapes. 


Wrought iron was extensively used in bridge and building construction prior to 1890, 
but since 1900 structural steel has entirely taken its place on account of being about 20 
percent stronger, as also lower in price. CuazNs are made of wrought iron when the 
highest degree of-reliability is required. The permissible tension P on a chain of the 
usual form is P=o.4 d2S for open links and P =o.5 d*S for stud links, where d is the diam- 
eter of the metal and S is the safe working unit stress. (Goodenough and Moore, Bull. 
Univ. Illinois, No. 18, 1907). 


Tests. Wrought iron used for rivets should be subjected to tensile and 
bending tests and also to an upsetting test. Boiler plate should be subjected 
to the tensile test, to bending tests, both hot and cold, as also to hot drifting. 
out tests (Art. 28). Iron wire is tested by tension, bending, and torsion. The 
bending should be performed in a hand vise, the jaws of which have a radius 

' of curvature equal to double the diameter of the wire, and the quality of the 
metal is judged from the number of times it can be bent before fracture. In 
flexural tests wrought iron has no proper modulus of rupture, since the deflec- 
tion increases indefinitely without rupture, 


Behavior under Stress. Good wrought iron shows a fibrous structure 


when broken by tension or flexure. A stress exceeding the elastic limit causes ~ 


a permanent set and raises the elastic limit higher than before. It is a funda- 
mental rule that working unit stresses should not exceed the elastic limit. Under 
variable loads the allowable unit stress which is specified should seldom be 
greater than one-half of the elastic limit. 


Detail Fracture is the name given to the small microscopic slippings which occur when 

| a metallic specimen is subjected to repetitive stresses. These gradually increase in size 
and unite together, so that finally, after a large number of stresses, they may become 
visible to the eye. Chatelier has said (Proceedings Inter. Soc. Testing Materials, Feb., 
z910): “If the existence of an elastic limit were rigidly exact a metal would be able to 
withstand repetitive stresses for any length of time, provided that limit were not exceeded, 
But every deformation of a body, however small, in fact gives rise to three distinct phe- 
nomena. When the stress which had called forth the strain ceases, we observe first a rapid 
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return of the metallic piece to its primitive dimensions; that is the manifestation of elas- 
ticity. But the specimen does not come back exactly to its initial dimensions; we can 
Tecognize this by means of methods-of high precision, ‘The specimen afterwards left to 
itself continues to undergo a slow deformation, approaching its initial dimensions more 
completely; these are viscosity phenomena. ‘The specimen finally keeps a permanent 
deformation, extraordinary small if you like, but not rigorously nil. These residual 
deformations are of an absolutely negligible magnitude compared to the elastic deforma- 
tions; they do not amount to the thousandth part of the latter, and they are therefore 
without importance to the’static use of metals. But the repetition of the deformation 
can, by totalizing these parasitic phenomena, negligible so far as a single-deformation is 
concerned, finally produce a profound alteration of the metal and even lead to its fracture. 
That is the elementary factor upon which the rupture of metals under alternating stress, 
seems to depend.” (See p. 330 ) 


Defects. The principal defects in wrought iron as classified by Turner are 
rough edges, spilly places and blisters. To these might be added the presence 
of excess of slag. Rough edges are due to careless workmanship, imperfec- 
tions in the rolls, and also to red shortness. Spilly places are spongy or irregu- 
lar spotted parts, noticed particularly in sheets and occasionally in all kinds of 
wrought iron. They are generally attributed to imperfecting puddling. 


Specifications. The following is a summary of the specifications for wrought 
iron as given in the 1916 ‘‘ Standards ” of the Am. Soc. for Test. Materials: 


1. Grades of Iron recognized are: charcoal iron for boiler tubes and plates,.staybolt 
iron, engine-bolt iron, refined wrought-iron bars, wrought-iron plates classes A and B. 
_ 2. The Process of Manufacture specified for each grade is as follows: For charcoal 
iron, the knobbling process, using charcoal as fuel, for staybolt iron the charcoal-fired 
knobbling process or the puddling process, for engine-bolt iron, wrought-iron bars and 
plates, the puddling process. For bars and plates the iron may be made from a mixture 
of muck bar and scrap, which, however, must be free from any admixture of steel. 


3. Physical Properties are specified as given in the following table: 


Specified Minimum Physical Properties of Wrought Iron 


Wrought-iron 


Staybolt | Engine- sie plates 
iron bolt iron | .WrOUsAE ar 
iron bars 


Class A | Class B- 


Ultimate tensile strength, Ib | 49 000- | soooc~ | ” 48 000- | 47 000— 


per sq in. 53 000 54 000 49 000 48 000 
WAGE DOINt eels ystei sta acl ...| 0.6 Ult. | 0.6 Ult, 26 000 26 000° 
Elongation in 8 in, percent.... 30 25 12-16 10-14- 
Reduction of area, percent....] 48 40 


The standard test specimen for bars is a piece of the bar as rolled. For plates the stand- _ 
ard flat test specimen is used, as shown in Fig. 54; this is taken the full thickness of the 
plate as rolled, 


4. Cold Bend Tests are made on specimens from bars and plates. These ‘de 
are summarized in the table of Cold Bend Tests, on p. 388. ns 

ie Quench Bend Tests are made for charcoal-iron boiler tubes and for staybolt_ 
iron. A specimen the full sizeof bar or full thickness of plate after quenching in WOH. 
from a red heat must bend flat on itself without cracking. 

6. Nick-bend Test are made by nicking a bar with a tool having a 60° eating Pe 
and breaking the bar crosswise, opening out a cross-section. This section must show a. 
fibrous surface, wholly free from crystalline spots for charcoal iron, staybolt iron, and 


ArtiSl Classification of Steel | 401 


engine-bolt iron; and with not over ro percent of the fracture crystalline for other grades 
of iron. 

7 Threading Test. Staybolt Iron shall be of such texture as to permit the cutting 
of a clear, sharp screw thread on a test bar. 

8. Finish. All wiought iron shall be smoothly rolled and free from slivers, depressions, 
seams, crop ends, and evidences of being burnt, . 


~ Working Unit Stresses for wrought iron will depend upon the kind of 
loading, the highest being for steady loads and the lowest for alternating 
stresses or shocks. Following values are for wrought iron of an average 
quality and these may be increased 30 percent for the very best grades. All 
values are in pounds per square inch. 


Steady Stresses Variable Stresses | Shocks 


Tension.....: eer caets 14 000 10.000 4000 
Compression....... I3 000 9 000 3000 
Pe eh censure. (6 10 000 7 000 3500 
I ERUTC, eosli.> pie, erenie I2 500 8 500 3500 
TEGYSION.. oo t0i4 4 -Jas86s. «95 O09 3 500 1500 


In a rough general way the quality of wrought-iron can be estimated by the product! of 
its tensile strength and ultimate unit elongation, this being an approximate measure of the 
work required to produce rupture. Or, the formula K =14(Si:+2S)e is an approxi- 
mate expression for this work per cubic unit of the material, Si being the elastic limit, 
S the ultimate strength, and e the ultimate unit elongation. For example, let S1=31 000 
S=58000 Ib per sq in, and e=21 percent, then K=10290in lb per cu in. For 
another grade of ‘iron let Si1=25 000,.5=55 000 Ib per sq in, and e=28 per cent; then 
K=12 600 in-lb per cu in, and this is 22 percent higher than the other. Thus high ulti- 
mate strength is not advantageous when accompanied by low unit elongation. 

Wrought iron has a decided “ fiber ” due to the slag entrained in the process of rolling. 
The above values for tensile strength and working unit stresses apply to those along the 
fiber, and about 12 percent is to be Shun from them for cases where the tension acts 
across the fiber. 


31. Classification of Steel 


Steel and Iron. Steel was originally produced directly from pure iron 
ore by the action of a hot fire, which did not-remove the carbon to a sufficient 
extent to form wrought iron. The modern processes, however, involve the 
fusion of the ore, and the definition of the United States law is that “ steel is 
iron produced by fusion by any process, and which is malleable.” ‘ Chemically, 
steel is a compound of iron and carbon generally intermediate in composition 
between cast and wrought iron, but having a higher specific gravity than either. 


# Percent:of Carbon Specific Gravity Properties 
Cast iron, 5 to 2 7.2 Not malleable, not temperable 
Steel, 1.50 t0 0.20 7.8 Malleable and temperable 
Wrought iron, 0.30 to 0,05 VL Malleable, not temperable. 


It should be observed that the percentage of carbon alone is not sufficient to 
distinguish steel from wrought iron; also, that the mean values of specific 
gravity stated are in each case subject to considerable variation; further, only, 
the hard steels are temperable, the softer grades resembling wrought iron. 


Manufacture. The four principal methods, are the crucible process, the 
the electric-furnace process, thé open-hearth process, and the Bessemer process. 
In the crucible process impure wrought iron or blister steel, with carbon and a 
flux, is fused in a sealed vessel to which air cannot obtain access; the best tool 
steels are thus made. In the electric-furnace process steel is refined out of con- 
tact with air by heat produced by means of an electric arc, In the open-hearth 
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process pig iron is melted, scrap and iron ore being added until the proper degree 
of refining is secured In the Bessemer process pig iron is completely decar- 
bonized in a converter by an air blast and then recarbonized to the proper 
degree. The metal from the open-hearth furnace or from the Bessemer converter 
is*cast into ingots which are rolled in mills to the required forms. The open- 
hearth process produces steel for machines, shafts, axles, springs, armor plates, 
rails, and for structural purposes the: Bessemer process mainly produces steel 
for railroad rails and for the cheaper grades of steel. A combination method 
known as the duplex process is in wide use. In this process the refining action 
is started in a Bessemer converter, and after partial refining the molten steel is 
transferred to an open hearth furnace, where the refining process is finished. 
The following description of these methods is taken mainly from Kent’s Mechani- 
cal Engineers’ Pocket Book, 8th Edition, 1910: 


Blister steel is a highly carbonized wrought iron, made by the “ cementation ” process 
which consists in keeping wrought-iron bars at a red heat for some days in contact with 
charcoal. Not over 2 percent of C is usually absorbed. The surface of the iron is covered 
with small blisters supposedly due to the action of carbon on slag. Other wrought steels 
were formerly made by direct processes from iron ore, and by the puddling process from 
wrought iron, but these steels are now replaced by cast steels. Blister steel is, however, 
still used as a raw material ia the manufacture of crucible steel. Case-hardening is a 
process of surface cementation. 


Crucible Steel is commonly made in pots or crucibles holding about 80 Ib of metal 
The raw material may be steel scrap; blister steel bars; wrought.iron with charcoal; 
cast iron with wrought iron or with iron ore; or-any mixture that will produce a metal 


having the desired chemical constitution. Manganese in some form is usually added to _ 


prevent oxidation of the iron. Some silicon is usually absorbed from the crucible, and 
carbon also if the crucible is made of graphite and clay. The crucible being covered, 
the steel is not affected by the oxygen or sulfur in the flame. The quality of crucible 
steel depends on the freedom from objectionable elements, such as phosphorus, in the 
mixture, on the complete removal of oxide, slag, and’ blowholes by “ dead-melting ” or 

“killing ” before pouring, and on the kind and quantity of different elements which are 
added in the mixture, or after melting, to give particular qualities to the steel, such as 
carbon, manganese, chromium, tungsten, and vanadium. 


Bessemer Steel is made by blowing air thru a bath of melted pig iron. The oxygen of 
the air first burns away the silicon, then the carbon, and before the carbon is entirely 
burned away, begins to burn the iron. Spiegeleisen or ferro-manganese is then added to 
deoxidize the metal and to giveit the amount of carbon desired in the finished steel. In 


the ordinary or “ acid ” Bessemer process the lining of the converter is a siliceous mate- _ 


rial which has no effect on phosphorus, and all the phosphorus in the pig iron remains in 
the steel. In the “ basic’ or Thomas and Gilchrist process the lining is of magnesium 
limestone, and limestone additions are made to the bath, so as to keep the slag basic, and 
the phosphorus enters the slag. By this process ores that were formerly unsuited to the 
. manufacture of steel have been made available. 


_ Open-hearth Steel. Any mixture that may be used for making steel in a crucible 
- may also be melted on the open hearth of a Siemens regenerative furnace, and may be 


desiliconized and decarbonized by the action of the flame and by additions of iron ore, _ 


deoxidized by the addition of spiegeleisen or ferro-manganese, and recarbonized by the 
same additions or by pig iron. In the most common form of the process pig iron and scrap 
steel are melted together on the hearth, and after the manganese has been added to the 


bath it is tapped into the ladle. In the Talbot process a large bath of melted material — 


is kept in the furnace, melted pig iron, taken from a blast furnace, is added to it, and iron 
ore is added which contributes its iron to the melted metal while its oxygen decarbonizes 
the pig iron. When the decarbonization has proceeded far enough, ferro-manganese is 
added to destroy iron oxide, and a portion of the metal is tapped out, leaving the remainder 


to receive another charge of pig iron, and thus the process is continued indefinitely. In 


the Duplex Process melted cast iron is desiliconized in a Bessemer converter, and then run 


into an open hearth, where the steel-making operation is finished. The open-hearth 


process, like the Bessemer, may be either acid or basic, according to the character of the 
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lining. The basic Process is a dephosphorizing one, and is the one most generally avail- 
able, as it can use pig irons that are either low or high in phosphorus. 


Electric-furnace Steel. Instead of using the gas flame of an open-hearth furnace 
the heat of an electric arc may be used to heat a charge of steel, which can be kept out 
of contact with air under-a protecting blanket of molten slag. The purifying ingredients, 
iron oxide, manganese dioxide, etc., are in the slag, and the impurities are absorbed by 
it. Electric heat is very uneconomical for producing low temperatures, but much more 
economical for producing high temperatures, such as are used in the final refining stages 
of steel making. The electric furnace is sometimes used for the final stages of the steel 
making process, the earlier stages being carried out in an open heurth furnace or.a Bes- 
semer converter. 


The Physical Properties of steel depend upon both method of manufacture 
and chemical composition, the carbon having the controlling: influence upon 
strength. Phosphorus increases strength, but it promotes brittleness; man- 
ganese increases strength in a Jess degree, and it promotes malleability; sulfur 
causes red-shortness or a tendency of the steel to crumble while being rolled; 
and silicon increases hardness. Acid steel is slightly stronger than basic steel 
having the same percentage of carbon, owing partly to the higher percentage 
of phosphorus and partly to the effect of the lime in forming,slag in the basic 
steel. Since 1900 more than three-fourths of the open-hearth steel produced 
in the United States has been basic; the Bessemer product on the other hand 
being entirely acid. 


The products described above are sometimes called carbon steel, because carbon’ is 
the controlling element in regard to strength. When the strength is largely governed 
by other elements the steels are said to be “ special.”’ Of these nickel steel (Art. 34) 
is the most important as a structural material, while chrome, vanadium, and tungsten 
steels (Art. 35) are used mainly for machinery and tools. 


The Methods of Manufacture greatly influence the strength of steel. 
Forged steel is stronger and more reliable than cast steel. Heat treatment by 
annealing and tempering has also a marked: influence. In fact, each manu- 
facturer has special processes which are claimed to produce superior material. 


Forging and Drawing greatly increase the strength of steel. Forging under a hammer 
or press renders the material more compact and increases both specific gravity and 
strength. The process of drawing stee] bars into wire has a similar result, and wire has 
been made having a tensile strength of 250 000 lb per sq in, while the wire used for the 
cables of suspension bridges usually: has a tensile strength of from 150 000 to 200 000 
Ib per sq in. By compressing steel while it is fluid, the strength may also be much 
increased, and this process is used for the steel from which large guns and hollow shafts 
are made. : 

Annealing consists in raising cold steel to a light red heat and then allowing it to eool 
for several days. This process reduces the ultimate strength, but it increases the ductility 
and also the capacity to resist shock. Tempering consists in plunging heated steel 
into a bath of water or oil, or by applying these fluids to its surface. The hardness of 
the steel and its ultimate strength are thereby much increased. Armor plate under- 
goes special processes of tempering or carbonization which render it excessively hard 
and tough. : we ‘ 

Steel castings are extensively used for axle boxes, crossheads, and machine frames. 
They range in tensile strength from 60000 to 90000 Ib per sq in and have an elastic 
limit of somewhat less than half the ultimate strength. Altho less reliable than steel 
forgings, they give excellent service after having been annealed so as to increase their 
ductility and their capacity to withstand shock and work. 


Carbon is the controlling element in regard to strength, and the same is 
the case with respect to ultimate elongation. The. higher the percentage of 
carbon, within a reasonable limit, the greater is the strength and the less the 
ultimate elongation. The product of strength and elongation is approximately 
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constant, and hence the ultimate elongation is approximately inversely pro- 
portional to the tensile strength. A rule frequently given is that the per- 
centage of elongation equals 1 500 000/S;; thus, for a tensile* strength of 
80 000 lb per sq in the ultimate clongation is about 19 percent. This rule, 
however, gives too high elongations for very strong steel. R= 


General Classes. According to the percentage of carbon and its capacity 
for taking temper or being welded, steel may be classified as follows: 


Soft, 0.05-0.20 C, not temperable, easily welded — 
Medium, o.15—-0.40 C, poor temper, weldable 
Hard, 0.30-0.70 C, temperable, welded with difficulty 


Very hard, 0.60-1.00 C, high temper, not weldable 


Average Properties for carbon steel in lb per sq in are as follows: 


hard 
Elastic limit in tension and compression. ....| 30000 | 35.000 | 50000 |~ 70000 
Ultimate tensile strength... ...........00-05 50.000 | 60000 | 90000 | 120000 
Elastic limit in shear....... seeeeeeses| 17 000 | 20000 | 28000 | 40000) 
Ultimate shearing strength 40000 | 50000 | 70000 go 000 
Modulus of elasticity, tension-compression. . . 30000 000 for all grades 
Modulus of elasticity, shear..............-5 12.000 000 for all grades 


The specific gravity is about 7.8, and the weight per cubic foot 490 or 491 
Ib. The coefficient of expansion is about 0.0000065 per Fahrenheit degree. 
Ultimate elongation ranges from 5 to 30 percent, the higher the amount of car- 
bon the less the elongation. Reduction of area follows the same rule, ranging 
from 10 to 60 percent; see page 38]. 


Uses. Steel is frequently classified with reference to its uses, and the follow- 
ing is such a classification \giving average elastic limits and ultimate tensile 
strengths in pounds per square inch, and ultimate elongations in percentages. 
For the elastic limit a variation of about 2000 and for the ultimate strength 
a variation of 4000 or 5000 lb per sq in from these mean values may be expected. 
The ultimate elongations are subject to marked variation according to the 
ratio of the length of the test specimen to its diameter; those here given are 
for the standard 8-in specimen. 


5 q 
Elastic, Tensile BA hist " 
limit strength aR ie 
Structural steel for rivets.............005 30 000 55 000 30 
Structural steel for beams and shapes Hea 35 000 60 000 ey pe 
Boiler steel for-rivets.20)05..0..000Nes.0e 25 000 50 000 30 
Boiler steel for plates..........00.00.00- 30 000 60 00 26 
Machinery stecl.....-+0+.06. le Wy A! 40 000 75 000 20 
Gun steel........ BAe aidwisiariess ea caaclanies 50 000 90 000 33), a 
Axle steel... ...... DV eie dale selaeer vers 55 000 100 000 15 
Spring steel...... attra emienitie ag arad feats 80000 -| 1250007 12 
Cable wire steel. ........... LY Fd SALNSE, 150 000 200 000 8. 
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Formulas for Strength. “Many formulas have been deduced to exhibit 
e rélation between the tensile strength and the chemical composition, but 
hone of these applies to all classes of steel, The rough rules, ‘ 


Sz=45'000+ 108000C . S= 45 000+ 90 000 C 


give an approximate idea of the influence of carbon in acid and basic unan- 
nealed open-hearth steel respectively, C being the percentage of carbon’and 
S; the tensile strength in pounds per square inch. Thus, acid steel with 
9.40 percent of carbon has a tensile strength of about 88 ooo |b per sq in, 
while basic steel has about 81000 lb per sq in. When the percentages of 
phosphorus and: manganese are also known, the following formulas, deduced 
from the exhaustive discussion of H. H.. Campbell in rgo5, peas be used to 
give more reliable results, 


S) = 40,000;4:68.000. C+ 100. 000:P +/80 000 CM 
S¢ = 38:800'+ 65.000 'C' + 100 060'P + 9.000 M +40 000 CM 


the first being for acid and the second for basic open-hearth steel. Here C 
is the percentage of carbon, P that of phosphorus, M@ that of manganese, 
and Sj the’ tensile strength in pounds per square inch. For example, acid 
stéel having '0!344% of carbon, 0.045% of phosphorus, and 0.70% of man- 
ganese has a tensile strength of 87 200 |b per aa in; basic steel having 0.344% 

of carbon, 0,020% of phosphorus, and 0.35% of manganese has a tensile 
strength of 7x 100 Ib per sq in. These formulas do not apply t to steel with a 
Bereniegs of carbon higher than 0.75, 


Strength of Various Kinds of Carbon Steel 
W. L. Turner, Iron Age, July 2, 1908 


Elastic | Tensile Elonga- Red. of 
Kind | Carbon, | Manga-} _ limit, strength, | tion in 
% nese, 7% | Ib per sq | Tb per sq | 2 inches, 

in in % 


area, 


Wrought iron. - . ~ = 32 020 49450 | 42.5 

58 160 40 840 Mpa 

39 460 60 650 35-0 
Mild steel = 49 390 70036 | 33-0 
‘Forging steel’. = 43 010 61 850 34-0 
Forging steel... - : 52 230 77 310 28.0 
Steel casting. .- 5 34 690 58 800 28.0 
Spring steel + 5 63 800 | 125000 . 8.5 
Spring steel... .- ~ 5 tor cco | 186300 | 9.5 
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R=raw, A=annealed, OT=oil tempered. 


32. ‘Structural Steel - 


Specifications. The following clauses give.essential features of the specifi- 
cations for structural steel which have been adopted by Amer. Soc. for Testing 
"Materials and Amer. Ry..Eng. and Maint. Way Association: 


pins Structural Steel shall be’'made by the open-hearth process. (Structural steel for 
buildings may be made by the Bessemer process.) 

2. Each of the three classes of structural steel shall conform to the following limite 4 in id 
chemical composition: Sulfur shall not exceed 0.05 percent; phosphorus shall not exceed 
6.06 percent when the steel is made by the acid process and not exceed 0,04 percent when 
it is made by the basic process, > 
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3. There shall be two classes of structural steel for bridges, buildings, locomotives, _ 
cars, and ships, namely, rivet steel and structural steel which shall conform to the fol- 
lowing physical requirements: Rivet steel shall range in tensile strength from 46 000 to 
60 000 Ib per sq in, have a yield point not less than o.5 of the tensile strength, and the 

I 500 000 
percentage of elongation in 8 in shall be Poe ae meth’ Soft steel shall range in tensile 
strength from 55 000 to 68 000 |b per sq in, have a yield point not less than 0.5 of the 
tensile strength, and the elongation in 8 in shall not be less than 25 percent. 

4. For each increase of 4 in in a flat specimen above a thickness of $4 in, a deduction 
of 1 shall be made from the above specified percentage of elongation. For each decrease 
of 1/19 in below a thickness of 5/15 in, a deduction of 2}4 shall be made from the above- 
specified percentage of elongation. For bridge pins the required percentage of elongation 
shall be 5 less than that above specified, as determined on a test specimen the center of 
which shall be 1 in from the surface of the pin. 

5. Fullsized tests of eyebars shall show 15 percent elanaatiantt in ro ft of the body 
of the eyebar, and the tensile strength shall not be less than 55 000 lb persqin. Eyebars 
shall generally break in the body, but should an eyebar break in the head, and show 
15 percent elongation in 10 ft and the tensile strength specified, it shall not be cause for 
rejection, provided that not more than one-third of the total number of eyebars tested 
break in the head. 

6. Cold bend tests are summarized on p. 388. 

7. The standard specimens are shown in Figs. 53 and 54. The flat specimen is used 
for plates and shapes, and the 2-in round specimen for pins, rollers, and bars. Rivet 
rounds and small bars are tested full size. 

8. One tensile test specimen shall be taken from the finished material of each melt 
or blow, but in case this develops flaws, or breaks outside of the middle-third of its 
gage length, it may be discarded and another test specimen substituted therefor. 

9. Material which is to be used without annealing or further treatment shall be tested 
for tensile strength in the condition in which it comes from the rolls. Where it is imprac- 
ticable to secure a test specimen from material which has been annealed or otherwise 
treated, a full-size section of tensile-test specimen length shall be similarly treated before 
cutting the tensile-test specimen therefrom, 

10. For the purpose of this specification, the yield point shall be determined by careful 
observation of the drop of the beam or halt in fhe gage of the testing machine. 

11. In order to determine if the material conforms to the chemical limitations pre- 
scribed in paragraph No, 2 herein, analysis shall be made of drillings taken from-a small 
test ingot. 

12. The variation in cross-section or weight of more than 214 percent fee that speci- 
fied will be sufficient cause for rejection, except in the case of sheared plates, which will 
be covered by special allowances tabulated in the 1916 “‘ Standards’ of the Am. Soc, 
for Test. Materials. 

When plates are ordered to gage, a variation of more than 1/109 in below that speci- 
fied for any dimension will be sufficient cause for rejection. 

14. Finished material must be free from injurious seams, flaws, defective edges, or 
cracks, and have a workmanlike finish. 

15. Every finished piece of steel shall be stamped with the melt number and name of 
the manufacturer and steel for pins shall have a melt number stamped on the ends. 
Rivets and lacing steel, and small pieces for pin plates and stiffeners, may be shipped in 
bundles, securely wired together, with the melt number on a metal tag attached. « 

16. The inspector representing the purchaser shall have all reasonable facilities afforded 
to him by the.manufacturer to satisfy him that the finished material is furnished in accord-_ 
ance with these specifications, All tests and inspections shall be made at the nr 
of manufacture, prior to shipment. 


Structural Nickel Steel. The following is a summary of the principal items 
in the specifications for structural nickel steel as given in the 1916 “ Standards 
of the Am. Soc. for Test. Materials: 


x. The steel shall be made by the open-hearth process. » 

2. The phosphorus content shall not exceed: for acid structural steel, 0.05 percent; 
for basic structural steel, 0.04 percent; for acid rivet steel, 0.04 percent; for basic rivet 
steel, 0.03 percent. The sulfur content shall not exceed: for structural steel, 0.05 per 
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cent; for rivet steel, o.45 percent. The nickel content shall not be lessthan 3.25 per- 
cent: ; 
3. The talawiog table summarizes the requirements as to tensile strength and ductility. _ 


Plates, Eyebars . | Eyebars 
Properties considered Rivet Steel} shapes and} and rollers | and rollers 
bars unannealed] annealed 


Tensile strength Ib’persqin........ 70 000- 85 000- 95 000- go ca0- 
80 000 100 000 110 000 105 000 
Yield point, min Ib per sqin........ 45 000 50.000 55.000 *| 52000 
El ee ee I 500 000 | 1 500.000 | 1 500 000 20° 
eee Cane DEECe DE on tensile str. | tensile str. | tensile str. 
AOMQALION IN| 2 10> DEKCENt.. ai 6005] sees cece | veeecees 16 aot 
Reduction of area, percent.......... 40 25 25 35 


* Flat test specimens from plates and shapes. 
t Round test specimens from pins and rollers, 


4. For plates, shapes, and unannealed bars over 1 in in thickness a deduction of 
from the percentage of elongation specified in the above table shall be made for each 
increase of 4 in.thickness above 1 in, to a minimum of 14 percent. 

5. The test specimens are similar in size and form to those used for structural carbon 
steel. 

6. The cold bend tests required are summarized on p. .388 


Soft and Medium Steels resemble wrought iron in having a yield point 
| which is from 2000 to 4000 lb per sq in above the elastic limit, while very hard 
steels have no yield point. The elastic limit in tension is a little higher than 
one-half of the ultimate strength. The modulus of elasticity is subject to little 
variation with the percentage of carbon, and the mean value of 30 000000 lb. 
per sq in may be used in computations for both tensile and compressive 
stresses that do not exceed the elastic limit. The modulus -of elasticity for 
shearing is about two-fifths of that for tension and compression. Soft and 
medium steel will withstand a cold bend test similar to that mentioned in the 
last article, but some of the hard steels will fail to do so on accountof their 
lack of ductility. The soft steels resemble wrought iron in being plastic under 
compressive stress exceeding the elastic limit, and some authorities regard the 
yield point as the compressive strength. 

Steel Castings should not contain over 0.06 percent of phosphorus, or 
over 0.05 percent of sulfur. The minimum physical qualities prescribed by 
Amer. Soc. for Testing Materials are é 
‘ 5 Soft Medium Hard 


3 . castings castings castings 
Tensile strength, lb per sq in....... 60 000 7.0000 85.000 
Vield point, lb persqin............ 0.45 of the a strength 
Elongation, percent in 2in......... 22 15 
: Contraction of area, percent........ 30 Hd 20 


Rivets. The ultimate strength of steel rivets as determined by various 
British authorities from experiments on riveted joints, assuming that the 
distribution of load was uniform on all rivets and that the friction of the plates 
is negligible, varied for iron from 42 582 to 62 362 lb per sq in, and for steel 
from 49 683 to 80035 lb per sq in. Tests made at the University of Illinois 
in 1898 gaye average bearing strengths of 36 950 for boiler rivet steel, 40950 
for structural rivet steel, and 37950 lb per sq in for wrought iron. These 

values were, respectively, 76.4, 74.5, and 77.6 percent of the tensile strengths of 
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the same material. The tests were made on %, %, and 1 in rivets in single 
and double shear. More recent tests (1905) made by the Am. Ry. Eng. and 
Maint. of Way Assn. on riveted steel joints gave for the rivets an average shear- 
ing strength of 48 580 lb per sq in. 

Working Unit. Stresses for members of roof and bridge trusses are given 
in Sec. 8. As a rough general rule, when specifications are not made, the 
working unit stresses for structural steel may be taken as 20 percent higher 
than those for wrought iron (Art. 30). 


F Alternating stresses require smaller working stresses than those used for 
steady loads. Following formulas were much used from. 1880 to 1900 to’ give 
the unit stress S which would rupture a bar after an enormous number of 
alterations (40 000 o00 or more): * 


Launhardt’s formula, S=S6 (: Ss 
; Se max 


Weyrauch’s formula, S=Se (: pa a) 


in which Se is the unit stress at the elastic limit, Sy, is the ultimate strength. 
In Launhardt’s formula the bar under one kind of load only, either always 
in tension or always in compression, and min/max is the ratio of least of these 
loads to the greatest. In Weyrauch’s formula the bar is under stress which 
ranges from tension into compression, or from compression into tension, and 
min/max is the same ratio without regard to sign. A further discussion of 
failure of metals under repeated stress is given on p. 330. For most members 
of roof and bridge trusses static strength is more important than strength to 
withstand repeated stress. For elevated railway structures and very busy 
bridges strength to withstand repeated stress may be the critical property_of the 
material. Endurance under repeated stress is a prime requisite of material 
for machine parts, which frequently have to withstand hundreds of millions 
of repetitions of stress. 


For working unit stresses the formulas of Launhardt and Weyrauch are usually divided 
by, 3. Example: Let Se=33,000 and S,=66.000 lb per sq in; then for a bar whose 
load ranges from 30000 to 120000 lb in stress of one kind, the working unit stress is 
S§=11 000(1+1.0X0.25} =13 700 Ib per sq in, while when the load ranges from tension 
to compression the workir-x unit stresses is S=11 000(t —0.5 X0.25) =10 600 Ib per sq in: 


33. Nomenclature for Steel. 


Steel Nomenclature as given by a committee at the International Congress 
held in 1909 (Proc. Inter. Assoc. Testing Materials, July, 1909), is. shown 3 
the table at top of page 409. 


Definitions for Iron and Steel were also recommended by the same com- 
mittee (H. M. Howe, chairman) as follows: 


__ Alloy Cast Irons, those which owe their properties chiefly to the presence of an i einen 

(or elements) other than carbon. 

Alloy Steels, those’ which owe their properties piri to the presence of an element 
(or elements) other than carbon. , 

Basic Pig Iron. In America, pig iron dorifeinings so little silicon and sulfur ‘teed 
is suited for easy conversion into steel by the basic open-hearth process. _ It is restricted 
to pig iron containing not more than 1.90 percent of silicon, In England and on the 
Continent, pig iron containing so little silicon and sulfur that it can be converted into _ 
steel. easily by the basic Bessemer or basic open-hearth process. It generally contains 
1.00 2 Percent or more of manganese and r, .50 to 3.00 percent of phosphors silicon eo ; 


ous 33 "sa \Nomenclature for Steel al 409 


) \ENGLIs# Frenca . |) SPANISH GERMAN 

x. Soft or low- Acier doux, acier : 
carbon steel, extra doux, fer Hierro fundido © Flusseisen $ 
or ingot iron* fondu 


2. Half-hard and ’ 
fae! “or ™m€~" Acier fondu, acier fis 
dium and high Pat ur weer ae Acero fundido -Flussstahl ¢ 
carbon steel. 7 

" or ingot steel * 

Bessemer-F'lusseisen 


Bessem i , 
essemer steel Acier Bessemer Acero Bessemer Resconmenincnnl 
ty ‘Acier Martin Siemens, Flammofen-Flusseisen 
per -hearth,steel acier sur sole Acer de,oglere Flammofen-Flussstahl 
§ i weed ’ Tiegelflusseisen 
Crucible steel Acier au creuset Acero de crisoles Tiegelflussstahl 
| Cast steel _  Acier au creuset Acero fundido Gussstahl 
Steel castings Moulages d’acier P lsags ede ASE Flusswaren 
Weld steel, or i . Schweissstahl or 
wecuightasteel +p Ferfortouferdur Acero Soldado Sahiverseisenciat 
Blister steel, also Acier poule, acier. . 
called cemented cémenté, acier de Acero cementado Zementstahl 
. and conyerted steel cémentation 
Shear steel ‘je Acier rafing une fois Schweissstahil 
corroyé fi 
Puddled steel _ Acier puddlé Acero Pudelado' Puddelstahl 
Alloy steels Alliages 4 base de fer, Aleaciones de Acero’ Sonderstahl 


aciers spéciaux 


3 These are cast initially into a malleable mass. 

+ This is capable of being greatly hardened by sudden cooling. 
eis According, to Wedding cast metal having a tensile strength greater than 71.000 |b 
per sq in should be called Flussstahl, while one with a smaller tenacity should be called 
Flusseisen. Weld metal with a tensile strength exceeding 60.000 Ib per sq in should: a 
called Soprecertal, and one with a less'tenacity Schweisseisen, : 


‘not more than 1.00 percent and sulfur 0.ro percent. Other varieties treated the 
‘basic Bessemer or basic open-hearth process are not regarded as basic pig, but simply as 
“phosphoric pig. 

Bessemer Pig Iron, which contains so little phosphorus and sulfur that it can be-used 
| by itself’ for conversion into steel by the original or acid Bessemer process.’ In America 
this term is restricted to pig iron containing not more than o.ro percent of phosphorué. 
In England tnis term is restricted to pig iron containing not more iar 0.06) percent of 
“phosp rus or sulfur. 

Blown Metal; the red short metal made by purifying pig iron in the Bessemer converter 
without subsequently removing the oxygen which it absorbs during that purification. 
Bessemer Steel, steel made by the Bessemer process, whether its carbon content is high, 
por or intermediate. 

- Blister Steel, steel made. by Cclavane wrought iron by heating if in ‘contact with car- 
Dahorans mation, It might also be made by, so carburizing a low-carbon steel. . Much 
"pf the blister steel of commerce is made by cementing Swedish wrought iron in, charcoal. 

Cast Iron. Generally, iron containing so much carbon or its equivalent that it is not 
3 asefully malleable at any temperature. Specifically, cast iron-in the form of casting other 
_ than pigs, or remelted cast iron suitable for casting inte such castings, as distinguished 

from pig iron, that is, cast iron in pigs, etc! (See Pig Iron.) For instance, cast iron pigs, 
‘or pig iron, ‘like! lead in pigs, or pig lead, is remelted and cast into castings, guch as columns, 
locks, sense etc., of puncte) shape suited to their special purpose; these are’ eee eeay 


a * 
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called ‘cast iron,” and this is the usual restricted meaning of ‘‘cast iron” in trade 
language. 

Cast Steel in the iron trade means “crucible steel.’? Obsolescent and undesirable 
because it might easily be understood to include other steels which have been cast. 

Cemented Steel, the same as blister steel. 

Charcoal Hearth Cast Iron, cast iron which has had its silicon and usually its phosphorus 
removed in the charcoal hearth, but still contains so much carbon as to be distinctly cast 
jron. 

Converted Steel, the same as blister steel. 

Crucible Steel, ton made by the crucible process, whether its carbon content is high, 
low, or intermediate. 

Gray Pig Iron and Gray Cast Iron, pig iron and cast iron in the fracture of which the 
iron itself is nearly or quite concealed by graphite, so that the fracture has the gray color 
of graphite. 

Hematite Pig Iron, originally pig iron made from the hematite ores of England, which 
happen to be so free from phosphorus and sulfur that the pig iron made from them can be 
used by itself for the acid Bessemer process. By association it has come to mean any pig 
iron thus relatively free from phosphorus and sulfur. The term is not used in America, 
and is undesirable. 

Hot Metal or Direct Metal, the molten cast iron from the blast furnace before it has been 
allowed to-solidify, The term is generally applied to molten metal taken direct from 
the blast furnaces to the steel-making plant. 

Ingot Iron, steel cast into an initially malleable mass and containing so little carbon or 
its equivalent that it does not harden greatly when cooled suddenly and completely from 
ared heat. The word is rarely used in English, but “mild steel’’ or “low-carbon steel’? 
or “soft steel’ is generally used in its place. In America the line between soft steel and 
half-hard steel is usually drawn at a carbon content of about 0.20 percent. 

Ingot Steel, steel cast into an initially malleable mass and containing so much carbon 
or its equivalent that it hardens greatly on sudden cooling. The word is rarely used in 
English, but “hard steel,” “high-carbon steel,’’ or “‘half-hard steel’’ are used in its place. 

Malleable Castings, castings of malleable cast iron, which see. 

Malleable Cast Iron, iron which when first made is cast in the condition of cast iron, 
and is made malleable by subsequent treatment without fusion. Altho the English name 
of this variety suggests that it is cast iron, it is not truly a variety of cast iron, but rather 
forms an independent species of iron, because it lacks the essential property of cast iron, 
namely, its extreme brittleness. Tho the term “malleable castings” is very common, 
the term “malleable cast iron’”’ is very rarely used. The common but inexcusable term 
we regret to say is “‘malleable,’” pronounced ‘“‘mallable,” used as a substantive. Those 
with some respect for their mother tongue, if asked of what material a malleable casting 
was composed, would genérally use a circumlocution. * 

Malleable Iron, the samé as wrought i iron. Used in Great Britain, eae not in the United 
States, except carelessly as meaning “‘malleable cast iron”’ (vulgar “‘malleabie’’). 

Malleable Pig Iron, an American trade name for the pig iron suitable for converting 
into malleable castings thru the process of melting, treating when molten, casting ina brittle 
atate, and then making malleable without remelting. The term should be used with care 
to avoid confusion. This material is also called in trade in America “malleable iron?’ 
but this use should be avoided, because ‘malleable iron’? has the older and (in Great 
Britain) firmly established meaning of “wrought iron.” 

Mottled Pig Iron and Mottled Cast Iron, pig iron and cast iron the structure of Sha 
is mottled, with white parts in which no graphite is seen, and gray parts i in which graphite 
is seen. 

Open-Hearth Steel, steel made by the open-hearth process, whether its carbon content 
is high, low, or intermediate, 

Pig Iron, cast iron which has been cast into pigs direct from the blast furnace. This 
name is also applied loosely to molten cast iron which is about to be so cast into pigs or 
is in a condition in which it could readily be cast into pigs. - “a 

Plate Iron, a name sometimes applied in Great Britain to refined cast iron. 

Puddled Iron, wrought iron made by the puddling process. 

Puddled Steel, steel made by the puddling process, and necessarily slag-bearing (: 
Weld Steel). It differs from wrought iron only in being richer in carbon. It differs: sil 
most other steels in containing much cinder, 
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Refined Cast Iron, cast iron which has had most of its silicon removed in the refinery 
uruace, but still contains so much carbon as to be distinctly cast iron. 

Shear Steel, steel usually in the form of bars, made from blister steel by shearing it 
nto Short lengths, piling and welding these by rolling or hammering them at_a welding 
ieat. If this process of shearing, piling, etc., is repeated, the product is called “double 
hear steel.’” 

Steel, iron which is usefully malleable at least in some one range of temperature, and in 
dition is either (a) cast into an initially malleable mass; or (b) is capable of hardening 
sreatly by sudden cooling; or (c) is both so cast and so capable of hardening. Variety 
a) includes also molten iron which if cast would be malleable, as do its two sub-varieties, 
‘ingot iron’”’ and “‘ingot steel.’’ (Tungsten steel is malleable only when red-hot.) 

Steel Cast (adjective) consisting of solid Bessemer, open-hearth, crucible or other slag- 
ess steel, and neither forged nor rolled; applied to steel castings. For instance, a “steel 
ast”? gun is a gun which is a steel casting, that is, which has been neither forged nor 
‘olled. To call it a “cast steel” gun would imply that it was made of crucible steel, to 
vhich the term “cast steel’’ is restricted. 

Steel Castings, unforged and unrolled castings made of Bessemer, open-hearth, cruci- 
le, or any other steel. Ingots and pigs are in a sense castings; the term “steel castings’”’ 
s used in a more restricted sense, excluding ingots and pigs and including only specially 
shaped castings, such as are generally used without forging or rolling. ‘They may, how- 
ver, later be forged, for example under the drop press, when they cease to be “castings” 
ind become“ drop forgings,” or if only part is forged then they are partly forgings and 
sartly castings. 

Washt Metal, cast iron from which most of the silicon and phosphorus have been re- 
noved by the rich ferruginous slags. of the Bell-Krupp process or its equivalent without 
-emoving much of the carbon, so that it still contains enough carbon to be classed as cast 
ron. The name “‘washt metal” is extended to cover this product even if its carbon is 
somewhat below the proper limit for cast iron. 

Weld Iron, the same as wrought iron, Obsolescent and needless, 

Weld Steel, iron containing sufficient carbon to be capable of hardening greatly by sudden 
cooling, and in addition slag-bearing because made by welding together pasty particles 
of metal in a bath of slag, as in puddling, and not later freed from that slag by melting. 
The term is rarely used. 

White Pig Iron and White Cast Iron, pig iron and cast iron in the fracture of which 
little orno graphite is visible, so that their fracture’is silvery and white. 

Wrought Iron, slag-bearing, malleable iron, which does not harden materially when 
suddenly cooled. . 3 

Wrought Steel, the same as weld steel. Rarely used. 


34, Nickel Steel 


‘ Nickel is used as an alloy for the steel of guns and armor plates and to a 
lesser extent for structural purposes and for railroad rails. It contains about 
3%4 percent of nickel, and has an elastic limit of about 48 000 and a tensile 
strength of about 90.000’ pounds per square inch. Nickel steel has been 
made with an elastic limit of 120 000 and a tensile strength of 277 000 pounds 
per square inch, the ultimate elongation being about 3 percent. Structural. 
nickel steel has an elastic limit about r5 per cent higher and an ultimate strength 
about 25 per cent higher than common structural steel. Specifications for 
structural nickel steel are summarized on p. 406. 


Nickel Steel Rivets were tested in 1910 by the Board of Engineers of the 
mew Quebec bridge, giving an average shearing strength of 36 560 lb per sq 
in, an excess over the strength of carbon steel of 16.4 percent. Both rivets and 
plates in the tests were of nickel steel. The chemical analysis of the rivet 
steel was: carbon 0.126, phosphorus .o.oro, manganese 0.410, sulfur 0.022, 
and nickel 3.290 percent. Tensile tests of the material showed an ultimate 
strength of 68 450 lb per sq in. 

Nickel-steel has been used for parts of the Queensboro bridge in New York and of the 
new bridge over the Mississippi river at St. Louis. Nickel stecl costs bout 1,5 cents 
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per pound more than plain carbon steel, when the price of nickel is 30 cents per pound, 
Owing to its greater strength it is possible to build very long span bridges cheaper when 
nickel steel is used. 
For working unit stresses for nickel steel for bridges J. A. L. Waddell iecothhaals the 
following: “See Trans. A.S.C.E., Vol. 63 (1909): tension in eyebars, 30 000 Ib per sq, in; 
" stress in plates and shapes, 28 000 Ib per sq in; bending stress in pins, 50 000 lb per sq 
in; bearing stress on rivets, 30.000 Ib per sq in; shear on pins, 25 000 Ib per sq in; shear 
on rivets, 14 000 Ib per'sq in: 


Coefficients of expansion of nickel steel decrease after 25 percent nickel is 
reached. The following mean values are for temperatures from 15° to 100° C.: 


Percent nickel Coefficient ’ Percent nickel Coefficient 
27.0 ©.0000110 34.0 0.0000025 
30.0 ©.0000055 36.0 0.000001 5 
32.0 ©.0000035 38.0 ©. 0000004 


The alloy with 36.0 percent nickel content is known as “ invar” steel, and is used for 
measuring tapes and scales, see p. 417. 


35. Special Steels 


Chrome Steel was used for structural purposes in the bridge erected by 
J. B. Eads at St. Louis in 1871, it being carbon steel with about o.5 percent of 
chromium: Since 1890 nickel (Ni) and vanadium (Va) have been combined 
with chromium (Cr), carbon (C) and manganese (Mn) being also present. 

Chromium-Nickel Steel having 0.36 per cent C, 0.43 percent Mn, 0.95 per- 
cent Cr, and 1.70 percent Ni, had an elastic limit of 56 500 and an ultimate 
strength of 81 400 lb per sq in when annealed, according to W. L. Turner; 
when tempered, however, its clastic limit rose to 134 500 and its ultimate tensile 
strength to 150300, while the ultimate elongation dropt from 28.0 to 15.5 
percent. (Iron Age, July 2, 1908). Steels of this class are used in automobile 
construction, for gun barrels, machine parts, gears, axles and shafts. _Mayari 
steel is made from a chrome-nickel ore found in Cuba; its tensile strength is 
from 85.000 to 100 000 Ib per sq in; it is used in the new bridge over the 
Mississippi river at Memphis. 

Chromium-Vanadium Steel for springs may have a very. high strength 
especially when tempered. An annealed specimen of spring steel tested by 
W.L. Turner, having 0.40 percent C, 0.77 percent,Mn, 1.22 percent Cr, and o. 19 
percent Va, had elastic limit 67 500 and ultimate strength 100 000 Ib per sq in; 
after being oil tempered these rose to 195 000 and 208500 Ib per sq in. An 
annealed specimen of forging steel, having 0.26 percent C, 0.50 percent Mn, 
1.00 percent Cr, and o.16 percent Va had elastic limit 61 900 and ultimate 
strength 92 890 lb per,sq in, but with.oil tempering these rose to r41 600 and 151- 
700 lb per sq in. ,. This steel is used for locomotive forgings, for shafts, piston 
rods, plates, tubes, tires, and even for wire: 

» Chromium-Nickel-Vanadium Steel is’made by the crucible process. Two 
specimens tested by Turner had 0.30 per cent C, 0.27 percent Mn, 1.51 percent. 
Cr, 3-45 percent Ni, and.o.o8 percent Ya, The annealed specimen: gave elastic 
limit 69 100, ultimate strength 96.900 Ib per sq in, and elongation of 28,5 percent, 
while the oil- tempered specimen gave elastic limit 152 300, ultimate ares 
159 goo lb per sq in, and elongation of 17.0 percent. 

Copper Steels are those having fromir to 4 percent of copper, the aise . 
being less than 1 percent. They are said to equal nickel steel in tensile strength 
and to be no more brittle than nickel steels with the same proportions of nickel. 
A small copper content, about 1 percents is claimed to render steel resistaniee 
corrosion,, b st we 

a . 
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ie ‘Manganese Steel has more than 3 percent of manganese, usually from 6 to 

| 2 percent. It is very tough and. hard, and has a high degree of resistance 
to wear, so that it is used for railway frogs ‘and switches, rolls of eee and the 
“teeth on steam-shovel dippers. 


Tungsten Steel is used for tools for ‘cutting slots and some kinds will cut 
when red hot: .F. W. Taylor (Trans. Amer. Soc. Mech. Eng., Vol. 28) gives 
the following as the proportions which lead to greatest efficiency of tools: 
18.19 percent tungsten, 5.47 percent chromium, 0.29 percent vanadium, 0.67 
percent carbon, 0.11 percent manganese, 0.04 percent silicon. 


Silicon Steel is a structural steel with high percentages of silicon, manganese, 
and carbon. ‘Silicon steel tested by Griffith and Bragg contained: C, 0.35%; 
‘Mn, 0.83%; Si, 0.38%. In the design of the Metropolis bridge over the 
Ohio river the following stresses were allowed in silicon steel members: tension, 
25lo0o Ib per sq in; tension in eyebars, 35 000 Ib per sq in; compression, 30 060 
Tb per sq in. (See Engineering News-record for Dec. 20, 1917, p. 1141. U.S. 
Bureau of Standards, Tech. Paper ror p. 22.) : 


36. Minor Metals r 


_ Aluminum is a white, malleable, and very light metal, its specific gravity 
being 2.75 when rolled and 2.55 when cast. It is almost non-corrodible, since 
even sulfuric acid has little effect upon it. Pure cast aluminum has a tensile 
strength of about 18 coo Ib per sq in. When rolled into plates or drawn into 
wire this is raised to 30 000 or 40 000 |b per sq in with an elastic limit one-half 
as great. On account of the softness of the pure metal it is usually alloyed with 
copper, iron, tin, or zinc. (Art. 37.) 
. Common impurities in aluminum are silicon and iron. It can, however, be obtained 
99 or 99.5 percent pure. In making castings the great shrinkage must be taken into 
account. The melting point of pure aluminum is 1150° F. 
The Thermit Process used for welding iron and steel depends upon the affinity 
which powdered aluminum and iron oxide have for each other. These substances being 
‘finely mixt, and then ignited, the temperature suddenly rises to about 5400° and white- 
‘hot fused iron results which will melt any ordinary casting or forging. ©The process is. 
mainly used for welding breaks in large pieces such as those in a locomotive frame... The 
chemical reaction which takes place is exprest by the equation 2Al+Te203= AlsOs+2Fe. 


Copper is a reddish, malleable and ductile metal which can be drawn or rolled 
and also bé cast; its specific gravity varies from 8.9 in the first form to 8.6 in 
‘the second. It unites with oxygen at a red heat and melts at about r900° F. It 
does not corrode in dry air. Its most important use is for electric conductors. 


Coprer wire has a tensile strength of about 50 000 Ib per sq in and the high 
‘elastic limit of over 40 000 Ib per sq in owing to the stiffening due to drawing; 
‘by annealing it may be softened and both ultimate strength and elastic limit 
be thus lowered. Copper plates 14 to 34 in thick have tensile strength of 
'32 000 Ib per sq in. Cast copper has a tensile strength of about 25 000 |b per 
sq i jn and an elastic limit of about one-third of this value. The strength of 
‘rods decreases as the temperature rises above 100°, the loss in cme a 
pebper 16 percent at 500° F, 

‘Small cylinders of ‘copper are used to measure the high pressures developed by the 
‘explosion of powder in guns, the same being inferred from the shortenings which the 
cylinders undergo. In this way pressures as high as 30 000 lb per sq in have been noted. 
. Copper i is alloyed with zinc, tin, and other metals to produce many useful alloys which 
are used in the arts and in engineering. (See Art. 37,) 
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Tin is a white, malleable metal of specific gravity 7.3. Commercial tin 
contains as impurities copper, iron, bismuth, and other metals. It melts at 
450° F. and hence is often used for safety plugs in steam boilers. Its main 
- commercial use is as a coating in the manufacture of the tin plates which are 
used for roofing, for household utensils, and for cans. 


Roofing tin is thin sheet steel coated with an alloy of about 25 percent tin and 75 
percent lead; A box of 112 sheets 14 by 20 in in size will cover approximately 1g2 sq ft 
of roof with the flat-seam method of laying. For the standing-seam method a box of 
112 sheets 20 by 28 in in size will cover closely 370 sq {t. 


Lead has a low strength and is almost devoid of elasticity, but is very plastic, 
so that it flows readily under stress. The weights per square foot of sheet lead 
ordinarily rolled are 244, 3, 334, 4, 4%, 5, 6, 8, 9, 10 lb and upward. Small 
lead pipes are often lined with tin in order to prevent the lead from dissolving 
in the water; the common commercial sizes of these are 4% and 4% in. The 
use of lead pipes in bath rooms should usually be confined to the waste pipes. 
Lead melts at’ 625° F. 


Zinc, called spelter when cast, has a tensile strength of about gooo Ib per 
sq in and about 24 000 lb per sq in rolled into thin plates. It is mainly used in 
coating iron and steel surfaces (galvanizing) and for making brass and other 
alloys. Its melting point is 780° F. 

Nickel is a ductile, hard, and tough metal. It is mainly used for plating and | 
in alloys. Its melting point is about 3000°, so that it is very difficult to fuse. 
Not corrodible from the atmosphere. (See Art. 34.) { 


Mercury is a silver-white metal which is liquid at common temperatures. 
It boils at 680° F. and freezes at — 38° F. When liquid its specific gravity 
ranges from 13. 58 to 13. 59- Its coefficient of cubical expansion for tempera- 
tures from 32° F. and 212° F. is o.ooo1or per degree. 


For other metals and for other properties of ees above briefly described see Sec, 13, 
Art. 7. For atomic weights see Sec. 13, Art. 


37. Alloys 


An alloy is a mixture of two or more metals which is made by combining, 
them when in a molten condition. In a strict sense common steel is an alloy: : 
of iron and carbon, nickel steel is an alloy of iron and nickel, and all the specia 
steels used for tools are also alloys, but usually the word is applied only t 
mixtures of copper, tin, (zinc, and lead. . The mixture is usually only mechani- 
cal, altho some slight chemical union may take place in special cases. It i ds 
impossible to predict the properties of an alloy from the properties and propor- 
tions of its constituent metals. 


Brasses are alloys of copper and zinc, the most valuable of which have from | 
65 to 80 per cent of copper and from 35 to 20 percent of zinc. Sometimes a 
small percentage of tin is added, especially when it is to be turned or planed, 
Brass can be cast or rolled. It is harder and more ductile than copper. 
Tensile strength of castings is about 20.000 Ib per sq in. Strength and hard- ' 
ness increase with-the proportion of zinc. The mean specific gravity of cast 
brass is 8.95. | 


Delta metal is brass with a small amount of iron, Its strength and ductility =F | 
rolled are equal to those of medium steel; when cast, its tensile strength is about 45 ¢ 
Ib per sq in. Its resistance to corrosion is high, 

Tobin bronze is an alloy of copper, tin, and zinc. It is of high tensile strength, is 
non-corrodible, and can be obtained either in castings or in rolled sheets. 


Art. 37 Alloys 
Strength of Copper-Zinc 


Alloys (Brasses) 
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Based on the report of the U. S. Board to Test Iron, Steel, and Other Metals, the peat 
of Roberts Austen to the British Alloys Research Committee, and tests by J. M. Lohr. 


Its 


ne Ultimate strength, 
i Composition, percent iver eqn 
Compression 
Tension cast 
Copper Zinc 
Cast Rolled 
° 100 9 000 24 000 5 000 
ibe 20 80 9 000 10 000 55,000 
ft 40 60 7 000 OOO MI aleistas 
7 50 50 30 000 65 000 IT5 000 
55 45 47 000 77 9090 go 009 
4 60 40 48 000 61.000 75 000 
i O35 35 38 000 53 000 65 000 
7° 30 37 000 50.000 55 000 
78 25 35 000 51 000 45 000 
80 20 33 000 50 000 39 000 
85 I5 32.000 45 000 37 000, 
go . 10 31 000 41 000 30 000 
100 ° 25 000 40.000 40 000 


Copper-Tin Alloys are called bronzes. 


to a slight extent for telegraph and telephone wires. 


The tin is added to harden the 
‘copper, and the alloy is denser, harder, and more fusible than copper. Bronze 
for making statues has about 87 percent copper, 7 percent tin, 3 percent lead, 
|and 3 percent zinc. Bronze for medals has only 2 percent tin. Bronze is used 


than 24 percent of tin have insufficient strength for practical uses. 


Abstract of Tests of Copper-Tin Alloys made by Thurston and Kent 


From U. S. Tests of Metals, 1879 and 1882 


Composition, | Ultimate Elastic 

percent percent limit, 

of elonga- Ib per 

tion in Eanes 

Copper} Tin 5in 

100 ° 6.5. 8 000 

96 4 14.3 16 000 

is 92 8 5.8 19 000 
87 13 3.3 29 000 

f 80 20 Peer AN ton Ay 
, 76 24 °. 22 000 
7° 30 oh ct 5 600 

t 65 35 °. 2 200. 
57 43 °. I 450 

45 55 °. 3 000 

9 gr 6.9 3 500 

4 96 | 12.3 2751 
° 100 35.5 Pe RERY 


Ultimate strength, Ib per sq in 


Tension Compres- 
sion 


25 000 40 000 


32 000 42 000 
28 500 42 000 
29 400 53 000 
33 000 78 ooo 


22000 | 114000 
5 600 147 000 


2 200 84.700 
I 450 risen bus 
3 000 35 800 
6 400 9 800 
4 800 9 800 
3 500 6 400 


Modulus 
of rupture 


29 800 
33 200 
43 790 
34 500 
56 700 
32 000 
12 100 
4 800 
2100 
4 800 
§ 300 
6 900 
3790 


Bronzes containing more 


The specific gravity of the copper was 8.874 and that of the tin was 7.293. The alloy 
having the highest specific gravity had 62.42 percent copper and 37.48 percent tin, 
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Strength of Various Non-ferrous Metals and Alloys 


Average values for strength based on test data from various testing laboratories 
Data are lacking for values of strength in compression. In the absence of such data a 
safe practise would be to consider the ultimate in compression. as having a value equal 
to the proportional limit in tension. 


Strength in ten- 
Approximate composition Weight | sion Ib per sq in 
Metal percent = lb per 
cu in Elastic 
Limit | Ultimate! 
Coppef, casto.%....... Copper, roo. ©.310 8000 | 25 000 

Hard drawn.........-. Copper, 100... 0.321 30000 | 40000. 
WBIAG CASE retain wire oboe Zinc, 100, 0.253) |\|\:2 *,.| 9 000 

Rolled... .. .| Zine, 100, . . 0.253 4000 | 24000 
readrolle epee ts ..c [OOP SE. obs EAN ws lees oe 0.411 800 2700 
Lead alloy, cast........ Lead 95.5; antimony, 4.5. .380 4.000 6 400 
Aluminum, cast....... ~Aluminum, roo... ..... sah 20.095 12.000 | 22000 

Hard-drawn......... Aluminum, 160/27 (4.2.0.5... 0.095 18 000 | 30000 
Alloyed aluminum, cast.| Aluminum; 92; copper, 8....| 0.100 Ig 000 | 20000 

Rollad Rae er. Aluminum, 92; copper, 8....| 0.100 17,000 | 29 000 
Aluminum bronze, cast.}| Aluminum, 10; copper, go...} 0.270 2§ 000 | 60000 

Rolled: Cae Pires ntech Aluminum, 10; copper, 90...| 0.270 30000 | 70000 

Cold-drawn.... -..| Aluminum, 10; copper, 9o...} 0.270 80.000 | 90000 
Gun metal, cast Copper, 88; tin, 10; zinc, 2...| 0.320 20000 | 35.000 
Phosphor bronze, cast. .} Copper, 80; tin, 10; lead, 10;} 0.330 16 000 | 30000 

phosphorus, trace. 

Ronedstea hs ee Copper, 95; tin, 4.9; phos.,o.1] 0.310 60000 | 65 000 
Soft-gear bronze, cast ..| Copper, 88; tin, ro} lead, 2..] ©.320 18 000 | 32 000 
Red brass, cast. .... 2.4 Copper, 83; tin, 4; lead; 6; | ©.310 16 000 | 30000) | 

zine, 7. 
Manganese bronze, cast.| Copper, 69; manganese, trace} 0.300: | 35 000 | 70000 
. iron, 1.5; zinc, 38.5. 
Rolled? Pas, - Peo Copper, 60; manganese, trace | 0.300 45 000 | 90000 
iron, 1,5; zinc, 38.5. j 
Tobin bronze, cast.......| Copper, 58; tin, 2; zinc, 40..] ©.290 |........ 60 000 

Rolled... -+++=0| Copper, 58; tin, 2; zinc, 40.,] 0.290 }..-..... 79 000 
Delta metal, bast, 5 here | Copper, 65; ‘zinc, 30; iron, 5.| 0.300 25.000 | 45 000 

Rolled: f.cin sues Copper, 65; zinc, 30; iron, 5.| 0.300 |........ 65 000 

\ 


Phosphor Bronze is an alloy of copper and tin containing less than 1 per- 
cent of phosphorus. For hard castings of great ‘strength from 4 to to per- 
cent of tin and from o.5 to 1.0 percent of phosphorus is used. It is remarkable 
for its completé fluidity, so that most perfect castings can be made. It has been 
used for journal bearings, valve seats, and even for cannon. In the form of 
wire it has been used for telephone service. It is hard and tough, and its 
ultimate tensile strength may range from 40 000 to 100 coo Ib per sq in. 

Copper-Zinc-Tin Alloys have been made in large numbers and are also 
called bronzes, or sometimes composition metals. The strongest of these was 
found by Thurston to be that which had 55 percent of copper, 44.5 percent of 
zinc, and o.5 percent of tin, the tensile strength of a cast bar being 68 goo lb per 
sq in. With 55 percent copper, 40 percent zinc, and 5 percent tin the tae 
strength was 28 ooo lb per sq in. 


Aluminum Bronze has from’ 5 to 12 soxeati aluminum with from 95 na 
percent ‘copper. These alloys have high ductility and great strength. With 


av 
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Composition of a Few Miscellaneous Alloys — 


Name Copper Paine Tin Lead | Bismuth| Other metals 


Naval brass........ 62 37 

Bush metal. .... hh SO, 10 

Gold bronze........ 89.5 5.6 

Engine brass. ..... 70.5 11.7 y 
Spring brass....... 66 33 i 

German silver......) 55 25 nickel, 20 
Britannia metal... . 1.9 tS RCT i Se eg SRO | ene: SIE Sane antimony, 16.2 
FRsible Alloy, pcm ee ejb c-ns cea lare. So 25 25 50 


Fusible alloy f.... 
Hard-type metal... . 


cadmium, 10 
antimony, 25 


fies es 


* Fuses at 93° C. + Fuses at 60° C. 


} percent aluminum it has a modulus of elasticity of about 18 000 000 Ib per 
qin.’ It has a high shrinkage in casting. ~ 

-Manganese Bronze is an alloy with a copper content of about 60 percent, 
, zinc content of about 38.5 percent, an iron content of about 1.5 percent, and a 
race of manganese. The manganese “cleanses” the metal of oxide. Manga- 
lese bronze has a high strength and also a high ductility. Its elongation in 2in 
s about 25 percent. It resists corrosion remarkably well either in salt water or 
n fresh water, and is used for propeller blades and other submerged parts of 
hips. 

Bearing Metals. A group of soft alloys of low strength is used mainly. 
or forming the surfaces of bearings in machines. Steel rubbing on steel soon 
‘ives a rough torn surface. Steel rubbing on cast iron gives a smooth surface, 
jut cast iron is so brittle that it is in danger of cracking in service. For heavy 
oads brasses or bronzes are used for bearing metals. They serve excellently, 
yut are expensive. For bearings carrying light loads alloys of lead, antimony, 
nd tin are used. These alloys have a low melting point’and can be cast in 
lace, One alloy in common use has the composition, lead 80 percent, anti- 
nony 20 percent. ‘‘ Babbitt Metal,” much used for high grade bearings, has 
he composition, tin 89 percent, copper 4 percent, antimony 7 percent. 

Invar is an alloy of nickel and iron which has a very low coefficient of . 
xpansion, which is used for steel tapes and other measuring instruments, 
nd for common standard of length. Its composition is iron 63 percent, nickel 
6.0 percent, carbon o.3 percent, manganese oO. 7 percent. The mean coefficient 
f expansion for temperatures from 15° to 100° F. is about 1/25 of that of steel. 
‘or all surveys except geodetic base lines invar tapes may be used without tem- 
erature corrections. (Eng. News, Aug. 13, 1908.) 

Platinite is an alloy of iron with 42 percent of nickel which has the same coefficient of 
xpansion as glass and hence may be used in glass to prevent cracking under heat. 


‘38. Corrosion of Metals 


Rust forms rapidly upon exposed surfaces of iron or steel, especially in 
he presence of moisture or carbon dioxide, so that the life of an unprotected 
teel structure is very much shorter than that of one of stone or wood. The 
yracess of corrosion or rusting is the combination of oxygen (OQ) with iron 
Fe), but this does not occur) with perfectly dry air. Analysis of rust from 
he bridge at Conway, Wales, gave 93.1 percent of FeO; and 5.8 percent of Bel 
vith o.9 percent of carbon dioxide (COz). 


? 
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The carbon dioxide theory of rusting is that COz acts upon iron to form iron carbon- 
ate (FeCOs), then the action of free oxygen changes this into FeO and COsso that there: 
is a fresh supply of carbon dioxide by which the process is continued. Since it has been 
shown that rusting sometimes occurs when carbon dioxide is absent, it is plain that the 
theory is not a full and sufficient explanation. 

The moisture theory of rusting is that water (H2O) acting upon iron in the presence of 
free oxygen produces iron oxide (FeO) and peroxide of hydrogen (HzO), but the facts 
in support of this chemical action are few. It is, however, certain, that water is one of 
the agencies which promote the quick and continued rusting of iron and steel, particularly 
when it contains acids or sulfurous matters. 

The electrolytic theory assumes that rusting is caused by slight momentary currents of 
electricity which originate in the metal at points where there is non-homogeneity. Elec- 
trolysis produces rust on a large scale and with great rapidity, but ordinary rusting has 
nothing to do with such permanent action, It is rather due to small currents caused by 
a difference in electric potential of neighboring parts of the metal. The complete ex- 
planation, es worked out by A. S. Cushman in 1908, involves the concepts and the lan- 
guage of ions and cannot be presented here. The theory assumes that before iron can 
oxidize in the presence of moisture {t must first pass into solution. While water is a 
solvent of high capacity it seems almost incredible that iron should dissolve in it, and yet 
many facts indicate that such is possible under the action of these infinitesimal currents. 
(Proc. Amer. Soc. Testing Materials, 1908.) ; 

Structural Steel usually rusts more rapidly than cast iron. Overhead 
bracing of bridges exposed to the smoke of passing locomotives rusts rapidly, 
but old wrought-iron bridges often show less corrosion than do the modern 
steel structures. Metal subject to shocks and to overstrain is more liable to 
corrode than that subject to steady stresses. Smooth surfaces rust less than 
rough ones, due to greater homogeneity. Poor steel having blowholes and im- 
perfections rusts rapidly from the same reason. 


H. M. Howe states that direct experiments by a great many observers, in different 
countries and under different conditions, tend to show that there is no very great differ- 
ence between the corrosion of wrought iron and steel. In unconfined sea water wrought 
iron rusts a little less than steel and its advantage seems to be still greater in the case of 
boiling sea water. In alkaline water wrought iron seems to have the advantage over 
steel, whereas in acidulated water steel seems to rust more slowly than wrought iron. 
(Proc. Amer. Soc. Testing Materials, 1906.) 


Heyn says that the question whether wrought iron, mild steel or cast iron exhibits the 


greatest tendency to the formation of rust, is still an open one. In an experiment in 


undisturhed distilled water,-for instance, it was found that: after a lapsé of two months, 
mild steel was attacked most, wrought iron to a less, and cast iron to the least, degree; 

* after seven months cast iron was attacked most and mild steel least, while after seventeen 
months mild steel and cast iron were attacked in almost equal degree. On a resumption 
of the tests, the conditions may happen to be different, so that it may be partly a matter of 
accident which kind of iron will, after a given duration of the test, show the greatest or 
least degree of attack. The differences in all these cases, however, are very small, and in 
presence of the other influences play quite a minor part. The statement that the solu- 
bility of the materials in sulfuric acid supplies a measure for the degree of attack by rust 
is not correct. (Proc. Inter. Soc. Testing Materials, Feb., 1910.) 

Galvanizing. Zinc takes high rank as a preventive of corrosion in iron 
and steel. Its action depends upon excluding the steel from the atmosphere, 
and also upon the fact that; when two different kinds of metals are in contact, 
the one which is electro-positiv to the other will corrode while the electro- 
negativ one will be prevented from corrosion. Zinc is highly electro-positiv 
with respect to iron and hence the latter is uncorroded when surfaces of the 
two metals are in contact. Galvanizing is done by drawing a plate or wire 
through a bath of molten zinc or by the electroplating of steel with zinc. Sher- 
ardized iron is iron or steel coated with zinc by the condensation of volatilized 
zinc dust. The bond between the zinc coating and the iron or steel seems to be 
stronger for sherardized iron than for galvanized iron. aie 
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Life under Corrosion. Thwaite published data deduced from experi- 
nents made in England about 1870 from which the following comparative 
gures have been deduced for the life in years of unpainted iron or steel plates, 


Years of Life of a Plate of a Certain Size 


Pree eee ho FCG 0, 
‘Cast iron, skin removed. .. 
Cast iron, galvanized..... 


For surfaces painted at proper intervals probably the above figures may be multiplied 
y 2 or 3 if the metal is not subject to shock and wear. 

Corrosion is promoted by moisture, by carbon dioxid, by sulfurous vapors, 
yy smoke, by acid vapors or waters, by salt water, by sewage, by decaying 
nimal and vegetable matter, and in general by all kinds of impurities; elec- 
rolysis and electrolytic action also originate and hasten it. Corrosion is 
revented by excluding the atmosphere from the surfaces by preservative 
overings of oils, paints, tar or bituminous coatings and deposits of tin or zinc. 


Tin Plates are thin sheets of wrought iron or steel coated with tin which 
rotect from corrosion. Pin holes are apt to occur in the tin, however, through 
vhich the atmosphere attacks the iron or steel and causes corrosion. 

Painting is the usual method of preserving iron and steel surfaces from 
orrosion (see Art. 46 for Paints and Oils). Clean surfaces and the thorough 
pplication of the paint are two fundamental conditions which are necessary 
o be secured in order to produce best results. 

Concrete protects from corrosion iron or steel which is surrounded or encased 
herein, Oil or oil paints should not be placed on steel to be thus encased 
T. K. Thomson, Trans. Am. Soc. C. E., Vol. 71, 1911). 

Chromic acid and its salts are said to be powerful protectives against rust. Even small 
dditions of these chemicals to water have a protective effect. 

The Minor Metals (Art. 36) are non-corrodible compared with iron or 
teel. Aluminum is one of the mostinon-corrodible. Lead dissolves in water 
o a slight extent, but carbonates or sulfates of lime deposited upon it from 
he water form a film on the surface which prevents further action. Nickel 
esists corrosion to a high extent. On zinc coatings a thin skin of zinc car- 
yonate forms in the atmosphere which prevents corrosion, ‘ , 

‘The Alloys (Art. 37) are but slightly subject to corrosion, J. W. Richards 
ives following figures (Jour. Frank. Inst., 1895) as showing the losses in 
nilligrams per square centimeter per day caused by the corrosion of surfaces 
f aluminum-and its alloys when immersed in various liquids. 


Liquid 


3% cold caustic potash ..- 
3% cold hydrochloric acid. 
Cold strong nitric acid... 
Strong acetic acid 140° F.. 
Carbon dioxid water 77° F. 
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39. Stone 


Data for Building Stones of Good Quality 
Va‘ues based mainly on test data from the Watertown (Mass.) Arsenal 


Com- | Shear- | Modu- | Modu- | Qoog of - ‘ 
Weight) pressive ing lus of lus of e Sean water 
Kind of stone | lb per | strength | strength| rupture | elasticity, sion. pe NREneae 
_cuft | Ibper_| Ib per Ib per lb per dee. of went 
sqin sqin sq in sq in ‘ of te 
i { 160 15000 | 1800 1 200 | § 900 000 
Granite, range. . to to to to. =a to 
(170 26 000 2800 2200 | 9 800000 
average ......| 165 20 200 2300 I 600 | 7 500000/0.0000040| 0.5 
135 6 700 1200 500 | I C00 C00) 
Sandstone, range | to to to me LO to 
; 150 19 000 2500 2200 | 7 700000) 
average...... 140 12 500 1700 I 500 | 3 300000/0.0000055} 5.0 
140 3 200 1000 250 | 4 000000 } 
Limestone, range | to to to to to 
180 20 000 2200 2700 |14 700000 
average...... “160 9 000 1400 1.200 | 8 400 c00}0.0000045| 7.7 
( 160 10 300 tooo =| - 850 | 4.000000 
Marble, range. .| { to to to to to 
(180 £6 100 1600 2300 |12 600000 
average...... 170 12 600 1300 I 500 | 8 200000/0.0000045| 9.4 
T7ZO\» || 4 OOO erfigesa a 7 200 |13 900 000 
Slate, range... . | to to to to 
z 180 BO'OCOM i nratcinwyte II 000 |16 200 000! 
average...... 175 T5500 fh0 54. 2%. 8500 |14 000 do0/0, 0000058] 0.5 7] 
Trap, average..| 185 BOOS Neen at cl «leis ernrcillecse cin tiere of tc arate ae ei: 


Trap. This name is applied to a class of eruptive rocks, notably those of the Hudson 
River Palisades. Its most important properties are not among those in the table, for its” 
most notable characteristics are resistance to wear and a high degree of binding power 
when powdered and moistened. Few tests have been made on its strength, 

Artificial Building Stones. These as a rule are lower in compressive strength than 
the natural building stones, and without special test they may be rated with common 
building brick with an ultimate strength of 3000 to 4000 lb persqin. The Arsenal Tests 

_ for 1906 give for four varieties of “ manufactured stone ” values ranging from 2579 to 
33901b per sq in. 4 


lege 
‘ 


40. Brick and Terra Cotta “om its 


Bricks are commonly made of clay, whose chief characteristics are a plas- 
' ticity when wet and a rocklike hardness after being heated to a high tempera~ 
ture. Pure clay, or kaolin, is white, and is employed in the manufacture. 
of china and porcelain ware, while the lower-grade clays are used in eh 
building brick, Bricks are also made from pulverized shale, which is si 
a clay that has been consolidated thru geological processes. The more 
ceous shales and clays are adapted to the manufacture of vitrified paving re 
At the present time building bricks are also made from sand and lime.) > 
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Brick and Terra Cotta 
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‘Clay Bricks may be broadly classified as building and paving. The 


ormer include the common and the prest bricks. 


Of more limited and yet 


mportant use are enamel brick, glazed brick and fire brick. The enamel 
wick are those that have a coating of enamel on one or two sides, while the 
jody of the brick is usually of fire clay. Glazed bricks differ from enamel. 
Ticks in being coated with a transparent glass instead of an opaque enamel. 
‘ire brick are ordinarily made of a mixture of flint clay and plastic clay. They 
re usually white, and are used in lining fire boxes and passages. 

Defects. The finished brick may be defective because of errors in manu- 


acture or because the clay contains harmful materials. No’ 
hese are limonite and pyrite. 


laws in the brick. 


table among 


When the brick is fired, limonite concretions 
vill cause fused blotches and weak spots, while pyrite burns away, leaving 


Terra Cottaisa bumt clay product made in the same general way as brick. 
lard terra-cotta blocks and tile are made by burning clay at a very high tem- 
erature. Porous or soft terra cotta, sometimes called terra-cotta lumber, is 


nade by burning a mixture of clay and straw or sawdust. 
lust burns out, leaving a light, porous material. 


The straw or saw- 
Nails and screws can be driven 


jto porous terra cotta, and it can be cut with a wood saw. Terra-cotta lumber 
Terra-cotta building blocks are made hollow 


; weaker than hard terra cotta. 


vith walls 34 in to 1 in thick. 


Sand-Lime Brick are made from an intimate mixture of sand and lime in 
oportion of about 16 to 1, molded in a press, and hardened in a large cylinder 


led with steamy at 125 Ib pressure. 


eke the sand and lime which forms calcium silicate. 


Properties of Brick of an Average Good Quality 


The bonding is a result of the union 


i Weight} Crushing | Shearing | Modulus of | Modulus of Absorpti 
: ats rption, 
Kind per strength, | strength, | rupture, elasticity, Seceunct 
cu ft Ib per tb per 1b per lb per Weiebe 
Ib sq in sqin sq in sq in 
Common..... 125 4 000° 1000 600 2 000.000 15 
Patdei yy. 79% 130 6 000 1000 800 3 000 000 ro 
Paving’s...3'0... 150 10000 1400 2000 7,000 000 2 
Sand-lime. 115 3.000 800 45° 1000 000 12 
‘Verra cotta 22. }. 00.0.5 BOO _NNG 0) sre Se i SOI Ae 13 
Average Compressive Strength of Brick. Masonry 
: ; Ultimate stress in 
Brick or block used Mortar compression on test 
: 2 pier, Ib persqin } 
ye 2017 i ae oe 1:3 Portland cement 2800 
Face brick 133 Portland cement 2000 
Face brick I ;3 lime mortar 1400 
Common brick 1:3 Portland cement 1000 
Common brick. 1 :3 lime mortar 700 
Hard terra-cotta block 1 :3 Portland cement 3000 
Sand-lime brick * 1:3 Portland cement 750 
Rendeticae brick *, x :3 lime mortar 500 


. 7 Batinated from the relative strength of Bg oi sand-lime bricks and common 


bricks. 
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Strength of Brick Masonry. As in the case of stone masonry brick 
masonry is always used in compression. The strength in compression of brick 
masonry is much less than the strength of individual bricks. The strength 
depends not only on the strength of the bricks, but to a large degree on the 
strength of the mortar joints, and on the skill used in laying the brick. The 
preceding table, based on test data from the Watertown Arsenal, Cornell Uni- 
versity, the U. S. Bureau of Standards, and the University of Illinois gives 

_average values for ultimate strength in compression. 


4i. Timber 


Classes of Timber Trees. Wood, as a building material, is produced by 
the spermatophyta, or seed-bearing trees, which may be divided into three 
groups, namely, the conifers, the broad-leaved, and the tropical trees. The 
conifers and the broad-leaved trees produce the structurally valuable timbers 
and give rise to the general classification of timber in the lumber trade into 
Sort-woops (pines, spruce, cedar, cypress, larch, and fir) and Harp-woops 
(oak, walnut, maple, chestnut, hickory, ash, boxwood, whitewood, etc.). 
Of the tropical trees the products are the bamboos, palms, and rattans. Be- 
tween the hard-woods and the soft-woods there is no sharply defined distinc- 
tion in hardness, some of the hard-woods, such as the basswood, poplar, and 
sycamore, being softer than the pines. 


The conifers and the broad-leaved trees are known as the outward-growing or exoge- 


nous trees. The structure consists of three parts, the bark, the sapwood, and the heart- | 


wood. On the outside of the tree trunk is found from 44 to 2 in or more of bark or 
protective tissue. As a structural material this is valueless and is always removed soon 
after the tree is felled, as it hastens the decay of the wood. Inside of the bark there is a 
soft portion made up of thin-walled cells which constitute the living portion of the tree, 
called the sapwood. Arranged in a circle inside of this soft tissue are many fibrous 
bundles making up the middle of the stem, giving it strength and stiffness and known as 
the heartwood. As the stem grows, new and branching bundles of these hollow fibers 
appear under the bark and form each season an annular ring. At the end of the season 
growth stops, to be resumed the following spring; and the rapid open growth ofthe spring 
against the slow and condensed growth of the summer gives rise to the peculiar marking 
in the bundles which indicates each year’s increase. The last few rings formed constitute 
the sapwood, usually from 14 to 4 in in thickness and light in color. The rings inside 
of the sapwood form the heartwood. The rings are interrupted by plates of tissue or 
radial cells communicating between the pith at the center of the tree and the soft tissue 
on the outside. These form the medullary rays. In the pine, the sapwood constitutes 
40 to 60 percent of the cross-section of the tree, and the time required for sapwood to 
transform into heartwood varies from a few years in the case of the fir to many years 
in the oak tree. The approximate composition of all woods when dry is nearly uniform 
and consists by weight of the following elements: 49 percent of carbon, 6 percent of hydro- 
gen, 44 percent of oxygen, and x percent of ash. : 


White Ash. Heavy, hard, very elastic, coarse-grained, and compact. Tendency to 
become decayed and brittle after a few years. Color, reddish-brown, with sapwood 
nearly white. Used for interior and cabinet work, but unfit for structural work. 

Red Ash. Heavy, compact, and coarse-grained but brittle. Color, rich brown, with 


sapwood a light brown sometimes streaked with yellow. Used as a substitute for the 
more valuable white ash. 


Green Ash. Heavy, hard and coarse-grained; brittle. Color, brown, with lighter — 


sapwood. Used as a substitute for white ash. ‘ aes 

Balsa. Extremely light, about half the strength of white pine: Appearance like 
poplar. Used for heat insulation and, when waterproofed, for life preservers. 

White Cedar. Soft, light, fine-grained, and very durable in contact with the soil; 
lacks strength and toughness. Color, light brown, darkening with exposure. Sapwood 
very thin and nearly white. Used for water tanks, shingles, posts, fencing, cooperage, 
and boat building. ‘ 3 : 
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Red Cedar. Strong pungent odor repellent to insects. Very durable and compact, 
but pave! worked and brittle. Color, dull brown tinged with red. Used as posts, sills, 
ties, fencing, shingles, and lining for chests, trunks, and closets. ° 

Chestnut. Light, moderately soft, stiff, and of coarse texture. Shrinks and checks 
considerably in drying; works easily. Durable when exposed to weather. Color, heart- 
wood dark and sapwood light brown. Used for cabinet work, cooperage, railway ties, 
telegraph poles, and exposed heavy construction. 

Cypress. One of the most durable of woods, light, hard, close-grained but brittle. 
Easily worked, polishes highly and gives a satiny gloss. Color, bright clear yellow with 
nearly white sapwood. Used for interior finish and cabinet work, but used as extensively 
in the South as pine is in the North. 

White Elm. Heavy, hard, strong and tough and very close-grained. Difficult to 
split and shape, but warps badly in drying. Capable of high polish. Color, light clear 
brown often tinged with red and gray, with broad whitish sapwood. Used for car, wagon, 
boat, and ship building, bridge timbers, sills and ties, and furniture, also barrel staves. 

Greenheart. Very heavy, strong, durable heartwood, dark green to dark chestnut 
color, free from knots. Used for ship building, docks, implements, rollezs. 

Gum. Heavy, hard, tough, compact and close-grainel. Tendency to shrink and warp 
badly in seasoning. Not durable if exposed. Takes high polish. Color, bright brown 
tinged with red. Used in the manufacture of furniture, wagon hubs, hat blocks. 

Hickory. Medullary rays yery numerous and dislinct. Heaviest, hardest, toughest, 
and strongest of American woods. Very flexible. (Color, brown, with very thin but 
valuable sapwood nearly white. Used for carriages sleighs, handles, and bent-wood . 
implements. Unfit for building material because of extreme hardness and liability te 
attack of boring insects. 

Hemlock. Brittle, splits easily and likely to be shaky. Sofft, light, not durable, with 
coarse and uneven grain. Color, light brown tinged with red and often nearly white. 
Used for cheap rough framing timber. 

Locust. Heavy, hard, strong, and close-grained. Very durable in contact with ground. 
Hardness increases with age. Color, brown and rarely light green, with yellow sapwood, 
Used for posts and turned ornaments. 

LignumVite: “Exceedingly heavy, hard, resinous, difficult to split and work, and has 
a soapy feeling. Color, rich yellow brown varying to almost black. Used for smal, 
turned articles, tool handles, and sheaves of block pulleys. 

Hard Maple. Heavy, hard, strong, tough and close-grained. Medullary rays small 
but distinct. Curly and circular inflexion of fibers gives rise to “curly maple” and 
“hird’s-eye maple.’’ Susceptible of good polish. Color, very light brown to yellow, 
Used for flooring, interior finish, and furniture. 

White Maple. Fine-grained, hard, strong, and heavy. Characteristics of grain the 
same as hard maple and more marked. Light colored. Used for flooring and furniture. 

Mahogany. Strong, durable, and flexible when green, but brittle when dry.. Free from 
shakes and less liable to attacks of dry rotor worms. Rapid seasoning causes deep shakes. 
Color, red-brown of various shades and degrees of brightness, often varied and mottled, 
Inferior qualities contain large numbers of gray specks. Used for interior finish, hand- 
rails, patterns, etc. 

White Oak. Heavy, strong, hard, tough, and close-grained. Checks if not carefully 
seasoned. Well-known silver grain and capable of receiving high polish. Color, brown, 
with lighter sapwood. Used for framed structures, shipbuilding, interior finish, carriage 
and furniture making. - 

Chestnut Oak. Very durable in contact with soil. Color, dark brown. Used for 
railroad ties. 

Live Oak. Very heavy, hard, tough, and strong. Difficult to work. Color, light 
frown or yellow, with sapwood nearly white. 

_Red and Black Oak. More porous than white oak and softer. Color, datlich and 
redder than white oak. Used for interior finish and furniture. 

Palmetto. Light but difficult to work when dry. Very durable under water and less 
subject to attacks of teredo. Color, light brown, with dark-colored fibers. Used for 
wharf piles, canes and handles, 


White Pine, Light, soft and straight-grained and easily worked, but not very strong, 
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Color, light yellowish brown often slightly tinged with red. Used for iaterior finish and 
pattern making. ‘ 

Red Pine (Norway Pine). Light, hard, coarse-grained, compact, with few resin 
pockets, Color, light red, with a yellow or white sapwood, Used for all purposes of 
construction, . : 

Yellow Pine (Long-Leaf). Heavy, hard, strong, coarse-grained, and very durable 
when dry and well ventilated. Cells are dark colored and very resinous. Color, light 
yellowish red or orange, Cannot be used in contact with ground. Used for heavy 
framing timbers and floors. As house sills, sleepers, or posts it rapidly decays. 

Yellow Pine (Short-leaf Pine). Varies greatly in amount of sap and quality. Cells 
broad and resinous, with numerous large resin ducts, Medullary rays well marked. 
Color, orange, with white sapwood, Used as a substitute for long-leaf pine, 

Oregon-Pine (Douglas Fir.) Hard, strong, varying greatly with age, conditions of 
growth, and amount of sap. Durable but difficult to work. Of two varieties, red and 
yellow, of which yellow is the more valuable. Color, light red to yellow, with white sap- 
wood. Used in all kinds of construction, 


Poplar( Whitewood). Soft, very close aad straight-grained, but brittle and shrinks . 


excessively in drying. Warps and twists exceedingly, but when dry will not split. Easily 
worked. Color, light yellow to white. Used in carpentry and joinery. 


Redwood (California). Light, soft, coarse-grained, and easily worked. Durable in 


contact with soil, but brittle. “ Shrinks lengthwise as well as crosswise.” Color, dull 
red, resembling pine. Used for railroad ties, fence posts, telegraph poles, and general 
building material. 


Alaska Spruce (Sitka Spruce). Light, soft, medium strength. Heartwood, light,- 


reddish brown; sapwood, white; trees very large. Used for general structural purposes; 
also for airplane frame-work. : 

Red Spruce. Light, soft, close and straight-grained and satiny. Color, light red 
and often nearly white. . Uséd for piles, lumber, and framing timber, submerged cribs 
and cofferdams, as it well resists decay and the destructive action of crustacea. 

White Spruce. Similar to black variety, but not so common, Color, light yellow 
sapwood indistinct. Used as lumber for construction. : . 

Tamarack (Larch). Wood like pine in appearance, quality and,uses. Used for 
telegraph poles, railway ties, and in ship building. 

White Walnut (Butternut). Light, soft, coarse-grained, compact, and easily worked. 
Polishes well. Color, light brown, turning dark on exposure. Used for interior finish. 

Black Walnut. Heavy, hard, strong, and checks if not carefully sedsoned. Coarse® 
grained but easily worked. Color, rich dark brown, with light sapwood. Used for 
interior finish and cabinet work. 


Standard Names for Structural Timber. The following classification of 
standard commercial names for structural timber is from the 1916 “‘ Standards ” 
of the Am. Soc. for Test. Materials: 


1. Southern Yellow Pine. This term includes the species of yellow pine growing in 
the southern states from Virginia to Texas, that is, the pines hitherto known as long-leaf 
pine (Pinus palustris), short-leaf pine (Pinus echinata), loblolly pine (Pinus taeda), Cuban 
pine (Pinus heterophylla) and pond pine (Pinus serotina). 3 

Under this heading, two classes of timber are designated: (a) dense southern yellow 
pine and (6) sound southern yellow pine. It is understood that these two terms are 
descriptive of quality rather than of botanical species. 

(a) Dense southern yellow pine shall show on either end an average of at least six 
annual rings per inch and at least one-third summer wood, or else the greater number of 
the rings shall show at least one-third summer wood, -all as measured over the third, 


fourth, and fifth inches‘on a radial line from the ‘pith. Wide-ringed material excluded 


by this rule will be acceptable, provided that the amount of su: } 
measured shall be at least one-half. ‘ Dealt an 
The contrast in color between summer wood and spring wood shall be sharp and the 
summer wood shall be dark in color, except in pieces having considerably above the mini- 
mum requirement for summer wood. d , ; 
(b) Sound southern yellow pine shall include pieces of southern pine without any ring 
or summer-wood requirement. , atl 4a 


re 
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‘2, Douglas Fir,. The term “ Douglas Fit” is to cover the timber known likewise 
fas yellow: fir, red fir, western fir, Washington fir, Oregon or Puget Sound fir or pine, 
northwest and west coast fir. 

' 3. Norway Pine, to cover what is known also as “ Red Pine.” 

4. Hemlock, to cover Southern or Eastern hemlock; that is, nemo from all States 

east of and including Minnesota. 

5. Western Hemlock, to cover hemlock from the Pacific coast. 

6, Spruce, to cover Eastern spruce; that is, the spruce timber coming Foca points 

‘¢ast of and including Minnesota. 

7. Western Spruce, to cover the spruce timber from the Pacific coast. 

8. White Pine, to cover the timber which has hitherto been known as white pine, 

from Maine, Michigan, Wisconsin and Minnesota. 

9. Idaho White Pine, the variety of white pine from western Montana, northern 

Idaho, and eastern Washington. 

ro. Western Pine, to cover the timber sold as white pine coming from Arizona, Cali- 

fornia, New Mexico, Colorado, Oregon and Washington. This is the timber sometimes 
known as *‘ Western Yellow Pine,” or ‘‘ Ponderosa Pine,” or “ California White Pine,” 
or “ Western White Pine.” 

rr. Western Larch, to cover the species a larch or tamarack from the Rocky Moun- 

tain and Pacific coast regions. - 

12. Tamarack, to cover the timber known as “ Tamarack,” or “‘ Eastern Tamarack,” 

from States east of and including Minnesota. 

13. Redwood, to include the California wood usually known by that name. 

Specifications for Size. Sawed timbers shall be sound, of standard size, 
| square-edged, and straight; shall be close-grained and free from defects, 

such as injurious ring shakes and cross grain, unsound or loose knots, knots 
“in groups, decay, or other defects that will materially impair the strength. 
Rough sawing to standard size shall mean that the timbers shall not be over 4 in 
scant from the actual size specified; for instance, a 12 by 12 in timber shall measure 
not less than 1134 by 1134 in. 

* Standard dressing shall mean that not more than 14 in shall be allowed for dressing 
' each surface; for instance a 12 by 12 in timber after being drest on four sides shall 

measure not less than 1114 by 114 in. 

The standard lengths are multiples of 2 ft, running from 1o to 24 ft for boards, fenc- 
_.ing, dimension, joists, and timbers. Longer or shorter lengths than those herein speci- 
-fied are special. Special and fractional lengths shall be counted as of the next higher 
standard length. ’ 

The standard of widths for lumber shall be multiplies of rin. All sizes r in or less in 
_ thickness shall be counted as 1 in thick. 

Sawing. The manner in which the stick of lumber is er from the tree 
has a remarkable influence upon its qualities and behavior, and the selection 
of cutting is determined by the character of the wood and the purpose for which 
it is destined. FLAT SAWING consists in cutting the timber tangential to the 
annular rings. Rirr sawinc is cutting the boards out of the log in such a 
manner that the annular rings are cut thru as nearly as possible in a radial 
direction. Rift sawing and flat sawing give rise in the lumber trade to the 
terms edge grain and flat grain respectively. Rift sawing is done for the sake 
of the beauty of the grain thus obtained, as well as to expose the edge of the 
hard bands of summer wood. Edge-grain lumber shrinks and checks less, does 
not sliver, and wears more evenly and smoother than flat-grain lumber. 

Natural Seasoning. In the preparation of lumber for construction pur- 
poses, it is necessary to expel the moisture from the pores of the wood by the 
process of seasoning. The drier the timber, the less likely is it to shrink 
and decay. Natural seasoning consists in exposing the planks and: boards, 
after sawing, to a free circulation of the air. . The Gmabes is placed on skids 
in large square piles under shelter in a dry place, the layers being separated 
by three or four narrow strips or boards laid in the opposite direction. The 
lowest layer should be at least two feet from the ground. At frequent intervals 
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the decayed pieces are removed and the timber repiled. The time required 
for thoro seasoning varies from one to three years, depending upon the char- 
acter of the wood, the purpose to which it is to be adapted, and the dimensions. 


Water Seasoning is another type of natural seasoning which consists in immersing the 
lumber in water. The soluble substances in the sapwood are removed, and the product 
is a timber less liable to warp and crack, but the heartwood becomes brittle and loses its 
elasticity. In this method the timber is immersed for about two weeks, then remoyed 
and thoroly dried with free access of air. If immersed too long, the wood when exposed 
to the air becomes brashy. 

Artificial Seasoning or Kiln-Drying hastens the evaporation of the moisture but at 
the same time produces an inferior product, in that it causes a rapid drying of the surface 
and ends of the material and a slow or imperfect drying of the interior. ‘This impairs both 
the strength and elasticity of the wood. The timber is stocked in a drying kiln and ex- 
posed toa current of hot air, the temperature depending on the kind and the dimension 
of the stock. Sometimes the heat is supplemented by the employment of vacuum pumps. 
The best temperature to be employed depends on the kind and dimensions of the lumber, 
and varies from too° F, for oak to 200° F. for pine. The timc required depends on the 
thickness of the stock. About four days is necessary for one-inch pine, spruce, or cedar 
boards. Hard woods are usually dried in air from three te six months and then placed 
in the drying tank from six to ten days. 

Shrinkage. The concentric annular cones of wood are made up of pores 
or cells enclosed by walls of cellulose and are pierced at right angles by plates 
ofsimilar fibers. As the average width of cell is 1409 of the length, the greatest 
shrinkage will take place in the cross-section of the fibers or tangentially to 
the annular rings. This is known as the circumferential shrinkage. By 
rift sawing the medullary rays are cut across the length, in which direction 
shrinkage is least.. Flat sawing produces lumber which checks and cracks to 
a greater extent inshrinking. The average values for shrinkage in width are: 


Light conifers (soft pine, spruce, cedar, cypress)...........-.--.-. 3 percent 
Heavy conifers (hard pine, tamarack, yew, honey locust, box elder, 

WOO LOLOIALORKS) te, sci sero tle.cieawie ee olcvee ate cloleite a he 3 eee 4 percent 
Ash, elm, walnut, poplar, maple, beech, cherry, sycamore, and black 

HOCUS TE Se eee nti t eee PS meminee Seniaters | = .3 See 
Basswood, birch, chestnut, blue beech, young locust. 
Hickory, young oak, especially red oak.....-......----.--- 


The longitudinal shrinkage is usually less than o.1 percent. The change in volume 
is therefore due to radial and tangential shrinkage, and exprest in percentage is approx- 
imately twice the figures given, as shrinkage takes place in two directions by approxi- 
mately equal amounts. 

The harder timbers are more compact in structure, with thicker cell walls, and there- 
fore produce the greater shrinkage. The opposite effect to shrinkage is produced by the 
absorption of moisture, and protective checks must be resorted to in applying timber to 
construction; the expansion joints in wooden block pavement serve as checks. A 
roadway forty feet wide has been observed to expand eight inches. 

Decay of Timber. The life of timber depends on its manner of felling, 
seasoning and working, and it is subject both in its growing and converted 
states to decomposition and attack of animal and vegetable life. The 
proper time of year for cutting the tree is important. In the spring and late 
summer the sapwood contains an abundance of. moisture with starches, 
sugars, and oils in solution, which tend to hasten its decay. In the drier 
summer months and in winter the growing and conducting cells are less 
active or altogether dormant, and the best wood is secured if the tree is cut 
during those seasons. Oak is claimed to be more durable if cut just bess 
the leaves have fallen. 


Trees are felled with the ax or saw, and hewed lumber is commonly accepted as more 
durable than sawed eben as the former process closes the cells at the cut and prevents 
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‘the absorption of moisture. “The agencies which produce the decay of wood may be 
classed as follows: alternate moisture and dryness, heat and confined air, bacteria and 
fungi, insects and worms. Well-seasoned wood in a uniform state of moisture or dryness, 
when well ventilated, should never decay. ‘Timber kept constantly immersed may soften 
‘and weaken but does not decay; the elm, elder, oak, and birch in this condition possess 
great durability. 

Dry Rot. This is caused by the fermentation and breaking down of the 
chemical compounds of wood when a certain fungus is introduced in the pres- 
ence of moisture. These lower organisms excrete ferments which dissolve 
out parts of the cell wall and crumbling of the wood follows. Dry rot is 
prevalent in ill-ventilated places, such as the wall pockets at the ends of floor 
timbers, and is often prevalent in the core-of timber columns in mill con- 
struction. The growth of the fungus is stimulated by moderate warmth, 
presence of damp, and lack of ventilation. In practise the decomposition is 
often accelerated by the use of unseasoned wood, the surfaces of such unpre- 
pared timber often being painted and tarred. Dry rot is indicated by the 
swelling of the timber, a change in color, the material gradually becoming 
coyered with moldiness and emitting a musty odor. Sometimes reddish 
and yellowish spots appear on the timber and the fibers are gradually reduced 
to a powder. It is difficult to eradicate when once established, the only 
remedy being to remove all traces of the fungus and to disinfect the wood. 


Wet Rot. Moisture, especially in the presence of warmth, will dissolve 
out the substance of the cell walls of sapwood and cause the decay of lumber. 
Wood felled between the months of April and October is especially subject 
to wet rot. Common Rot is manifested by the presence of external yellow 
spots on the ends of timber sticks and often by a yellowish dust in checks 
and cracks, especially where the pieces are in contact. The cause of common 
rot is improper seasoning in badly ventilated sheds. 


Teredo. Of the worms most destructive to wood, the Teredo navalis, 
or shipworm, a species of mollusk, is the most active. It deposits its eggs on 
timber immersed in water, from which soon emerge small but rapidly develop- 
ing worms. The head of the worm is equipped with a shell-like substance 
shaped like an auger, by means of which it bores its way into the timber in a 
direction generally parallel to the grain. As it progresses it lines the hole 
with a calcareous deposit and maintains communication with the outside - 
thru two small lids at the external opening. ‘The teredo continually increases 
in size as its boring progresses, and specimens yarying from %4 to ¥% inch 
in diameter and 15 inches to 6 feet in length have been found. Its habitat 
is the salt water of the warmer climates, tho occasionally found in cold water. 
It avoids fresh water entirely, always prefers clear to muddy water, and is 
most active in the vicinity of calcareous shores. It may be found at work | 
from half tide level down to the ground. : 

_ The Limnoria, or gribble (Limnoria terebrans), is a crustacean about thesize of a grain 
of rice and resembles the wood louse. It is able to swim, crawl, and jump, and requires _ 
both air and water for existence. In contradistinction to the teredo, it works only to * 
a depth of % an inch, devouring the wood by means of claws or mandibles. The surface 
of the wood becomes undermined and brittle and is finally washt away, exposing a new 
surface to the action of the worm. The limnoria devours wood at the rate of one inch 
to three inches per annum, and isalways found in large colonies, as many as 20 ooo having 
been observed on a surface 12 inches square. It is found both in cold and in warm water, 
being capable of inhabiting colder climates than the teredo. It has a preference for 
siliceous shores, and confines its work to a space between high and low water marks. 
It is usually most active in brackish waters at low-water level. 

The Lycoris fucata is a little worm with numerous legs, somewhat similar to the 
centipede. It iives-in the mud and crawls up piles inhabited by the teredo, against which 


428 Non-metallic Materials : - Sect. 4 


it is an active enemy. It enters the tunnel, devours the teredo, enlarges the entrance to 
the burrow and lives in it. ' yee 


42. Data for Timber 


Lumber is. the general term used to include all material sawed from logs - 
for structural or other commercial purposes. ‘The term timber, in the trade, 
applies to the large sizes, such as beams and joists. To obtain the smaller 

“sizes; lumber is resawed. ‘This resawed lumber, when planed at the mill, 
is called drest lumber, and such may be had in great variety of dimensions 

~ adapted to all the uses of wood. Drest planks and boards free of all defects 
are called clear, and are produced in regular sizes 4% inch less in thickness 
than sawed lumber and ranging from % inch to 1% inches in thickness. 
The term-resawed lumber is applied to lumber sawed on sour sides. Rough- 
edge, or flitch, is lumber sawed on two sides. 

The Classification and Dimensions adopted by the New York Lumber Trades shane : 
ciation and ofher affiliated organizations are as follows: FLoorine shall embrace four, 
five, and six quarter inches in thickness, by three to six inches in width, excluding 144 by 6. 
Boarps shall embrace all thicknesses under one and a half inches by over six inches wide. 
PLANK shall embrace all sizes from one and one-half to under six inches in thickness by 
six inches and over in width. ScantTLrNc shall embrace all sizes exceeding one and one- 
half inches and under six inches in thickness, and from two to under six inches in width. 
Dmrension sizes shall embrace all sizes six inches and up in thickness by six inches 
and up in width. Sreprinc shall embrace one to two and a half inches in thickness by 
seven inches and up in width. -RouGu Epcr, or flitch, shall embrace all sizes one inch 
and up in thickness by eight inches and up in width, sawed on two sides enly. 

Inspection. The inspection of timber must be undertaken with two view- 
points, namely, the quality of the stock and the dimensions of the pieces; 
and all condemned pieces must be plainly marked with paint or branding 
iron. Strong’ and durable timber possesses the following characteristics: 
It is obtainable from the slowest-growing trees, as indicated by the narrowness 
of the annular rings. The best timber comes frorm the heart of ‘the tree 
with the sapwood entirely removed. Wood containing the least amount 
of resin or sap in the pores is the strongest and most durable.- The wood 
should be uniform in substance, straight in fiber, free from large and dead — 
knots and all flaws, shakes, and blemishes. Treshly cut, sound timber smells 
sweet and shows a firm and bright surface with silky luster when planed: 
The surface should never be woolly, and when cut should not clog the teeth — 
of the saw. In highly colored woods, darkness of color is generally indicative 
of strength and durability. ‘Sound timber when struck lightly or seratched 
at one end transmits the sound to the ear placed at the other extremity thru — 
_ sticks of lumber 50 feet in length. Sound material is sonorous when struck, 
‘while decaying timber gives forth a dull sound. Dull, chalky appearance 
and disagreeable odor are signs of bad timber. In the absence of the 
usual external signs, dry rot may be detected, by boring test. holes in the 
, wood for the appearance and odor of the wood dust. 


Tests. The U. S. Tenth Census enumerated and tested 412 species of 
timber in North America. They ranged in weight from 16 to 8x lb per cu 
ft and in compressive strength from 200 to 12000 lb per sq in. A general 
rule is that the heaviest wood is the strongest. Tests on laboratory specimens 
give greater strength than those on the actual pieces used in construction. 

Flexural tests made by A. N. Talbot in 1909 on 112 large beams of long-leaf 
pine, short-leaf pine, loblolly pine, and Douglas fir gave average values for dif- 
ferent series which ranged from 3823 to 4336 lb per sq in for elastic limit, from 
4420 to 5430 Ib pes sq in for modulus of rupture, and from 300 to 354 Ib per 
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sq in for ultimate horizontal shear along the neutral surface. The follow- 
‘ing conclusions were drawn from these tests (Bull. Univ. Illinois, Eng. Expt. 
Sta., No. 41): 

z. The preponderance of failures in horizontal shear is very marked: in every series 
of tests. ‘The results emphasize the importance of the shearing resistance of the wood in 
beams of the dimensions of those tested. The cross-breaking failures were in sticks 
having bad knots and cross grain. A few of these defective sticks would not be called 
merchantable timber, but many of them might pass inspection as it is usually made. 
The influence of defects is very marked. Kxnots, cross grain, and seasoning checks act 
to give low strength. Any tendency to relax requirements and inspection should be 
avoided, unless accompanied with the use of lower working stresses. 

2. The hogizontal shearing resistance developed in the stringers is low in every series 
of tests, The averages range from‘ 300 to 390 lb per sq in, and in individual cases the 
stress is as low as 200 lb per sqin. Comparatively little difference in shearing resistance 
is found for the different kinds and conditions of wood, for in the clear sticks of the stronger - 
woods large seasoning. checks act to prevent the utilization of the full cross-breaking 
strength of the timber. 

3. For the cross-breaking failures the fiber stress developed was also generally low, 
averaging for the untreated timber from 3690 Ib per sq‘in for the old Douglas fir to 5300 
Ib per sq in for the long-leaf pine. 


Defects. The following are adopted as standard by the American Society 
for Testing Materials (1916 “ Standards,” p. 598). The diameters of knots 
and holes are mean or average diameters: 


_Knots. A sounp xnoris one which is solid across its face and which is as hard as the 
wood surrounding it; it may be either red or black, and is so fixt by growth or position 
that it will retain its place in the piece. A Loos KNOT is one not firmly held in place by 
growth or position. A PITH KNOT is a sound knot with a pith hole not more than 4% in 
im diameter in the center. An ENCASED KNOT is one whose growth rings are not inter- 
grown and homogeneous with the growth rings of the piece it is in. . The encasement may 
be partial or comalete;. if intergrown partially or so fixed by growth or position that it 
will retain its place in the piece, it shall be considered a sound knot; if completely inter- 
grown on one face, it is a watertight knot. A ROTTEN KNOT is one not’as hard as the wood 
it isin. A PIN KNOT is a sound knot not over 4 in in diameter. A STANDARD KNOT is 
a sound knot not over 144 in in diameter. A LARGE KNOT is a sound knot more than 
z1% in in diameter. A ROUND KNOT is one which is oval or circular in form: A SPIKE 
KNOT is one sawn in a lengthwise direction. 


_ Pitch Pockets are openings between the grain of the wood containing more or less 
(pitch or bark. These shall be classified as small, standard, and large pitch pockets. A 
‘small pitch pocket is one not over % of anin wide. A standard pitch pocket is one not 
jover 3% of am in wide, or 3 in in length. A large pitch pocket is one over % of an.in 
‘wide, or over 3 in in length. A prrcu strmaKk is a well-defined accumulation of pitch 
‘at one point in the piece. When not sufficient to develop a well-defined streak, or where 
(the fiber between grains, that is, the coarse-grained fiber, usually'termed “ Spring wood,” 
is not saturated with pitch, it shall not be considered a defect. WANz is bark, or the lack 
(of wood from any cause, on edges of timbers. 

Shakes are splits or checks in timbers which usually cause a separation of the wood 
between annual rings. A RING SHAKE is an opening between the annual rings. A THRU 
SHAKE is one which extends between two faces.of a timber. 

Ror, pore, and rep Hwarr are forms of decay which may be evident either as a dark 
red discoloration not found in the sound wood, or as the presence of white or red rotten 
spots, and shall be considered as defects. 


ny 


43. Preservation of Timber. 


Preservative Processes.. The average life of timber used in the United 
States which is subject to decay, is about 8 years; its life can be extended to ~ 
12 years either by a chemical impregnation of the wood cells or by an exterior 
prrkegnoe of a preservative coating which will penetrate the fibers. 


? * 
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Properties of Timber 


Based mainly on Bulletin 556 of the U. S. Department of Agriculture (Forest Service) 
by Newlin and Wilson. Values are for wood tested green. Values for green timber are. 
more reliable as a guide for structural use than values for dry timber, since in service 
the outer fibers of dry timber may readily reabsorb water. For working stresses see 
Sect. 7, p. 756. 
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NSW os of alelelateiaial ses 49| 5500] 9 9o0|z 490000] 3500] 4200 | 800 | 1430 
Cedar (white)... 28] 2600] 4200; 640000] 1400] 20c0 290 620 
Cedar (red)........-| 27] 3300] 5200] 950000] 2500] 2800 310 720 
Chestnut «| 00.4 sia 55| 3100] 5600] 930000] 2000] 2500 380 800 
CHPIess.... eters +«»] 41] 3800} 6500/1 070 000} 2700! 3200 440 820 
Blmiss5 ta dlaed ds teaek 52| 3600) 6900/1 030.900] 2300} 2900 | 390 | 920 
Gum (black)........ 45| 4000] 7 0c0}1 030000} 2400} 3000 600 | rr00 
Gum (blue),........ 70| 7600] 1 200]2 010.000} 4900] 5200 | 1020 | 1550 
Hickory..... ie artes 64} 5700] 10 500|1 470 000] 3500] 44c0 | 1270} 930 
Hemlock, 45| 3700| 6300/1 080000] 2500) 3000 420 860 


Locust... 59| 7200] 12 000|r 570 000} 4800) 5600 | 1420 | 1710 
Maple... 67| 4200| 7 500|1 230 000] 2500] 3200 570 | 1150 
Oak (white)......... 62] 4700| 8 300|1t 250000] 3000! 3600 | 8320 | 1250 
Oak (chestnut)...... 62| 4600| 8000]r 370000] 2900] 3500 660 | 12To 
Oak (red and black)..| 64) 3700] 7 700|x 290000] 2300] 3200 730 | 1120 
Pine (white)... ....] 39] 3400] 5 3c0|1 070000] 2400] 2700 | 310 |. 640 


Pine (western white).| 39] 3500] 5 700|1 330000] 2800/ 3100 | 300 710 
Pine (red or Norway).| 42] 3700] 6 400|1 380000] 2500] 3100 360 780 
Pine (yellow long leaf)} 50] 540c; 8 700|1 630000] 3800] 4400 | 600 | 1070 
Pine (yellow short If.)| 50] 4500] 8 000)/1 450.000] 3600] 3800 | 480 |' 890 
Pine( western yellow)| 46] 3100] 5200/1 010000} 2100] 2500 | 340] 680 
Pine (Oregon or Doug- 
NAS falas No fergie 38] 5000] 7 800/1 580000] 3400] 3900 | 530 | gro | 
SDrUuCe; (Led). ./<\0 m1« 34] 3400] 5700/1 180000} 2400] 2700 | 350 | 770 
Spruce (white). . .| 33], 3300] 5400} 980c00] 2300] 2400 | 270 | 670 
Tamarack (or larch). 47| 4400]. 7 300]/1 300000} 3100] 3600 520 890 
ELE eae deandaun 58] 5400] 9 500/1 42¢ 000] 3600] 4300 | 600 | 1220 


Bethel Process.—The green or partially seasoned timber on buggies is run into 
metal cylinders 8 to 9 ft in diameter and 150 ft long and the doors or heads bolted. The 
charge is then subjected to live steam raised to 20.lb per sq in in 30 to 50 minutes and 
maintained at this pressure from 1 to 5 hours, A vacuum of 18 to 26 in is then created 
and maintained for at least 14 hour, when creosote oil is introduced at a temperature 
of about 160° F. A pressure of 150 to 200 lb persqin is then applied until the hae 
has absorbed about 5 Ib of oil per cu ft. 

Burnett Process.—This method of treatment is essentially the same as that pre- 
viously described, except that zinc chloride is used as the preservative. ine 
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Wellhouse Process.—Because of the great solubility of zinc chloride, this method 
was devised to insure the permanency of the antiseptic salt in the wood cell. A 4% 
solution of glue and zinc chloride of 14 to 3% strength is forced into the timber, after 
which a 34% tannin solution under pressure is injected as a separate treatment for about 
2 hours and then withdrawn. A “ leatheroid” coating is formed which prevents the 
Subsequent absorption of water and consequent leeching out of the zinc chloride. 


Card Process.—In this treatment, patented by J. P. Card in March, 1906, the 
timber is thoroughly air seasoned and run into the retorts, where it is subjected to a 
vacuum of.22 to 26 in for one hour. The liquid solution, consisting of an emulsion of 
chloride of zinc with 20% of creosote oil, is then introduced into the tanks at a temper- 
ature of 180° and under a pressure of 125 lb per sq in, maintained from 3 to 5 hours. 


Allardyce Process.—This treatment consists in impregnating the timber with a 
2% zine chloride solution followed by an injection of about 3 Ib of creosote oil per 
cubic foot of wood. The Card treatment injects both elements in the one treatment. 


Curtis Boiling Process.—This method is extensively used on the Pacific Coast for 
the treatment of Douglas fir. The timber, usually green or partially seasoned, is run ~ 
on trucks into the cylinder, which is then filled with creosote oil introduced at about 
160° F. and raised to about 212° F. This hot bath-is maintained for periods 
Tanging from 4 to 8 hours, depending upon the size and moisture condition of the lumber. 
The water and volatilized light oils are driven off from the wood and the vapors are . 
caught in a surface condenser. The water is decanted. off and the oil is run back to the 
receiving tank. . Creosote oil is then applied at a pressure of 100 to 140 |b per sq in, and 
at the same time the temperature is allowed to fall to 200° F. The pressure is main- 
tained until the required amount of oil has been injected into the timber. 

Ruping Process.—The timber should be either thoroughly air seasoned or steam- 
dried before treatment. The charge is run into the cylinder and subjected to an air . 
‘pressure of 75 lb per sq in until all cells and cavities are filled. | Creosote oil is then 
forced into the cylinder at a pressure of 80 to 85 lb per sq in, the air being allowed to 
escape in proportionate quantities from a valve at the top of the cylinder. After the 
timber is all covered with the preservative, the pressure is increased to 225 Ib per sq in 
and maintained until the timber will not absorb any appreciable quantity of the liquid. 
The final absorption depends upon the relative air and solution pressures which may 
be varied or raised and lowered at the same time. The valves are then opened and the 
surplus oil is drained off into the receiving tanks. 


Lowry Process.—Selected air-seasoned timber of same species and density is run into 
the retort on cars, but no comprest air is used. The cylinder is filled from the charging 
tank with creosote oil at a temperature of 200° F., and: pressure is applied until the 
timber takes up oil to a predetermined amount. The pressure is then released and the 
oil drained off and a strong quick vacuum is substituted to recover the free oil. : 

Buehler Process.—Green timber, stacked up in the cylinder with }4 in spaces between 
the pieces, is submerged in creosote oil at a temperature not less than 140° F., and kept’ 
covered during the entire seasoning period. Steam is then passed thru heating coils, 
until the temperature rises to 250° F., accompanied by volatilization and condensation in 
a hot well. The temperature is maintained until the condensation in the hot well does 
not exceed % lb of water per cu ft of charge. The pressure in the cylinder during season- 
ing should not exceed 5 Ib per sq in. After seasoning, the steam pressure is released 
and the cylinder filled up with creosote oil from thé measuring tank, and the temperature 
allowed to drop to 200° F. The pump pressure is applied’ until the timber absorbs 
the proper amount of oil. The cylinder is drained and air at a pressure of 20 lb per sq in 
applied so that the air penetrates the cells and drives out surplus oil. Seasoned timber . 
is stacked in the cylinder and a vacuum is drawn until a minimum of 20 in is ob- 
tained and maintained for 20 minutes. Creosote oil is then introduced and pressure. 
applied until the proper amount of oil is injected. 

WNon-Préssure Processes.—Preservatives of a penetrating nature, as tar oils, car- 
bolineum, spirittine, etc., may be applied to the outside of wood either by sprayirig, 
‘by brush application, or by i immersion in an open tank. The wood must be absolutely 
dry and seasoned so as to absorb a siifficient quantity of the preservative. All tar oil 
products should preferably be applied hot. Alternate hot and cold baths are occasion- 
ally employed. The timber, first peeled and thoroughly seasoned, is immersed in the 
preservative at about 200° F. for 5 to 6 hours, to drive off all the moisture. 
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. Kyan’s Process.—The timber is steeped in a solution of corrosive sublimate, x part 
of bichloride of mercury to 99 parts of water for a period (at least 5 to ro days) sufficient 
to insure thorough penetration of the preservative. Sublimate is comparatively insol- 
uble in water and remains in timber for a longer time than salts like zinc chloride. 
Physical Properties.—Strength tests of the United States Forest Service in 1907 
(H. F. Weiss, Amer. Wood Preservers’ Assn., 1913) showed that both zinc chloride and 
creosote reduced the transverse strength of timber, tho only'to a ‘slight extent in the case 
of creosote oil. Transverse and compression tests made by H. B. MacFarland (Vol. XIV, 
Amer. Railway Eng. Assn., 1913) on long leaf pine showed greatly increased strength 
after one year for creosote treated wood. When tested immediately after treatment 
the strength was inferior. Thoroughly seasoned timber is stronger than green timber. 
Some processes tend to increase the moisture content and others to diminish it. If 
creosote is applied to green wood, the strengthening action of water evaporation is re- 
tarded. On the other hand, zinc chloride may cause a chemical dissolution of the wood 
fiber, thus weakening the structure. Zinc chloride is non-flammable, and wood so 
preserved is more fire-resisting than non-treated wood. (H. F. Weiss, Amer. Wood 
Preservers’ Assn., 1913.) Zinc treated wood ignited at a temperature of 500° C., 
19% of the wood by weight being consumed. Freshly creosoted wood ignited at 225° 
F., 27% of the wood by weight being consumed. Creosoted wood is adapted for 
exterior work subject to moisture and is especially effective against marine borers. 


44. Cements and Plasters 

For natural and portland cement see Sect. 5. For lime see Sect. 6, Art, 13, and Sect, 13, 

Art. 3. Hypravutic Lime is obtained by burning limestone containing from 10 to 20 

* percent of clay. Macnrstan Lime is the term applied to limes containing more than 5% 
(usually 30% and over) of magnesia. It has the characteristics of being slow slaking 
or cool, but sets more rapidly and makes a stronger mortar than the high-calcium limes. 
Lime is never used alone as a binding material, as it shrinks very much in drying, One 
part of lime paste is combined with 3 or 4 parts of sand, the resulting mortar being about: 
equal in volume to that of the sand. , 

Grappier Cements are made by grinding lumps of unburned limestone and 
overburned material which remains when a hydraulic lime is slaked. If lime 
silicate predominates in the mixture, grappier cement approximates to Portland. 

Lafarge Cement is a hydraulic grappier cement manufactured at Teil, 
France, It contains a small percentage of iron and soluble salts and does 

not stain porous stone masonry. ¢ 

Plasters are classified by E. C. Eckel as (1) those produced by incomplete 
dehydration of gypsum (CaSO,), the calcination being carried on at a temper= 
ature not exceeding 400° K, and (2) those produced by complete dehydration 
of calcium sulphate at a temperature exceeding 400° F. PLASTER OF PARTS 
is a product of the first class, no foreign material being added to the gypsum 
during or after calcination. CEMENT PLASTER is also of the first class, but is — 
manufactured from an impure gypsum, or by the addition of certain impurities 
during manufacture to act as a “retarder ” to the plaster. In the second class 
are included flooring plaster, commercially known as calcined plaster, being 
pure calcined gypsum, and also hard-finish plaster, obtained by adding alum 
or borax during manufacture. Structural gypsum weighs 80 lb per cu ft and 

‘cement plaster about tr5 lb per cu ft. & , 


~ Common or Lime Plaster is made of quick lime and sand in which hair 
or fiber is beaten up and thoroly incorporated with the lime paste. WALL 
_ PLASTERS are made by the addition of lime and retarder to the calcined plaster. 


~ The Strength of Plaster as determined from tests by Woolson is shown by — 
the following tables, see Proc. Am. Soc. for Test. Materials, Vol. X, p. 328; 


* 
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Tensile Strength of Plaster 
Values given in Ib pet sq in 


Kind of lime _I :3 lime mortar ris lime mortar 


Age |1 mo|3 mo|6 mo|12mo| 1 mo|3 mo] 6 mo/1rzmo 


7 (Fo | Weis 0) SOR aeeteal frm ah ae are 

High-calcium (quicklime).,...... 27 | 34] 47 | 60 25 | 36} 38 | 39. 
| High-calcium (hydrated lime)....{| 80 | 103 | 113 | 122 46) 62 73°) 279 
Dolomitic (quicklime).:......... 56 | 60] 74 | 125 51 72 93 | 124 


‘Dolomitic (hydrated lime) ....... KS | go 95 | 130 27 56 | 84 | 122 


Compressive Strength of Plaster 
Values given in lb per sq in 


| Kind of lime 1 :3 lime mortar _ 1:5 lime mortar 


q Age | 1mo/]3mo/6mo/}12mo}z mo | 3 mo| 6mo|12mo 


| ‘High-calcium (quicklime)........ 160 | 120-| 130 | 230 | -go 95 | 125 | 250 
‘High-calcium (hydrated lime). . 180 | 750 | 740.| 750] 175 | 320°) 405 | 485 
/Domomitic (quicklime).......... 370 | 350:| 340 |-355 | 170 | 260 | 350 | 53c 


Dolomitic (hydrated lime)....... 270 | 530 | 710 |1035 | 190 | 305 | 450 | 730 


The Compressive Strength of Gypsum varies from 7o lb per sq in to 
3000 lb per sq in depending on the amount of water used in mixing the gypsum 
paste, the completeness of drying out, the foreign ingredients in the gypsum, 
and the process of calcination used. For highest strength the least possible 
amount of water should be used in mixing. From 33 to 38 percent of water is 
necessary to make the gypsum paste sufficiently plastic to. fill molds. From 
tests by W. A. Slater for the U. S. Gypsum Co. it was found possible to produce 
regularly gypsum having a compressive strength of 1400 lb per sq in when a few 
days old. The modulus of elasticity was found to be about 1 000 000 Jb per 


aq in. 
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Leather as an engineering material is mostly applied in the manufactur- 
ing of belting for transmission trains. The best quality of well-tanned ox- 
hide is cut into strips of from 4 to, 6 ft long and usually about 4/16 in in thick- 
ness, which are scarfed, spliced, or cemented end to end to’ make the desired — 
length of belt. According to the strength required, these are in turn cemented 
or riveted together in thickness to form “single” or “ double” belts. Under 

ight loads, the “single belt ” gives the greater adhesion, but under heavy 
loads the “ double belt” proves the more satisfactory. The “ flesh side ” 
or inside of the belt is customarily placed next to the pulley, as it gives the best 
wear, altho when placed grain side to the pulley the belt is less liable to slip. 


The Weight of a hard well-tanned belt leather is about 6214 Ib. per cu ft, while the 
tensile strength of a good quality is about 650 lb per in of width of single belt. When 
spliced or riveted, the tenacity is about one-half of the above figure, and when laced 
about one-third of the strength is sie dapedi A. safe working tension aaBY be taken at 
about §0 Ib. per in of width. 
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Rawhide, or untanned leather, finds many applications in textile machinery connec- 
tions, looms, ships’ tiller ropes, etc. When sound, it is much stronger than tanned leather 
and gives greater resistance to violent impact. Its tensile strength may be taken as one= 
half greater than that of tanned leather. ' 


Tensile Tests of Rubber Belting 
From Watertown Arsenal Reports of 1893 


Actual dimensions, | Weight rs al css 

Width inches per ft | area pounds 
EOC aT i a Pee Remarks on fracture! 

of Pelt Irength | width |Thick-| ry oz | sqin Persad] of 

ness inch width 

2" 4 ply 60.17 2.02 | 0.26 lo 4.4 | 0.525] 3276 | 85x | At face of jaws. 

6” 60.17 | 6.08 | 0.26 Jo 13-2 | 1-58 | 3227 | 839 | 3” from jaws. 

6” “ | 60.12 | 6.13 | 0.26 jo 13.6 | 1-59 | 3773 | 979 | 12” from jaws. 

6” “ | Go.17 | 6.05 -26 ]o 13-0 | 1.57 | 2739 | 711 | At face of jaws. 

. TERS +} 

r2’ “ | 60.02 | 12.08 | 0.27 |r 11-4 | 3-26 | 3037 | 819 erie 
2” “ | 60.14 | 12-24 | 0.26 |x 11.5 | 3-18 | 2087 | 776 | Near middle. 

2” 6 ply| 60.17 | 2.14 | 0-36 lo 6.0] 0.77 | 3104 | 1116 | 4” from jaws. 

6” “ | 59.98 | 6.26 | 0.37 |x 3-1 | 2-32 | 2737 | 1014 | At jaws. 

6” “ | Go.08 | 6.27 | 0.36 |x 2.9 | 2.26 | 3770 | 1358 | Near middle. 
12” “ | Go.rs | 12.04 | 0.36 |2 3-7 | 4-33 | 3436 | 1236 | At face of jaws. 
ra” “ | Go.17 | 12.16 | 0.34 |2 3-7 | 4-13 | 3862 | 1311 | At middle. 
24’ “ | Go.13 | 24.11 | o-gr |4 14.2 | 9-89] 2381 977 | At face of jaws. 
30” “ | 60.04 | 30-18 | 0-40 |6 2.3 |12.07 | 2808 | 1123 | 1684” from face of 

: jaws 


Tensile Tests of Leather Belting 
From Watertown Arsenal Reports of 1893 


Acutallannansious® \|Weake | Ser) ienaile 


4 tional} . strength, 
Width and pri Sst area pounds Remarks 
kind of belt Perin| 02 fracture 


Length | Width | Tick) Tb oz | Sqin [PET 84] of 
ness inch 


‘” single. -| 60.00 1.98 | 0.20 jo 2.75] 0.396] so4s | ror | 2” from jaws. 
6 60.20 | 6.07] 0.22 Jo 8.70] 1-34 | 2537] 560 At scarf joint. 
6% “*®, |-6o.17 |) 6.08) 0.24 |o 9.6 | 1.46 | 2219 | 5331 * = 
rae SS 6o.11 | 12.0§| 0.18 jo 14.9 | 2-17 |] 3917 | os | “ “* i 
tat, =f 60.30 | 12.05 | 0.24 |r 3.2 | 2.89 | 1557 | 373 | “ “ < 
aioe IM Al ave ato. ar8i|ujntai Sc 2, Sapa cf CIR cane ere 3598 | 863 | 5” from jaws. 


_ | In jaws of ma- 
2 double .| 60.00 | 2.07 | 0.42 lo 5.35] 0-869] 4025 | 1690 chine at end 
of scarf joint. 
o 8.3 | 1-31 | 4931 | 1623 | At scarf joint. | 
I 120 | 2.978 | 4309'| 202%) “ 
I 0.6 | 2.40 |] 5166 | 2066] “ “ 
i 1 12.8 | 4.64 | 4090] rsgp | ““ “© 
12 60.06 | 11.93 | 0.36 |1 14-0 | 4.29 | 4424 | 1591 | 4” from jaws. 
4 
4 


8.0 |r1.23 | 2760 | 1294 | At scarf joint. 
2717 1169 “ oy o 


* Waterproofed. 


India Rubber is employed in bands for belting, sheets for packing, tires, 
electrical insulation, etc. The rubber used by the engineer is generally - “vul- 
canized by heating and incorporating it with 20 to 3o percent of sulfur to render 
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it less readily softened by heat and hardened by cold. When vulcanized with 
30 to 4o percent of sulfur, it forms the various qualities of ebonite used in the 
manufacture of rules, scales, curves, etc. India-rubber belts are made by 
weaving cotton canvas of the required length and width, which is then coated 
with the vulcanized rubber. These are made 2, 3, or 4 ply, according to the 
power to-be transmitted requires the strength of 2, 3, or 4 thicknesses of belt. 
Rubber belts are superior to leather belts in strength, usually run truer and more 
smoothly, are perfectly impervious to water, and give a higher coefficient of 
friction. However, when overloaded they are apt to be injured by the tendency 
to slipping. 

Glass. The tensile strength of common glass varies from 2000 to 3000 lb 
per sq in, and the compressive strength from 6000 to 10 ooo lb per sq in. 
A series of transverse tests were undertaken on common glass at the Water 
town Arsenal in 1902. Sheets of common window glass 2’ 6” long by about 
4.95 in wide and o.12z in thick were subjected to a central load with an un- 
supported length of 2’ 0’. The modulus of rupture varied from 3000 to 4000 
Ib per sq in and the modulus of elasticity from 10 000 000 to 11 000 000 Ib 
per sq in. 

Glue. Thurston gives the following values for the absolute strength of 
well-glued joints in Ib per sq in. For calculating the working strength of 
wooden surfaces joined with glue, the safe resistance may be figured at one- 
sixth of these values. 


2133 


1436 
1735 
1493 
1422 


Ice at 32° F. weighs 57.5 lb per cu ft, its specific gravity being 0.922 (water 
at 62° F.=1). Its volume relative to water is 1.0855. Its melting point 
decreases from 32° F, at the rate of 0.0133° F. for each additional atmospheric 
pressure. Its specific heat is 0.504 (water = 1). Some German experiments 


made in 1885 gave a tensile strength of 142 to 223 Ib persqin. Tests made by | — 


U.S. Engineer Corps in 1880, on 6- and 12-inch cubes, gave crushing strengths 
varying from roo to 1000 lb per sq in depending on the structure of the ice and 
the purity of water from which it was formed. Before crushiug, ice in cubes 
will compress from 6 to 30 percent, The sustaining capacity of ice is not 
definitely determined; 2-in ice is considered safe for infantry, 4-in ice for 
cavalry or light guns, 6-in ice for heavy field guns, and 8-in ice for loads 
not over 1ooo lb per sq ft onsledges. Railway trains have been run across ice 
which was.rs5 inches thick. . 

The expansive force of ice is given by Trautwine as probably not less than 30 000 Ib 
per sq ft. The coefficient of expansion, as given by Ganot, is 0.000 052. By its expan- 
sion a sheet of ice 150 ft in width has been known to tip a masonry bridge pier weighing 
rooo tons two inches out of plumb, and in another instance to move masonry piers on 
pile foundations from 2 to 12 inches out of line. The expansive effect in river or lake ice, 
however, does not make itself felt until the ice is at least 5 inches thick. 

Freshly fallen snow weighs from 5 to 12 tb per cu ft; compacted or wet snow weighs 
from 15 to so lb per cu ft. 
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46. Paints and Oils eo 


A Paint consists of a base, a vehicle, anda solvent; and many paints have 
also a stain and a drier added. The whites, as white lead and zinc white, 


form the base upon which nearly all tints are made by the addition of colored’ 


pigments called stains. Red lead and oxide of iron may also be uséd as bases" 
for paint without using a white base or they may be used as'stains. The usual 
VEHICLE for the base is ‘linseed oil. Its function is to enable the paint to be 
spread and also to form a binder for the paint materials after drying. The 
SOLVENT most used is spirits of turpentine. Its function is to make the paint 
work more smoothly! The drying of the paint is often hastened by the addi- 
tion of a drier, whose function is to hasten the solidification of the linseed oil 
by making its oxidation more rapid. 


White Lead is a combination of lead carbonate and lead’ hydrate. The 


former gives the opacity or body, while the latter gives the saponifying and 
binding properties. White lead is supplied to the trade ground in linseed 
oil. ‘It is a good drier of this oil, and very little artificial drier need “ added 
to a white-lead paint. 


Zine White is the oxide of zinc. Itisa permanent white pigment, and so is 
well adapted to interior decoration. Sulphureted hydrogen gases have no 
discoloring effect upon it, while such gases will darken a white-lead paint. — 

Red Lead is a double oxide of lead. It is used as a constituent of a priming 
paint for new woodwork, and its excellent anti-corrosive properties make it the 
best primer for coating ironwork. It excels all other pigments in’ withstand- 


ing abrasive wear. It is a strong drier of linseed oil, solidifying it ina short — 


time, and it is for this reason that the pigment is sold in the dry powdered state. 
Raw Linseed Oil is produced by pressing flaxseed. Boiled linseed oil is 
prepared by heating the raw oil either alone or with a drier such as red lead. 
Boiled oil dries in about one-half the time that the raw oil does. For this 
reason the boiled joil is much used for exterior work. For interior work and 


for grinding up colors the raw oil is used. Linseed oil is subject to adultera- 


tion by the addition of cotton-seed, resin, hemp, mineral, and fish oils. ‘As 3 


substitutes, fish oil, cotton-seed oil, and Chinese tung oil are used. i 


Spirits of turpentine is a solvent or diluent used with paints and yarnishes. It is also” 
emploved for mixing pigments in making flatting colors for interior decoration. ari a 
often adulterated with mineral oil. As substitutes, benzine and naphtha are used. - 


Staining Colors or Pigments are used for tinting paints which have a white ‘ad 


such as white lead or white zinc, The most common black-pigments are the soot and 
charcoal blacks. The best known red pigments are Venefian red, which is an earth with — 


ferric oxide as the coloring agent, and red lead. The brown pigments are burnt umber, 
and the raw and burnt siennas, which resemble umber in composition. The green mostly 
used is chrome green, a pigment compounded of Prussian blue and chrome yellow. The 
standard commercial mixture of chrome green contains three parts of base to one of 
chrome green,» Prussian blue is the common blue pigment which has great strength of 
coloring matter. Another important pigment is the ultramarine blue, an artificial chemi- 


cal product of complex composition. As this latter pigment has some sulphur, it should < 


not be mixt with white lead but should be used with zinc white as a base. 

Graphite Paint is prepared by mixing graphite with boiled linseed oil to which a ‘smmalh 
percentage of drier has been added. It is an excellent paint for iron. One objection: to 
this paint is. that it mars easily under slight abrasion, sticy 

Asphalt paints are prepared by dissolving bitumen in sais petroleum, naphtha, 
and benzine. This paint is used-as a protection for ironwork agair: st moisture. ° _ 

Varnish is made by dissolving gums or resins in oil, turpentine, or alcohol. With 


the drying of the varnish, a smooth, solid, and transparent resin is left, forming the vars 
nished surface. 


ees ei 
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i STANDARD MARKET SIZES 
& poh 47. Rolled Structural Beams 


Per Beams and Shapes should be ordered by weeut per foot or 
by the thickness wanted.° A variation of 2% percent either way is allowed 
in the nominal weight of the shape. Unless otherwise arranged, structural 
shapes are cut to lengths as ordered with an extreme variation of 34 in. 
For cutting with a less variation, an extra charge is made. 

The increase of weight in I beams and channels is secured by increasing the web uni- 
formly in thickness for the depth of the beam. ‘This results also in an increased width 
of flange equal to the increase in web thickness. In angles the increase is made by in- 
creasing uniformly the thickness of the two legs. The effect of the spreading of the 
rolls to secure this additional. thickness is to increase the length of the legs, amounting 
to about 4g in for each 144 in increase in thickness. As most sizes, however, are rolled 
in finishing grooves, the exact dimensions~are generally maintained for different thick- 
nesses. In Z bars the increase is made by imcreasing uniformly and by equal amounts 
the thickness of web and both legs. T shapes do not admit of any variation in weight, 
and are rolled only to fixt dimensions and weights. 

Flanges of standard I beats and channels have a uniform slope of 2 in per ft, or 1624 
percent. Flanges of Bethlehem Land girder beams have a uniform sloge of 12% percent. 
On standard I beams and channels small fillets have a radius of 0.6\cf the minimum web 
thickness, and large fillets a radius of the minimum web. thickness plus 0.1. 

The Section Modulus of the tables is the moment of inertia of the shape 
divided by the distance of the center of gravity from the top or bottom of 
the section. It is used to determine the fiber stress per sq in in a beam or 
other shape, by dividing it into the bending moment exprest in inch-pounds, 
Tt may also be used to guide in the selection of a beam, or other shape, re- - 
quired to sustain a girder load, by dividing the bending moment, in inch- 
pounds, by the allowable fiber stress per sq in, and’ finding the required 
shape in the cables. In those shapes which are not symmetrical about the 
neutral axis there are, for each case, two section moduli;. and in the tables 


_ the smaller is always given. The fiber stress calculated from it will be the 


greater stress and would generally be the one sought. 


Compared with the lightest standard beams of like depth the lightest Bethlehem special 
I beams are designed so as to possess the same section moduli at weights uniformly ro per- 
cent less. The Bethlehem girder beams are so designed. that the lightest section of 
a given depth below 24 in possesses just twice the section modulus of the lightest standard 
beam of corresponding depth, whereas the weight of the former averages about 12. 5 per- 
cent less than double the weight of the latter. 


‘The Coefficient nf Strength given in 1 the last column of the tables is the 
calculated load in pounds that will produce.a stress of 16 000: 1b per sq in on 


_ the extreme fiber when the span ist ft. By dividing this coefficient by the 


span in feet, the safe load uniformly distributed in pounds is quickly found. 

This may be coriveniently exprest in the following formula: 
C=Wh=8M=8SIfr2c 

in which C = coefficient given in tables, W = safe load in pounds uniformly 

distributed, M =bending moment in ft-lbs, S =the extreme fiber stress in 


lb per sq in = 16 o00 for values given in tables, J = moment of inertia of sec- 
tion, and ¢ = distance of extreme fiber from center of gravity of section. Fol- 


_ lowing are examples of the use of C. 


(a) If the safe carrying capacity of a 20-in 80-lb I beam over a clear span of 20 ft is 
wanted, it is obtained by dividing 1 564 300, the corresponding coefficient, by 20, the span 
in ft, giving 78 21s lbs or 39.1 tons as the safe uniformly distributed load, 
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(b) Given a load of 25 tons to be carried on a girder of 16 ft span, the size of beam 
required may be obtained by multiplying the load in Ib (25 X2000=50 000) by the span 
in ft, 16, obtaining a coefficient of 800000, A glance thru the tables shows that any of 
the following will safely sustain the load: 1 15-in 60-lb or 2 12-in 35-lb standard beams, 
or x 15-in 54-lb Bethlehem I beam, or 1 12-in 70-lb Bethlehem girder beam, or 2 15-in 
33-lb channels. 


(c) Given a fireproof floor construction having a weight of 90 lb per sq ft, and intended 


for a live load of 60 lb per sq ft, the span between walls being 20 ft, what beams and 


spacing would be required to secure the most economical layout? The gross load to be 
carried is g0+60=150 lb per sq ft.~ The uniformly distributed load that would come on 
each floor beam would be 150 Xs, the spacing of the beams, multiplied by 20, their span; 


and the coefficient would be this product times the span, 20 ft. Exprest in form of: 


an equation: C=wl*s=150X20X20Xs=60000s. The spacing of the floor beams 
(assumed to be uniform) would depend on the length of the floor. Assuming that at 


48 ft, we could have 12 spaces at 4 ft, 11 spaces at 4.36 ft, ro spaces at 4.8 ft, 9 spaces at. 


5.33 ft, 8 spaces at 6 ft, 7 spaces. at 6.86 ft, or 6 spaces at 8 ft. These would give respec- 
tively, coefficients of 240 000, 267 000, 288 000, 319 800, 360 000, 411 600, and 480 000, by 
means of which the required beams could be selected from the tables. When the corre- 
sponding standard or Bethlehem beams have been selected and their weights divided 
by the spacing, it will appear that the most economical arrangement ‘would be either 
12-in 28.5-Ib Bethlehem I beams spaced 6 ft, or 15-in 38-lb Bethlehem I beams spaced 
8 ft. 

(d) Conversely, the safe carrying capacity of a certain floor construction pratt 
be quickly determined by dividing the coefficient of strength of the beams used’ by 
the square. of the span in ft and again by the spacing in ft, thus: If the floor con- 
sists of 12-in 31.5-lb standard beams, spaced 6 ft on centers, having a span of 16 ft, 
the gross floor capacity will be 383 700+ (16 X 16 X 61= 249.8 Ib per sq. ft. Taking 
from this the dead weight of the floor construction, the live load capacity could be 
obtained. 

Where the load on the girder is not uniformly distributed, the coefficient may still Be 
used to advantage by determining the maximum bending moment in ft-lbs and multiply- 
ing by 8. The result is the coefficient to be sought in the table. 

For any other fiber stress than 16 000 the values of C can be obtained by direct pro- 
portion; thus for a fiber stress of 12 500 Ibs per sq in, used for moving loads as on bridges, 
the value of the coefficient C for a 15-in 60-lb standard I beam would be 125/160 of 
866 100, or 676 600 (to nearest 100): , 


In the values for C it is assumed that the shapes are secured against deflecting side- 


ways by lateral supports at intervals not exceeding 20 times the width of the compression 
flange. If not so supported the values of C should be reduced as follows for the unsup- 
ported lengths indicated: For 30 times flange width use 0.9 tabular load, for 4o times use 
0.8, for 50 times use 0.7, for 60, times use 0.6, and for 70 times use 0.5. 


Unsymmetrical Loading of Beams. It should be noted that the stresses in rolled 


structural shapes given by the following tables are correct only if the loads are applied 
in a direction parallel to or perpendicular to an axis of symmetry of the cross-sectfon, 
If the loads are in any other direction the stresses set up may be much higher than the 
stresses given by the tables. The computation of stresses for unsymmetrical loading 
of beams is very complicated, see article by L. J. Johnson in the Trans, A. S. C. E. 
Vol. LVI, p. 169. Unsymmetrical loading of beams is the exception rather than the 
rule, but is of importance jn such cases as roof purlins, and for angles and Z-bars in 
flexure, ~° 
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Properties of I Beams—Continued on p. 440 
Dimensions are given in inches - 


as Neutral axi 

FI 3 Neutral axis perpen- coincident with Coeffi- 
E dicular to web at center |centerline of web| cient of 

2 leony Area| ‘8 Width : ___| strength 
S i of | # |)" of Moment | 2244S | section |Moment! Radius | for fiber 
S | foot Fas : flange| of of | modu- | of of bp Hs 

$ a ib inertia, Aue lus, | inertia, eee utes 
a é # ’ /¢ re aOR} per ea in, 
2'7| 83.00|24.41|0.424| 7.500) 2888.6 | 10.88 | 214.0 | 53.4 1.47 | 2 282 400] 
IT5.00/33.98]/0.750| 8.000] 2955.5 9.33 | 246.3 | 83.2 1.57 | 2626900) 
*24|/110. 00/32. 48/0. 688] 7.938| 2883.5 | 9.42 | 240.3 | 81.0 |4 9.58 | 2 563 300) 
105 .00|30.98/0.625| 7.875) 2811.5 | 9.53 | 234.3 | 78.9 1.60 | 2 499 00 
100.00/29.41/0.754| 7.254] 2380.3 | 9.00 | 198.4 | 48.56 |. 1.28 | 2115 800 
95.00]27.94)0.692| 7.192} 2309.6 9.09 | 192.5 | 47.10 I.30 | 2 052900 

24| 90.00/26. 47\0.631| 7.131| 2239.1 9.20 | 186.6 | 45.70 1.31 | 1990 300 
85 .00|25.00)0.570| 7.070] 2168.6 9.31 | 180.7 | 44.35 1.33 | 1927 600 

80, 00] 23. 32/0. 500] 7.000} 2087.9 9.46 | 174.0 | 42.86 1.36 | 1 855 900 

24] 69.50|20.44/0.390| 7.000] 1928.0 | 9.71 | 160.7 | 39.3 1.39 | 1714 000 
*21] 57.50|16.85)0.357| 6.500) 1227.5 8.54 116.9 | 28.4 1.30 | I 246 700 
» |z00. 00] 29. 41/0. 884) 7.284) 1655.8 7.50 | 165.6 | 52.65 1.34 | 1 766 100 
95.00]27.94|0. 810] 7.210] 1606.8 7.58 | 160.7 | 50.78 1.35 | I 713 900 
*20| 90.00/26. 47|/0.737| 7.137) 1557-8 | 7.67 | 155.8 | 48.98 | 2.36 | x 661 600 
| 85,00|25.00|0.663} 7.063) 1508.7 | 7.77 | 150.9 | 47.25 | 12.37 | 1 609 300 
80, 00] 23..73/0.600] 7.000] 1466.5 7.86 | 146.7 | 45.82 | 1.39 | 1 564 300) 

- | 75.00|22.06]0.649] 6.399] 1268.9 | 7.58 | 126.9 | 30.25 | 1.17 | 1353 500) 
20] 70.00)20.59/0.575| 6.325| 1219.9 | 7.70 | 122.0 | 29.04 | 4.19 | 1 301 200 
-| 65.00/19.08}0.500] 6.250] 1169.6 7.83 | 117.0 | 27.86 1.21 | I 247 600 
90. 00/26. 47/0.807| 7.245] 1260.4 | 6.90 | 140.0 | 52.0 1.40 | I 493 300] - 
"38 85.00/25. 00/0.725| 7.163) 1220.7 6.99 | 135.6 | 50.0 I.42 | I 446 200} 
80, 00] 23.53/0.644) 7.082] 1181.0 7.09 | 131.2 | 48.1 1.43 | 1 399 400 
75.00|22.05|0.562| 7.000] I14I.3 7.19 | 126.8 | 46.2 1.45 | 1 352 500 
70.00|20.59/0.719| 6.259] 921.3 6.69 | 102.4 | 24.62 1.09 | I O91 Joo} 
65.00|19.12/0.637/ 6.177) 881.5 | 6.79 | 97.9 | 23.47; |. z.11 | 1044 800 

18] 60.00/17.65}0.555| 6.095] 841.8 | 6.91 | 93.5 | 22.38 | 1.13 997 700 
55 .00|15.93|0.460| 6.000] 795.6 7.07 88.4 | 21.19 1.15 943 O00) 
*8) 46.00|13.53/0.322| 6.000), 733.2 7.36 81.5 | 19.90 1.20 869 300 
~ |x00,00/29:41\1.184| 6.774]. 900.5 5-53 | 120.1 | 50.98 1.31 | 1 280700 
| 95.00\27.94|1.085| 6.675) 872.9 | 5.59 | 116.4 | 48.37 | 1.32 | 1 24m 500) 
*r5| 90,00/26.47/0.987| 6.577| 845.4 5.65 | 112.7 | 45.92 1.32 | I 202 300 
Bs.00]25.00|0.889| 6.479] 817.8 | 5.72 | 109.0] 43.57 | 1.32 | 1 163 000) 
80.00|23.81]/0.810] 6.400] 795.5 5.78 | 106,r | 41.76 1.32 | I 131 300 
75.00|22.06/0.882| 6.292] 691.2 | 5.60 92.2 | 30.68 | 1.18] 983 000 
70.00]20.59|0.784| 6.194] 663.6 | 5.68} 88.5 | 29.00] 1.19 943 800] 

*15| 65.00/19. 12/0.686] 6.096] 636.0 5677 84.8 | 27.42 1.20 904 Goo 
60.00|17.67/0.590| 6.000] 609.0 5.87 81.2 | 25.96 1.21 866 100 
55.00|/16.18]0.656) 5.746] 5rr.0'| 5.62 | 68.14 | 17.06] 1.02 726 800] 
50.00/14.71]0.558| 5.648) 483.4 5.73 64.5] 16.04 1.04 687 500 

15 4§.00|13.24/0.460| 5.550} 455.8 5.87 60.8 | 15.00 1.07 648 200 
42.00|12,48]0.410| 5.500] 441.7 5.95 58.9 | 14-62 1.08 628 300 
*r5| 36.00/10.63/0.289| 5.500] 405.4 | 6.17 | 54.0] 13.5 1.13 575 900 
§5.00|16.18]/0,822) 5.612] 321.0 | 4.45 53-5 | 17.46 1.04 570 600) 
4zq| 50-00/14.7% 0.699] 5.489] 303.3 |. 4.54 | 50.6] 16.12 |. 1.05 539 200 
45.00\13.24/0.576| 5.366) 285.7 4.65 47.6 | 14.89 1.06 507 900) 
40.00/11 .84/0.460| 5.250] 268.9 | 4.77 44.8 | 13.81 1.08 478 100 
35.00/10, 29/0. 436] 5.086] 228.3 | 4.71 | 38.0] 10,07 | 0.99 405 800 

12) 31.50] 9.26/0.350| 5.000] 275.8 | 4.83 | 36.0] 9.50] 1.01 | 383 700 
*12| 27.50| 8.04]0.255| 5.000] 199.6 | 4.98 | 33.3 | 8.7 1.04 | _355 200 


” * Beams marked with a * are listed by some steel makers as special beams, command 
8 any higher price per pound than standard beams, and, in small lots, are not always 
available to the customer. 
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Properties of I Beams—Continued 
Dimensions are given in inches 


r Neutral axis 

g 3 _Neutral axis perpen- coincident with | Coefi- 
2 E dicular towebat center |-enterline of web| cient of | 
ane | Aeeabes cuidinuideh [ee | ee Stren a 
g per g oi | Moment —— Section |Moment pes for be 

| foot | S| & | flange of | modu- of 
a bees 6 inertia, eet lus, inertia, sults ee 

8 I , I/¢ I 7% C 

40.00)11.76]0.749| 5.099] 158.7 3.67 31-7 g.50 0.90 338 500) 
ro} 35-09}. 29 0.602} 4.952] 146.4 3-77 29.3 8.52 0.91 312 400] 
30.00] 8.8210. 455} 4.805} | 134.2 3.90 26.8 7.65 0.93 286 300) 
25.00] 7.37|06.34O| 4.660} 122,1 4.07 24.4 6.89 0.97 260 500 
*X0| 22.00] 6.52/0.232| 4.670] 113.9 4.18 { 22:8 | 6.4 | 0.99 243 200 
35.00/10. 29/0. 732| 4.772| 111.8 3.29 24.8 7.31 0.84 265 000) 
30.09] 8.82]0. 569] 4.609] 1or.9 3-40 22.6 6.42 0.85 241 500) 
Ms 25.00] 7.35|0.406] 4.446 9I.9 3.54 20.4 5.65 0. 88 217 900} 
* | an.00] 6.310. 290} 4.330 84.9 3.67 18.9 5-16 0.90 201 300 
25.50) 7.50]0.541] 4.271 68.4 3.02 17.1 4.75 0.80 182 500 
g| 23-00 6.760.449] 4.179 64.5 3.09 16.1 4.39 0. 81 172 000 
20.50] 6.03|0:357| 4.087 60.6 3.17 gt 4.07 0.82 161 600 
18.00] .5.33/0. 270] 4.000 56.9 3.27, 14.2 3-78 0. 84 I5I 700 
*8) 17.5 | 5.15]0. 210} 4.330) 58.3 | 3.37} 14.6] 4.5 0.93 155 700 
20,00] 5.88]0.458} 3.868} 42.2 2.68 12.7 | 3.24 0.74 128 600) 
7| 17.50] §.15|0.353| 3-763 39.2 2.76 i ge) 2.94 0.76 IIQ 400 
15.00] 4.42]0.250| 3.660; 36.2 2.86 10.4 2.67 9.78 IIO 400} 
17.25| 5.07/0.475| 3-575 26.2 2.27 8.7 2.36] 0.68 93 Too} 
6| 14.75] 4.34/0.352] 3.452 24.0 2.35 8.0 2.09 0.6) 5 300) 
12.25] 3. 61]0. 230) 3.330 az.8 2.46 7-3 1.85 0.72 77 500) 
14.75] 4.34/0.504] 3.294 15.2 1.87 6:1 1.70 | 0.63 64 600 
5) £2.25) 3.60|0.357) 3.147 13.6 1.94 5.4 I.45 0, 63 58 100} 
9.75] 2.870. 220] 3.000 125% 2.05 4.8 1.23 0.65 51 600 
10.50] 3.090. 410] 2.880 7.1 1.52 3.6 1.01 0.57 38 100] 
4| 9°39} 2-79/°-337 2.807 6.7] 1.55 3-4] 0.93 | 0.58 36 000} 
8.50] 2. 50|0. 263|' 2.733 6.4 1.59 3.2 0.85 0.58 | 33 900 
7.50| 2.210.190) 2.660) 6.0 1.64 3-0] 0.77 9.59 31 800 
7.50] 2.21|0.361] 2.521 2.9 I.15 1.9 0.60] 0,52 20 7.00] 
3} 6.50] 1.910.263) 2.423 2.7 1,19 1.8 0. 53 0.52 IQ 100] 
§.50| ©.63/0. 1470] 2.330] 2.5 Th 25 ID 0. 46 0. 53 17 600] 


bee marked with a * are listed by some steel makers as special beams, command 
slightly higher price per pound than ae beams, and, in small lots, are not always 
ee able to the customer. 


_ For shearing stress factors for IL Hache see p. 458. 


Comparative Tests on ES ghee I beams and Bethlehem special I beams and girder 
beams, made at the University of Pennsylvania in 1909, gave following values of the 
modulus of rupture in Ib per sq in as an average of three specimens in each casé. teak 
15-in beams were 15 ft in span, the others were 20 ft in span. 


Standard I, _ 15-in, 42-1b, _- central loading, S=42200 —~ t 
Standard I, 1g5-in, 42-lb, quarter point loading, S=34 700 — } 
Standard I, 24-in, 80-lb, quarter point loading, S=33 000 al 
Bethlehem I, 1s-in, 38-lb, central loading, S=46 100° © hi 
Bethlehem I, 1g§-in, 38-lb, quarter point loading, S=37900 
Bethlehem I, 24-in, 72-lb, quarter point loading, S=34 600 

Girder beam, 15-in, 73-lb,__ central loading, S=53 900 


Girder beam, 15-in, 73-Ib,_- quarter point loading, S=41 100 : 
Girder beam, 24-in, r20-lb, | quarter point loading, $=34 300° ci. 
Girder beam, 3o-in, 175-Ib, quarter point loading, S=31000 __ 5 
The modulus of elasticity for the 31 beams tested was nearly constant, its average 
value being 26 300 ooo Ibs per sq in. This value,.deduced from, the full-size tests, was 
somewhat less than that obtained from the tensile tests on specimens cut from the flange, 
web and root of the several beams; this average was 28 700 000, 
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The Bethlehem Structural Beams are wide-flange I sections rolled by the 
Grey universal beam mill. Instead.of the horizontal grooved rolls of the 
ordinary-beam mill, the Grey mill has both horizontal and vertical rolls, by 
which’the flanges and web of an I beam shape are each produced by simulta- 
neous combined rolling operations acting at right angles. This method of rolling 
makes it possible to obtain wider flanges than can be produced by the ordinary 
beam mill, ~~ : ‘ 


Properties of Bethlehem I Beams 
Dimensions are given in Inches. 


Neutral axis 


Neutral axis perpendic- Coeffi- 


7 


sr) ular to web at center coincident with | cient of 
g E center line of web] th’ 

«. |Width Sane 
3 ° of Radi Radi tor fiber 
s B Moment} ~*7"*} Section} Moment] “75 } stress of 
3 ep) cance of ay modu-|- of of 116 000 Ibs 
3 3 Fie gyra- As are gyra- : 
me ee inertia, | tion lus, inertia. | ‘tion per sq In, 
A & I F E I[c Y he yt Be Cc 


39/1420.0/35-30} 540) 10.500] 5§239:6 | 12.18 || 349.3 | 165.0 2.16 | 3 726 000 
28 | 105.0/30.88].500|10.000] 4org.1 | 11.40 | 286.7 | 131.5 2.06 | 3 058 400 
26] 92.0 26. 49| - 469} 9.560] 2977-2°| 10.60 | 229.0 \| 10%.2 1.95 | 2 442 800 
24| 84.0/24-89]. 460] 9.250] 2381-9 9-80 | 198.5 gI.1 I.92 | 2117 300 
24| 83.0|24.59|-520] 9.130| 2240.9 9-55 | 186.7 78.0 1.78 | I 991 900 
24) 73-0|21.47|.39>| 9.000} 2091-0 9-87 | 174.3 74-4 1.86 |.1 858 700 
20) $2,0/24.147|.570] 8.890] 1559-8 8.03 | 156.0 79.9 1.82 | 1 663 800 
20| 72.0|2r-37|-430| 8.756] 1466.5} 8.28 | 146.7 | 75-9 1.88 | 1 564 300 
20) 69.0}20.26].520| 8.145| 1268.9 7-91 | 126.9 51,2 1.59 | I 353 500 
20) 64.0)18. 86). 450) 8.075] 1222-1 8.05 | 122.2 49.8 1.62 | 1 303 600 
20) 59.0|17- 36]. 375} 8.000] 1172.2 8522 if ra732 48.3 1.66 | 1 250 300 
18 59-0] 17. 40|.495| 7-675] 883.3 7.12 98.1 39-1 1.50 | I 046 900 
18} 54.0|1587|.410| 7.590] 842.0 | 7-28 |.93-6| 37-7 | 1-54 | 997 G00 
18 | §2.0]15.24|-375| 7-555] 825-0 | 7-36'| ox-7 | 37-1 1-56 | 977 700 
18} 48.5|14-25| 320| 7-500) 798-3| 7-48 | 88-7] 36-2 1.59 946 100 

15] 71-0]20.95|.520| 7.500} 796.2 6.16 | 106.2 61.3 I.71 | 1132 400 
| 15] 64.0/18.81|.605| 7.195] 664.9 | 5-95 | 88.6] 41-9 1.49 945 G00 
15} 54.0|15,88|.410] 7.000] 610.0 6.20 | 81.3 38-3 55 867 600 
15| 46.0/13-52|.440| 6.810] 484.8 5-99 | 64.6 25-2 |, 1.30 689 500 
15} 41.0|12.02|.340| 6.710) 456.7 6.16 60.9 24.0 I.41 ‘649 400 
15| 38.0]11.27}. 290). 6.660] © 442.6 6.27 59-0 23-4 I.44 629 500 
36.0]10.61}.312| 6.300] 269.2 5-04 44.9 21.3 1.42 "| -478 6oo 
32.0] 9.44}-335| 6.205] 228.5 4.92 38.1 16.0 1.30 406 200 
28.5) 8.42}.250| 6.120] 216.2 5.07 36.0 T13 1.35 384 400 
28.5) 8.34 300 5.990] 134.6 4-02 26.9 12.1 pe Sal 287 100 


23-5| 6.94|.250| 5.850] 122.9 4-21 24.6 II.2 2227, 262 200 
24.0) 7.04].365| 5.555 92-1 3-62 20.5 8.8 I.12 218 300 
20.0} 6.01/.259| 5.440 85.4 3-76 18.9 8.2 r.27 201 800 

| 19-5] 5.78 60.6 3:24 15.1 6.7 1.08 161 600 
5-18 57-4 | 3533 | 14-3 | 6,4 1§3 000 


17.5 


Shearing Stress Factors for Bethlehem I Beams and Bethlehem Girder 
Beams. The maximum shearing stress in lb per sq’in at the neutral axis of a 
beam is given by multiplying the total shear in pounds by the shearing factor 
in the table on p. 442 for the particular beam used. 
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BETHLEHEM I BEAMS 


Weight | Shearing Weight | Shearing Weight | Shearing 
eee b per stress Depth Tb per stress Depth lb per stress 
foot factor . foot factor foot factor 
go | 120.0 0.071 20 64.0 0.127 15 41.0 0.221 
3 fs 59.0 O.I5I 38.0 0.258 
2 105.0 0.082 ¥ Ap e. oA 36-0 o: 304. 
é . 32.0 0.282 
26 o:8 2095 54.0 anne 28.5 0.374 
24 84.0 ©.103 bathe) SARs) TO |, 28.5 0.314 
83.0 a.092 48.5 0.196 ; 23.5 Ouse 

.0 0,121 
45 15 71.0 0.147 9 24.0 0.352 
20 82.0 ©, 10 64.0 0,129 20-0 0-500 
72.0 0.132 54.0 0.185 8 19.5 0.441 
69.0 O.II4 46.0 0.176 17.5 0.565 
BrETsLEHeM Girper BEAMS 
30 200.0 ‘| 0.050 24 140.0 0.077 I5 104.0 0.126 
180.0 0,055 ‘| 120,0 0,087 73.0 0.173 
20 I40.0 0.086 12 79.0 0.203 
28 ae 2 ane 112.0 ©. 100 55-0 0.251 
EOS -O : 10 44.0 0.360 
L 2.0 0.12 

26 | 160.0 0.068 2 2 9 } 38.0 ae 
150.0 0.069 | 15 | 140.0 0.095 8 32.5 0.481 

a a a a a I a 


Properties of Bethlehem Girder Beams 


Dimensions are given in Inches, 


Neutral axis 
} coincident with 
center line of web 


Neutral axis perpendic- 
ular to web at center 


Coeffi- 
cient of 
strength 
for fiber 


inertia 
I 7) tion, 


Depth of beam 
Thickness of web 


per sq in 
i 


30|200.0/58.71| -750|15.00] 9150.6 | 12.48 
30 |180.0/53.00] -690|13.00] 8194.5 | 12.43 


28 | 180. 0|52.86] .690 14-35 7264.7 | 11.72 
28 |165.0/48.47| -660|12.50) 6562.7 | 11.64 


26|160.0|46.91| -630|13.60] 5620.8 | 10.95 
261 150.0]43.94| -630|12.00) 5153.9 | 10.83 
24|140.0]41.16| .600|13.00] 4201.4 | 10.10 
24|120.0]/35.38] -530|12-00| 3607.3 | 10.10 
20 140.0|41.19] .640 |12.50| 2934.7 8.44 
2342.1 
1591.4 
1502.7 
15 |104.0|30.50| .600 |11.25| 1220.1 6.32 
73-0|21.49| -430 |T0.50] 883.4 6.41 
70.0|20.58| .460]10.00] 538-8 
432-0. 
244.2 
170.9 
114.4 


3-28 |.6 507 100 
2.86 | 5 827 200 
3-18 | 5 535 000 
.. 2-77 | § 000 100 
3-05 | 46rr 900 
2.68 | 4 228 800 


2.90 | 3 734 600 
2.66 | 3 206 500 


2.91 | 3 130 300 
2.70 | 2 498 300 
2.59 | 1886 100 
2.83 | 2 265 200 


2.64 | 1.735 300 
I 256 600 


957 800 
768.000 | 
52I 000, 
4Os Sed 
305 100° 
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- 48. Rolled Structural Shapes 
Properties of Bethlehem Rolled Steel H Column Sections—Continued on p. 444 
Dimensions are given in inches 


For XX as neutral | For YY as neutral 
axis (see Fig. 60) | axis (see Fig. 60) 


epth 

of [Width 
See- | of 
tion |Flange 


Mo- | Sec- | Radi- Sec- 
ment | tion | us of tion 
of In= | Mod- |Gyra- Mod- 
ertia | ulus | tion ia | ulus 


I'/¥4b 


HOH OA DOUUAH 
AwORY OF OOD BY 
HHH HH NN NN HD 


:0 
5 
Bo} 
5 
-0 
Xo) 
‘5 
-O 
Xo) 
+5 
“5 
:0 
“Ss 
“5 


BOUNAAN ACY BAN 
lar wwwn wwnnnn www 


bAO AY 00 2H 
PREER REEF 


bh HYRHHKH HYHNN 


AnAAnKH OU4HO00 ANDO 
AOwAWH VKeORO DHHOS 


AALOR CHOU WORE 
OROOYW DHOHH bi 
a 


_ The clear distance between the flange fillets or the depth of the flat surface of the 
web available for connections, is 6.14 in for the H 8 séctions, 7.67 in for the H rosections, 
g.21 in for the H 12 sections, and 11.96 forthe H r4 sections. 

All columns having the same section number are from the same 
rolls. Whenever possible it is advisable to confine the selection of 
column to the same section number. 

The section modulus is needed when the sections are to be used 
as beams, and also when columns are subject to bending. When- 
used as beams the coefficient of strength (p. 437) can be found by 
multiplying the section modulus by 34S, where S is the allowable 
fiber’ unit stress. 


These sections are widely used for columns in buildings. The allowable unit load 
recommended in the handbook of the Bethlehem Steel Co. is 13 000 pounds per square 
inch when the unsupported length of the column is less than s5 times the radius of 
gyration. For greater lengths the.unit load is recommended to be 16 000—55 (1/r’), 
where / is the unsupported length and 7’ is the least radius of gyration, 


444 Standard Market Sizes -Beaei 


Properties of Bethlehem Rolled Steel H Column Sections (Continued) 


Dimensions are given in inches 


For XX as neutral | For YY as neutral 

axis (see Fig. 60) | axis (see Fig. 60) 
Sac. | : Depth| _ : : 
tion | Weight | of ic a cw go. | Mo- | Sec- | Radi-| Mo- | Sec- | Radi- 
Num- So ste a a Pale ment | tion | us of | ment | tion | us of 
ber | f00t -|'tion |flange) Web | tion | oF Th! Mod- Gyra- of In-| Mod- | Gyra- 

ertia | ulus | tion | ertia | ulus | tion 

d b A I |I/%d| 3 I’ |I/x%b) r 

sa 55 : peak aul (WEA Fee 
nie 64.5 | 1234 | 11.92] .39 | 19.00] 499.0] 84.9] 5.13 | 168.6] 28.3] 2.98 


71.5. | ItZ| 11-96] .43 | 20.96] 556.6) 93.7 | 5.15 | 188.2] 31.5] 3.00 
78.9 | 12 12.00] .47 | 22.94] 615.6} 102.6] 5.18 | 208.1] 34.7] 3.01 
84.5 | 12346] £2.04] «51 | 24.92] 676.1] rr1.5| 5.2 | 228.5] 37.9] 3.03 
gr.5 | 1234 | 12.08] -.55 ; 26.92] 738.1] 120.5] 5.24 | 289.2} 41.3] 3.04 


98.5 | 1236] 12.12] .59 | 28.92] 801.7) 129.6) 5.27 | 270.1] 44.6] 3.06 
H 12 | 105.0 | 12}4 | 12.16) .63 | 30.94] 866.8) 138.6] 5.30 | 291.7) 48.0] 3.07 
112.0 | 1258] 12.30| .67 | 32.96] 933.4) 147-9) 5 33 | 313.6] 51.4] 3.08 
118.5 | 1234 | 12.23) .70 | 34.87|1000.0] 156.9) 5.36 | 335.0} 54.8] 3-10 
125.5 | 12376 | 12.27| .74 | 36.9r|1069.8| 166.2] 5.38 | 357.7) 58.3] 3-IT 


132.5. |. 13 12.31| .78 | 38.97|1141.3| 175-6] 5.41 | 380.7] 61.9] 3.13 
139.5. |. 1336| 12.35] .82 | 41.03|1214.5| 185.0) 5.44 | 404.1] 65.4] 3.16. 
146.5 | 13% | 12.39] .86 | 43.10/1289.4) 194.6] 5.47 | 428.0] 69.1) 3.15 
153-5 | 1336| 12-43) .90 | 45-19|1366.0] 204.3] 5.50 | 452.2| 72.8] 3.16 
r6r1.0 | 13% | 12.47] .94 | 47.28|1444.3| 214.0) 5.53 |.477.0| 76.5| 3.18 


24.46] 884.9] 128 74 6.0r | 294.5} 42.3] 3-47° 
26.76] 976.8] 140.8] 6.04 | 325.4] 46.6) 3.49 
29.06/1070.6] 153.0] 6.07 | 356.9] 51.0] 3.50 
31.38}1166.6| 165.2| 6.10 | 387.8) 55.2] 3.52 
33-70)1264.5) 177.5] 613 | 420.3} 59-7) 3-53 
36.04|1364.6 189.9] 616 | 453-4) 64.2] 3.55 
38.38)1466.7| 202.3] 6.18 | 486.9) 68.8] 3.56 
40.59}1568.4| 214.5] 6.21 | 519.7| 73.3 | 3-58 
42.95|1674.7| 227.1] 6.24 | 554-4] 77-9] 3-59 
45.33|1783.3] 239.8} 6.27 | 589.5] 82.6) 3.6x 
47-71|1894.0| 252.5] 6.30 | 626.1] 87.5] 3.62 
50.41|2007.0| 265.4] 6.33 | 662.3) 92.3] 3:64 
52,51|2122.3|. 278.3] 6.36 | 699.0] 97.2] 3.65 
54-92)2239.8) 291.4| 6.39 | 736.3| 102.1] 3.66 
57-35|2359-7| 304.5] 6.41 | 774-2} 107.6] 3.68 


59 78|2481.9| 317.7| 6.44 | 812.6) 112.0] 3.69 
62.07/2603.3| 330.6] 6.48 | 849.8) 116.9} 3.70 
64.52|2730.2| 344.0] 6.5r | 889.3) 122.0] 3.72 
66.98|2859:6|- 357.5| 6.53 | 929.4) 227-1] 3-72 
69.45/2991.5) 371.0) 6.56 | 970.0] 132.3] 3-74 


73.94|3125.8| 384.7) 6.59 |r0r1.3) 137.6) 3-75 
74.93|3262 7) 398.5) 6.62 \1053.2| 142.9 
76.93|3402.1| 412.4| 6.65 |1095.6 
79.44|3544.1| 426.4) 6.68 |1138.7) : 
3688.8) 440.5} 6.71 |1182.4 
3836.1) 454.7| 6.74 |1226.7 


win Vor 


“ o's Lee ¢ 
‘ ny i 
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Properties of Angles with Bqual Legs—Continuel on p. 446 
Dimensions are given in inches 


See patagraph on Unsymmetrical Loading of Beams, p. 438 


Least 

is i pinata eS radius of 

- _jof mertia, A adius |gyration, | 

‘tance of | neutral ception. | of neutral 

Mack ok center of ||axis thru satel’ gyration,| axis ‘thru 
tien gravity | center of axis he neutral | center of 

j Section | from | gravity | Perore | axis as |gravity at 
| back of | parallel I/c before | angle of 

flange | to flange r 45° to 

! : flanges r' 
16.73 2.4t |, 97-97 | 17-53 2.42 1.55 
15.87 2.39 93.53 | 16.67 2.43 1.56 
15.00 2.37. | 86.98 15.80 244 1.56 
14.12 2.34 | 84.33 | 14.9% 2.44 1.56 
13.23 2.32 | 79.58 | 14.01 | 2.45 1.57 
12.34 2.30 74.71 13.11 2.46 1.57 
II.44 2.28 | 69.74 12.18 2.47 1.57 
10.53 2.25 | 64.64 11.25 2.48 1.58 
9.61 2°23 59.42 10.30 2.49 1.58 
8.68 22 54-09 9.34 2.50 1.58 
7-75 3.19 | 48.63 8.37 | 2.50 1.58 
1T.00 1.86 | 35.46 8.57 | 1.80 1.16 
10.37 1.184 33.72 8.11 | 1.80 1.16 
9.74 x 82 31.92 7.64 1.81 I.17 
9.09 1.80 30.06 7-15 1.82 1.17 
8.44 1.78 28.15 6.66 1.83 1.17 
7.78 1.75 26.1 6.17 1.83 1.17 
7.11 1.73 24.1 5.66 1.84 1.18 
6.43 1.71 22.07 5.14 1.85 1.18 
5.78 1.168 19.91 4.61 1.86 1.18 
5.06 1.66 | 17.68 4.07 | 1.87 1.19 
4.36 1.64 15.39 3-58 1.88 z.19 
9.00 1 6x 19.64 5.80 1.48 0.96 
7-99 ¥.57 °°). 17.75 5-17 1.49 0.96 
6.94 1.'52 15.74 4-53 1.51 0.97 
5.86 1.48 13.58 3.86 1.52 0.97 
4.75 1.43 11.25 3-15 1.54 0.98 
3.61 1.39 8.74 2.48 1.56 0.99 
6.23 1.31 8.59 3.20 1.17 0.77 
5.84 1.29 8.14 3.01 1.18 0.77 
5-44 1.27 7.67 2.81 1.19 0.77 
5.03 1.25 7.19 2.6% 1.19 0.77 
4.61 1.23 6,66 2.40 | 1.20 O.77 
4.18 1.21 6.12 2.19 1.21 0.78 
3.75 1.18 5.56 1.97 | 1.22 0.78 © 
3-31 1.16 4.97 1.75 1.23 c.78 
2,86 1.14 "4.36 1.52 1.23 0.79 
2.40 1.12 3.7% || + 1.29 1.24 0.79 
5.36 1.09 5.53 2.39 1.02 0.67 
5.03 1.47 5.25 2.25 1.02 0.67 
4.69 1.05 4.96 2.3% 1.03 ‘0.67 
4.34 1.42 4.65 1.96 | 2.04 0.67 
3-98 | 1.40) 4.33 1.81 1.04 0.67 
3.62 1.08 3.99 1.65 | 2.05 0.68 
3.25 1.06 | 3.64 1.49 1.06 0,68 
2.87 1.104 3.26 1.32 1.07 0.68 
2.48 1,01 2.87 1.15 1.07 0.69 
2. x 2. 0.98 1.08" 0.6 


* marked with a * are listed by some steel makers as special angles, command 


i higher price per pound than standard angles, and, in small lots, are not always 
‘to the customer. 
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Properties of Angles'with Equal Legs—Continued 
Dimensions are given in inches 
See paragraph on Unsymmetrical Loading of Beams, p. 438 


Least 

= Hpaest ae radius of 

is- jof inertia, * adius | gyration, 

Bota tance 2 seve ses of nent 

= _| Poun center of | axis t lgyration,| axis t! 

Size ake Pp Area it gravity | center of neutral neutral | center of 

foot from | gravity Befor axis as | gravity at 

back of | parallel ij / © | before | angle of 
flange || to flange © ’ 45° to 

, I flanges r’ 
3X3 % 11.5 3.36 0.98 2.62 1.30 0.88 0.57 
3X3 9/16 | 10.4 3.06 0.95 2.43 1.19 0.89 0.58 
3X3 4 9.4 2.75 0.93 2.22 1.07 9.90 0.58 
3X3 7/161 8.3 2.43 0.91 1.99 0.95 0.91 0.58 
3X3 Wid 2.11 0.89 1.76 0.83 0.91 0.58 
3X3 5/16 | 6.1 1.78 0.87 1.51 0.71 0.92 0.59 
3X3 4 4.9 1.44 0.84 1.24 0.58 0.93 0.59 
*23%X2%| 8.5 2.50 0.87 1.67 0.89 0.82 0.25 
°2%X2%! 7/16] 7.6 2.22 0.85 1.51 0.79 0.82 0.53 
°23%X2%| % 6.6 1.92 0.82 1.33 0.69 0,83 0.53 
*2%4 X254| 5/16 | 5.6 1.62 0,80 1.15 0.59 0.84 0.54 
33 X2%| 4-5 Tat 0.78 0.93 0.48 0.85 0.55 
24X24) % 7.7 2.25 0.81 23 0.73 0.74 0.47 
234X24| i/15| 6.8 2.00 0.78 I.1I 0.65 0.74 ous 
24x24) % 5.9 173 0.76 0.98 0.57 0.75 0.48 
2X2) 5/16] 5.0 1.47 0.74 0.85 0.48 0.76 0.49 
24x26) 4.1 1.19 0.72 0.70 0.40 0.77 0.49 
24X24) 3/16 | 3-1 0.90 0.69 0.55 0.30 0.78 0.49 
*24%X2Mé!| 6.8 2.00 0.74 0.87 0.58 0.66 |. 0.43 
"244X244! % E23 1.55 0.70 °.70 0.45 0.67 0.43 
*2uxX2\%) 4 gen 1,06 0.66 0.51 0.32 0.69 0.44 
aX2 % 6.0 1.75 0.68 0.59 0.45 0.58 0.38 
2X2 /16| 5-3 1.56 0.66 0.54 0.40 0.59 0.39 
2X2 % 4-7 1.36 0.64 0.48 0.35 0:59 0.39 
"2X2 5/16 | 4.0 HTS 0.61 0.42 0.30 0.60 0.39 
aX2 % B32 0.94 0.59 0.35 0.25 o.6r 0.39 
2Xa 3/16 | 2.5 0.72 0.57 0.28 0.19 0.62 °.40 
"1% X1%{| 7/is| 4.6 1.30 0.59 0.35 0.30 O.5I 0.33 
"134 X1%| 3 4.0 t.29 0.57 0,31 0.26 0.51 0.34 
*134 X134) (5/16 | 3.4 | \ 1-00 0.55 0.27 0.23 0.52 0.34 
"1% X1%| 2.8 0.81 0.53 0.23 0.19 0.53 0.34 
"130 XK1%| 43/16 | 2.2 0.62 O.51 0.18 0.14 0.54 0.35 
14X14 4 3-4 0.99 0.51 0.19 0.19 0.44 0,29 
14X14] 5/16} 2.9 0784" 0.49 0.16 0.162 0.44, 0.29 
14X14 4 2.4 0.69 0.47 0.14 0.134 0.45 0.29 
14X14) 3/16] 1.8 0.53. | 0.44 o.1r |.0.104 | 0.46 0.29 
14x14 1.3 0.36 0.42 0.08 0.070 | 0.46 0.30 
"14% X14) 5/16) 2.4 0.69 0.42 0,09 0.109 | 0.36 ©, 23 
*1y4x1\%!| 2.0 0.56 0.40 0.077 0.091 0.37 ©. 24 
*1YX14%4) 3/ie| 1.5 0.43 0.38 0,061 0.071 0.38 0.24 
s4x1\| % 1.1 | 0.30 0.35 0.044 | 0.049 | 0.38 0.25 
1X1 YY 1.5 0.44 0.34 0.037 0.056 0.29 0.19 
“1X1 3/16 | 1.2 0.34 0.32 0.030 | 0.044 0.30 *0.19 
"1X1 0.8 0.24 0.30 0.022 | 0.031 | 9.3 0.20 
*uyXxXK 3/1s | 3.0 0.29 0.29 0.019 | 0.033 0.26 0.18 

*h%xh 0.7 0.21 0.26 0.014 | 0.023 | 0.26 0.1 

*uxXy% 3/16. | 0.9 0.25 0.26 0.012 0.024 0.22 eae 
*"™xy | 0.6 0.17 0.23 0.009 | 0.017 | 0.23 0.17 


* Angles marked witha * are listed by some steel makers as special angles, and comman 
a slightly higher price per pound than standard angles, and, in smail lots, are not alway 
available to the customer, ‘ 
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Properties of Angles with Unequal Legs—Continued on p, 448 


Dimensions are given in inches. 
See paragraph on Unsymmetrical Loading of Beams, p. 438 


Perpendic- 
ular dis- 
tances from 
center of | Moments of |4 Section Radii of 
gravity to} Inertia, J | Moduli, I/c gyration, r 
back of 
Lb g flanges 
Size Pe sf Neu- | Neu- | Neu- | Neu-| Neu- | Neu- 
FA ‘oot 8 To |} To | tral | tral | tral | tral.| tral |. tral lhe 
“g |back| back} axis | axis | axis | axis | axis | axis | J 
g of -| of | paral-| paral- | paral-|paral-| paral-|paral-} © 
A g Pnger|sh’ter| lel to | lel to | lel to | lel to | lel to | lel to | @ 
fi’nge| fl’nge} longer |shorter] I’nger |sh’ter| ’nger | sh’ter| & 
flange | flange | flange |flange| flange | flange | 7 
"8X6 I |44.2|13.00/ 1.65] 2.65] 38.78] 80.78] 3.92 |15.12]- 1.73 | 2.49 |1.28 
*8X6 |16/16141.7|12.25| 1.63] 2.63] 36.85] 76.59] 4.43 |14.27| 1.73 | 2.50 |1.28) 
*8X6 VY |39.1|11.48| 1.61] 2.61] 34.86) 72.32] ,.94 |13.41] 1.74 | 2.51 {1.28 
"8X6 |18/16136.5|x0.72| 1.59| 2.59] 32.82] 67.92] 7.44 |12.55| 1.75 |.2.52 |1.28 
"8X6 $4 133-8] 9.94] 1.56] 2.56] 30.72| 63.42] 6.92 |1r.67| 1.76 | 2.53 |1.28) 
*8 X69 |11/16/31.2| 9.15] 1.54] 2.54] 28.56] 58.82] 6.40 |r0.77| 1.77 | 2.54 |1.29 
“8X6 54 |28.5| 8.36] 1.52] 2.52] 26.33] 54.10] 5.88 | 9.87] 1.77 | 2.54 |r. 29) 
*8X6 | 9/16/25-7| 7.56] 1.50] 2.50] 24.04} 49.26] 5.34 | 8.95] 1.78 | 2.55 |1.30 
"3X6 23-0] 6.75] 1.47] 2.47] 21.68] 44.31] 4.79 | 8.02] 1.79 | 2.56 |1.30] 
*7 X344| x 132-3] 9.50] 0.96] 2.71] 7.53] 45.37] 2.96 |10.58| 0.89 | 2.19 0.88 
*7X344| % |24.9| 7.31| 0.87] 2.62] 6.08] 35.99] 2.31 | 8.22] 0.91 | 2.22 |0.88 
"7X3! 17.0] 5.00] 0.78] 2.53] 4.41] 25.41] 1.62 | 5.68] 0.94 | 2.25 |o.89 
6X4 I |30.6] 9.00] 1.17] 2.17] 10.75] 30.75] 3.79 | 8.02] 1.09 | 1.85 |o.85 
6X4 |16/16|28.9|} 8.50] 1.14] 2.14] 10.26] 29.26| 3 59 | 7.59] 1.10 | 1.86 |o.85 
6X4 | % |27.2| 7.99] x.12| 2.12] 9.75] 27.73] 3 39 | 7.15] t 1x | 1.86 |o.86 
6X4 |18/16/25.4| 7.47] 1.10] 2.10] 9.23] 26.15] 3.18 | 6.70] r.12 | 1.87 |0.86 
6X4 % |23.6| 6.94] 1.08] 2.08] 8.68! 24.51/ 2.97 | 6.25] 1.12 | 1.88 |o.86 
6X4 }11/i6)21.8) 6.41] 1.06] 2.06] 8.11| 22.82] 2.76 | 5.78] 1.13 | 1.89 [0.86 
6X4 | % |20.0| 5.86] 1.03] 2.03] 7.52] 24.07] 2.54 | §.31| 1.13 | 1.90 [0.86 
6X4 | 9/16/18.) 5.31] r.ot| 2.01] 6.91] 19.26] 2 31 | 4.83] 1.14 | 1.90 |0.87 
6X4 16.2]. 4.75] 0.99] 1.99] 6.27] 17.40] 2.08 | 4.33] 1.15 | 1.91 |o.87 
6X4 | 7/16/14.3| 4.18] 0.96] 1.96] 5.60] 15.46) 1.85 | 3.83] x.16 | 1.92 |0.87 
6X4 3g |12.3] 3.61] 0.94] 1.94] 4.90] 13.47| 1.60 | 3.32] 1.17 | 1.93 |d-88 
6X3}4| x |28.9) 8.50] 1.01] 2.26] 7.21] 29.24] 2.90 | 7.83| 0.92 | 1.85 {0.74 
6 X314/16/16127.3| 8.03] 0.99] 2.24] 6.88] 27.84] 2.74 | 7.41| 0.93 | 1.86 |o.74 
6X34] % |25.7] 7.55] 0.97] 2.22] 6.55] 26 38] 2.59 | 6.98] 0.93 | 1.87 Jo.75 
6 X374)18/16)24.0| 7.06] 0.95] 2.20] .6.20] 24.89] 2.43 | 6.55] 0.94 | 1.88 |o.75| 
6X344| 34 |22.4| 6.56] 0.93] 2.18] 5.84] 23.34] 2.27 | 6.10] 0.94 | 1.89 |0.75 
6X334/11/36|20.6} 6.06] 0.90] 2.15] 5.47] 21.74] 2.11 | 5.65] 0.95 | 1.89 Jo.75 
6X34) % |18.9] 5.55] 0.88] 2.13] 5.08] 20.08] 3.94 | 5.19] 0.96 | 1.90 |o.75 
6X314| 9/16|27.1] 5.03] 0.86] 2.11] 4.67] 18.37] 1.77 | 4.72| 0.96 | x.91 ]0.75 
6x3% 15.3] 4.50] 0.83] 2.08] 4.25] 16.59] 1.59 | 4.24] 0.97 | 1.92 |o.76 
6X344| 7/16/t3.5| 3.97| 0.81] 2.06] 3.8r] 14.76] 1.41 | 3.75) 0.98 | 1.93 |0.76 
344] 3% [11-7] 3.42| 0.79] 2.04] 3.34] 12.86] 1.23 | 3.25] 0.99 | 1.94 [0.77 
5 X334|15/16|24.2] 7.09] 1.06] 1.81] 6.52] 16.49] 2.67] 5.17] 0.96 | 1.53 |o.75 
5X334| % |22.7| 6.67| 1.04] 1.79] 6.21] 15.67| 2.52 | 4.88] 0.96 | 1.53 |o.75 
5 X324|18/19/21.3| 6.25] 1.02] 1.77] 5.89] 14.82] 2.37 1 4.58] 0-97 | 1.54 |0.75 
5X3 4, |t9.8) 5.81] 1.00] 1.75} §.55| 13.92] 2.22 | 4.28] 0.98 | 1.55 |0.75 
5X34) 1/16|28.3| 5.37] 0.97| 1.72] 5.20] 12.99] 2,06] 3.97] 0.98 | 1.56 |o.75 
5X34 16.8] 4.92|.0.95| 1.70] 4.83] 12.03] 1.90 | 3.65] 0.99 | 1.56 ]0.75 
5 X324| 9/16\15.2|°4.47] 0.93] 1.68] 4.45] 11.03] 1.73 | 3.32] r.00.] 1.57 |0.75 
5X334| 14 |13.6] 4.00] 0.91] 1.66] 4.05] 9.99] 1.56 | 2.99] x.0r | 1.58 ]o.75 
5 X334| 7/16|12.0| 3.53] 0.83) 1.63] 3.63] 8.90] 1.39 | 2.64] r.0r | r.59 |o.76 
5X34 10.4] 3.05] 0.86] 1.61} 3.18]. 7.78] 1.21 | 2.29] 1.02 | 1.60 jo. 76 
5X34] 5/16 8.7] 2.56] 0.84] 1.59] 2.72| 6.60] 1.02 | 1.94] 1.03 | 1.61 |o.76 
5X3 nite? 5.84] 0,86) 1.86] 3.72] 13.98] 1.74 | 4.45].0.80 | 1.55 |o.64 
5X3 18.5] 5.44] 0.84] 1.84] 3.51] 13.15] 1.63 |.4.16] 0.80 | 1.55 |0.64 
5X3 }11/16\t7.1| 5.03) 0.82] .82| 3.29] 12.28| r.51 | 3.86| 0.81 | 1.56 |o.64 
5X3 15.7| 4.61] 0.80} 1.80} 3.06] 12.37] 1.39 | 3.55] 0.82 | 1.57 |0.64 
5X3 16'14.3| 4.18] 0.77] 1.77]. 2.83] 10.43] 1.27-| 3.23] 0.82 | 1.58 |0.65 


“*Angles marked with a * are listed by some steel makers as special angles, and command 
| slightly higher price per pound than standard angles, and, in small lots, are not always 
vailable to the purchaser, : 


448 Standard Market Sizes Sect. 4 
Properties of Angles with Unequal Legs—Continued 
Dimensions are given in inches : 
See paragraph on Unsymmetrical Loading of Beams, p. 438 
Perpendic- 
ular dis- 
tances from 
center of | Moments of Section Radii of 
gravity to| Inertia, IT | Moduli, I/c gyration, r 
back of ‘ 
flanges 
Lb! a : 
Size rl] 3 Neu- | Neu- | Neu- | Néu- | Neu- | Neu- 2 
Root 8 | To | To | tral | tral | tral | tral | tral | tral 3 
3 ” |back|back| axis | axis | axis | axis | axis | axis | % 
| S | of of | paral- al- | paral- |paral-| paral- | paral-| © 
3 g |Pnger|sh’ter| lel to | lel to | lel to /lel to} lel to | lelto | @ 
a a fl’nge|4’nge |llonger |shorter/ l’nger |sh’ter} l’nger | sh’ter | ° 3 
flange | flange | flange /flange| flange | flange 3 
5X3 | % |12,8]3.75| 0.75] 1.75] 2. 9.45 | I.15 | 2.91] 0.83 | 1.59 |0.65 
3X3 7/16\11.3|3-31| 0-73] E-73| 2. 8.43 | 1.02 | 2.58] 0.84 | 1.60 |0.65 
5X3 3% | 9.8|2.86] 0.70] 1.70} 2. 7.37 | 0.89 | 2.24] 0.84 | 1.61 |o.65 
5X3. | 5/16| 8.2/2.40| 0.68] 1.68) x. 6.26 | 0.75 | 1.89] 0.85 | 1.61 |0.66' 
*4X214]!3/16|18.5/5.43| 2-14 zn aths) 759% | 2.30 | 2.92) ror | P19 jolza 
*4X34| %& |17.3/5-06] 1-09] 2.34] 5. 7.32 | 2.15 | 2.75] 1.01 | 1.20 |0.74 
*4X346|'/16}16.0/4.68] 1.07] 1.32} 4. 6.86 | 2.00 | 2.56] L.oz | r.21 [0.72 
44344) % |14.7)4.30] 1.04] 5.29) 4. 6.37 | 1.84 | 2.35] 1.03 | 1.22 |0.72 
*4X344| 9/16/13 +3|3-90] I-02] 1.27] 4. 5.86 | 1.68 | 2.15] 1,03 | 1.23 {0-72 
*4X344| % |11.9/3-50] I-00] 5.25) 3. 5.32 | 1.52 | 1.93] 1.04 | 1.23 |o. 
%4X314| 7/16|10.6/3.09| 0.98} 1.23] 3- 4.76 | £1.35 | 1.72] 1.05-] 1.24 
*4X344] %% | 9.1/2.67| 0.96] x.21) 2. 4.18 | r.18 | 1.50] 1.06 | 1.25 
4 X314| 5/16] 7.7/2-25| 0.93] 1.48] 2.59 |-3.56 | r-0r | 1.26] 1.07 | 1.26 
4X3 3% |16.0|4.69] 0.92] 1.42] 3. | 6.93 | £-57 | 2.68) 0.84 | 1.22 | 
4X3 |1/16/14.8\4.34] 0-89] 1.39} 3. | 6.49 | 2.46 | 2.49] 0.84 |. 1.22 
4x37 i 13,.6/3..98 0,87]. 1.37] 2. 6.03 | 2.35. | 2.30] 0.85 | 1.23 
4X3 | 9/16/12-4/3.62| 0.85) 1.35] 2- 5-55 | 1.23. | 2.09] 0.86 | 1.24 
4X3 % |11.1/3.25| 0.83] 1.33) 2- 5.05 | 1-12 | 2.89] 0.86 | 1.25 
4X3 7/16] 9..8)2.87| 0.80} 1.30} 2. 4.52 | 0,99 | 1.68] 0.87 | 1.25 
4X3 3% | 8.5)2.48] 0.78) 1.28) 1. 3-96 | 0.87 | 1.46] 0.88 | 1.26 | 
4X3 | 5/16) 7.2|2.09] 0.76) 1.26) 1. 3.38 | 0.74 | 1.23] 0.89 | 1.27 
I334X3 % \14.7/4.31| 0.96} r-2r) 3. 4.70 | 1.54 | 2.05] 0.85 | 1.04 
324X3 |"1/18/13.6)4.00] 9.94} 1.19} 2. 4-41 | I-44 | 1.91] 0.86 | 1.05 | 
344X3 54 |12.513.67| 0.92] 1.17] 2. 4.11 | 1.33 | 1.76] 0.87 | 1.06 | 
334X3 | 9/16|r1.4/3.34| 0-90] 1.15} 2. 3.79 | 1.21 | 2.61] 0.87 | 1.07 | 
344X3 4% |10,2)/3.00| 0.88) 1.13] 2. | 3.45 | 1.10 |-1.45] 0.88 | 1.07 
334X3 | 7/16) 9.1/2.65| 0.85) 1.10} 2. 3.10 | 0,98 | 1.29] 0.8g | 1.08 
334X3. | 36. | 7-9]2.30] 9-83] 1.08) 1. 2.72 | 0.85 | 1.13] 0.90 | 1.09 
1344X3. | 5/16) 6.6)1.93] 0.81} 1.06) x. 2.33 | 0.72 | 0.96] 0.90 | 1.10 Jo. 
314% 2146|!1/16]12.513.65| 0.77] ¥.27) 1. 4.13 | 0.99 | 1.85] 0.67 | 1.06 |o. 
34X26) % |rr.5]3.36) 0.75} 1.25] 1. | 3.85 | 0.92 | £.71] 0,69 | 1.07 Jo. 
344X244! 9/16|10. 4|3.06| 0.73} r.23) 1.49 | 3.55 | 0.84 | 1.56] 0.70) | 1.08 jo. 53) 
34X24) % | g.4)2.75| 0.70] £.20} 7. | 3.24 | 0.76 | 1.42] 0.70 | T.09 |0.53) 
344X214) 7/14), 8.32.43) 0.68} 1.18) 1. 2,91 | 0.68. | £.26]"o.70-| B.0g |o. 54) 
3144X2 34 | 7.22.11] 0.66) 1.16) 1. 2.56 | 0.59 | r.09] 0.72 | 1.40 |o-5. 
314X214) 5/16) 6.1]1.78] 0.64) 1.14] 0. 2.19 | 0.50] 0.93] 0.73 | £.Er |o.5 
344X244! 14 | 4.9/1.44| 0.61] 1.11] 0. | 1.80 | 0.41 | 0.75] 0.74 | 1.42 [0.5 
3X24] 9/16] 9.5] 2.78] 0.77] 1.02} 1.42 | 2.28 | 0,82 | 1.15] 0.72 | 0.9% |o. 52) 
| 353X244) 4 | 8&.5]2.50| 0.75] roo} 1. | 2,08 | 0.74 | r.04] 0.72 | o.gr [0.5 
3X214) 7/16) 7.6/2.22] 0.73} o.98) 1. | 1.88 | 0.66 | 0.93] 0,73 | 0.92 |0.5 
3X2 34 | 6.6|7.92] c.71} o.96) I. | 1.66 | o.58 | 0.82] 0.74 | 0.93 |0.5 
32446] 5/16) 5.6]1.62] 0.68) 0.93] 0.90 | 1.42 | 0.49 | 0.69] 0.74 | 0.94 |0.53) 
3X2 4) 4.5|1.31| 0.66} 0.91) 0. 1.17 | 0.40 | 0.56] 0.75 | 0.95 |0-5. 
244 X2 % | 6.8]2.00] 0.63 0.88]' 0. 1.14 | 0.46 | 0.70] 0.56 | 0.75 |0.4 
244X2 | 7/14) 6.1]1.78] 0.60} 0.85} 0. | r,03 | o.4r | 0.62] 0.57 | 0.76 |o. 4: 
244X2 84 | 5.3/7.55) 0.58} 0.83) 0. 0.9% | 0.36 | 0.55] 0.58 | 0.77 |0.42) 
algX2 | 5/16) 4,512.32] 0.56) 0. 81] 0. 0.79 | 0.3r | 0.47] 0.58 | 0.78 |0.4 
alnX2 % | 3.7|1-06] 0.54} 0.79] 0.37 | 0.65 | 0.25 | 0.38] 0.59 |! 0:78 Jo. 
234X2 | 3/191 2.810.81| 0.51! 0.76) 0.29 | 0.5t | 0.20 | 0.29] 0.60 | 0.79 |o. 


* Ancles. marked with a *are listed by some steel makers'as special angles, and command 
a slightly hiyliew price per pouad Lian standard angles, and, in small lots, are not always 


available to the’ purchascr. 


t.48  . Rolled Structural Shapes 449 


Ing Properties of Standard Channels 
Dimensions are given in inches. See p. 458 for shearing stress factors. 


[Sages | 
Neutral axis Coethe 


Neutral axis perpendic- 


3 | 'g i parallel with | 

: * ne $ Laat ular to web at center Been Iie es ae 
= idt! 3 

fe of ° F for fiber 

rs] or of i 

3 foot eee é flange| Moment een Section | Moment ee stress of 

Pe tion. 3°] of pyre modu- of ag 16 000 Ib 

Fly 3 inertia, | tion lus, | inertia, or per sq in, 

a A I oe IIc Db pe Cc 


§5.-00)16.18|/0.818)3.818 
§0.00|/14.71| -720)3.720 
45.00|13.24| .622)3.622 
40.00}11.76) -524/3.524 
35-00/10.29| .426/3. 426 


430.2 5.16 | ‘57-4 | 12.19 |0.868 | 61% 900 
402.7 §-23 5567 est. ee -873 | 572 700 
375-1 5-32 50.90 10.29 -882 533 500 
347-5 | 5-43 | 46.3 9-39 -893 | 494 200 
320.0 5.58 42.7 8.48 -908 | 455 000 


33-00] 9.90} .400/3.400] 312.6 5.62 41.7 8.23 -912 | 444500 
40.09/11.76| -758/3.418] 197.0 4.09 32.8 6.63 -751 | 350 200 
$§.00/16.29| -636/3.296] 179.3 | 4.17 | 29-9 | 5-90 | -757 | 318 800 
12|30.03| 8.82] .513|3.173] 161.7 | 4-28 | 26.9 5.20 +768 | 287 400 
25.09] 7-35] -390/3-050] 144.0 4.43 24.0 | ° 4.53 .785 | 256 100 
20.59) 6.03] -280/2.940] 128.1 4.61 21.4 3-91 2805 | 227 800 
35.00|10.29| -823/3.183] 115-5 3-35 23.5 4.66 -672 | 246 400 
30.00) 8.82| .676/3.036| 103.2 | 3.42 | 20.6 3-40 -672 | 220 300 


10 |25.00] 7-35| -529/2-889] 9f.0 bs 18.2 3-40 -680 | 194 100 
20.0c| 5.88] .382/2.742 78.7 3-66 IGe7 |) aay -696 | 168000 
15.00] 4.46| .240|2.600| 66.9 3-87 13.4 2.30 -718 | 142 700 
45.00} 7.35| -645}2.815| 70.7 3-10 15.7 2.98 -637 | 167 600 | 

g |20-22 §.88) .452|2.652] 60.8 | 3.21 13-5 2.45 -646 | 144 100 
15.00] 4.41| .288|2.488] 50.9 |" 3:40 IL.3 1.95 -665 | 120500 
13.25] 3.89] -230|2.430 47.3 7| 3-49 10.5 1.77 | -674 | 112 200 
21.25) 6125) .582|/2.622| 47.8 2.97 11.9 2 25 -600 | 127 400 
18.75| 5.51] -490|2.530] 43.8 2.82 Ik.o 2.01 -603 | 116 900 

g|16-25| 4-78] .399|2-439| 39-9 | 2.89 10.0 1.73 -610 | 106 400 
13-75| 4.04] .307|2.347| | 36.0 | 2. 9.0 1.55 -619 | 96 000 
11.25] 3:35] -220/2.260] 32.3 | 3-11 8.1 I-33 -630 86 100 
19.75) 5.81| .633/2-513| 33-2 9-5 1.85 .565 | 10 100 
17-25| 5-07] .528|2-408] 30.2 2.44 8.6 1.62 -564 92 000 

7|14.75| 4-34] .423/2-303| 27-2 | 2.50 7.8 1.40 -568 | 82800 
12.25| 3.60] .318/2.198| 24.2 | 2.59 6.9 I-19 -575 73 700 

9-75| 2-85| -210/2.090] 21.1. 6.0 0.98 -586 66 850 
15-50] 4.56] .563)/2.283| 19-5 6.5 1.28 529 69 500 

6 |13-90]. 3-82] .440|2.160] 17.3 | 2.13 5.8 1.07 = 529 61 600 
10.50] 3.09] .318/2.038] 35.1 | 2-21 5.0 | 0.88 -534 53 800 
8.00] 2.38] .200]/1.920] 13.0 4.3 0.70 -542 | 46200 
11.50) 3-38| -477/2-037| 10-4 4.2 | 0.82 | -493 | 44400 

5| 9-00] 2.65] .330|1-890 8.9 | £.83 3-5 0.64 «493 37 900 
6.50] 1.95| -190|1-750 7.4 3-0 °. 48 +498 31 600 

4.6 2.3 | 0.44 | -455 | 24400 | 
4 4.2 2.1 0.38 «454 22 300 
3-8 1.9 0.32, +453 26 200 
yj 2.1 1.4 o.3t |. .42T 14 700 
3 1.8 Sad 0.25 «415 | 13 Foo 
1.6 I.I 11 600 


For explanation of this table see Art-47. In computing the weights and areas in the 
ables the fillets are disregarded. : 
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| 


5X3 
5x2% 
AY x3 
4%) x3 
4% x26 
4X5 
4x4 
4X4 
4X3 
4Xx2% 
4X2 
4X2 
342 x4 
34ex4 
312 x34 
3Ya x3 
3% x3 
34x 3 
312 x3 
3X4 
3X4 
3X4 


3X34 
3x3% 
3x34 
3%3 
3%3 
3%3 
3X3 
3X24 
284 x2 
244 x3 
22 x 284 
242 x2Ye 
244 x14 
24 x24, 
2X2 
axils 
194 x1%4 
1% x 1% 
1% x1% 


IrI.o 
8.7 
78R, 


II.9 
10.6 

9-3 
Il.o 
9.8 


8.6 
10.1 
9.0 


7-9 
6.8 


6.2 
7-4 
6.2 
5-9 
5.6 
3-0 
4-2 
3-7 


I.20 
1.08 
3-2/0-990 
3-2/0-90 


2.0/9.54 
1.7/0-45 


Standard Market Sizes 


Properties of Standard T Shapes 
Dimensions are given in Inches. 


Sect. 4 


Dis- Neutral axis thru center Neutral axis thru center 
tance of of gravity parallel to of gravity coincident with 
eer flange center line of stem 
ce) 
sake Moment) Least | Radius | Moment] ¢.4,., | Radius 
tsid of section of of fate oa of 
outsice) inertia, {modulus, gyration,| inertia, Tle "| gyration, 
Ic r Pie r 

flange 

0.75 236 3 1.18 0.82 5.6 2.22 I.19 
0.65 1.6 0.86 0.71 4-3 1.70 1.16 
2 ep Sar 2.13 1.04 3-7 1.65 0.90 
0.75 2.1 0.94 0.86 3-1 1.38 1.04 
0.60 I.2 0.65 0.68 © Bet 1.38 1.08 
I-51 8.5 2.43 1.56 25 1.06 0.78 
Tea0 6.3 1.98 1.38 2.1 1.06 0.80 
I-15 4-7 w.64 | |E523 2.2 1.09 0.84 
0.78 2.0 0.88 0.86 2.1 1.05 0.88 
0.60 I.0 Q.55 0.70 1.8 0.88 0.91 
0. 48 0.6 ©. 40 0.52 2.1 1.05 0.96 
0.51 -54 0.34 0.51 1.8 0.88 0.95 
res. |. 55 1.98 Is2t 1.89 1.08 °.72 
I.19 4-3 I-55 I.22 1.42 0.81 0.70 
1.06 | 3-7 1.52 1.04 1.89 1.08 0.74 
1.01 3-9 1.19 T.05 1.42 0.81 0.73 
0.88 2.4 I-13 | 0.87 1.88 1.08 0.77 
0.83 1.9 0.88 0.88 I-41 0.81 ©.75 
0.78 | 1.6 0.72 0.89 1.18 0.68 0.76 
1.32 5.2 1.94 1.23 Fi 20 0.81 0.59 
1.32 4.8 1.78 1.25 I.09 0.72 0.60 
I.29 4-3 1-57 1.26 0.93 0.62 0.59 
1.12 3-5 1.49 1.06 1.20 0.80 0.62. 
I.I1 3-3 1.37 1.08 153% 0.88 0.68 
I.0o9‘| 2-9 1.21 I.09 0.93 0.62 0.61 
0.93 2.3 I.t0 0.88 I.20 0.80 0.64. 
0.92 2-5 1.01 0.90 1.08 0.72 0.64 
0. 88 1.8 0.86 0.90 0.90 0.60 0.63 
0.86 1.6 0.74 ©.90 ©.75 0.50 0.62 
0.68 0.94 0.52 °.73 0.75 0.50 0.65 
0.53 | 2-1 0-78 | 0-72 | 0.62 |. 0.45 -| o.54 
0.92 1.6 0. 76 0.94 0.44 0.35 0.51 
0.83 1.2 0.60 0.83 0.44 0.35 O.5r 
0.74 | 0.87 0.50 0.74 0.44 0.35 0.52. 
0.29 0.094 | 0.09 0.31 0.29 0.23 | 0.58 
0.66 | o.51 | 0.32 0.67 0.25 0.22 0.47 
0.59 0. 36 0.25 | 0.60 0.18 0.18 0.42" 
0.42 0.16 0.15 0.42 0.18 0.18 0.45 
0.54 | 0.23 °.19 0.51 | 0,12 0.14 0.37 
0.44 | 0-1F 0.11 0-45 0.06 0.07 0.31 | 
0.38 0.06 0.07 0.37 0.03 0.05 | 


Tt, 48 _ Rolled Structural Shapes 451 
Properties of Standard Z Bars 


Dimensions are given in Inches 
See Paragraph on Unsymmetrical Loading of Beams, p. 438 


Moments of 


Section moduli, Radii of gyration, 


— T/c - 
Neu- Neu- Meds Neu- Neie Neu- 


. || tral tral tral 
Lp | Area tral | axis | 2! | axis | 4! | ‘axis | Least 


° axis axis axis . 
i 3 per f 1 thru 1 thru ie thru _|radius, 
€ | foot | S&C center center center | neu- * 
a a “ey tion | center of center of center of tral 
e a B of it of it of eellt > 2 
7) .,. |gravity ., |gravity .._ |gravity| axis 
S rc 5 Bravity | coinei- |8tAV4tY | coinci- |ST2¥!4¥ | coinci- diag- 
2 2 o perpen! dent |PETPEP=| dent |PETPEM| dent | onal 
Bol Sh ose dicular] —.,, |dicular] ~~, |dicular| .; 
2 = a with with with 
a H toweb| |, |toweb| wep |toweb| wep 
6 344 | 8 | 15.6] 4.59] 25.32 | 9.11 | 8.44] 2.75 | 2-35 | 1-41 | 0.83 - 


646 | 3%6 | He] 18-3] 5-39] 29.80 | 10.95 | 9.83] 3-27 | 2-35 | 1-43 | 0.84 
6% |35g | 1% |21.0] 6.19] 34.36 | 12.87 | 11-22 | 3.81 | 2.36 | 1.44 | 0.84 
6 |3%% | %o|22-7] 6.68] 34.64 | 12.59 | 1z.52 | 3-91 | 2-28 | 1-37 | 0-8r 
646 |3%e6 | 56 [25-4] 7-46] 38.86 | 14.42 | 12-82 | 4.43 | 2-28 | 1.39 | 0.82 
64% [35g |114g} 28.0] 8.25| 43.18 | 16.34 | 14:10] 4.98 | 2-29 | 1.41 | 0.84 
6 |314 | 34 }29.3] 8.63] 42.12 | 15.44 | 14-04 | 4.94 | 2-21 | 1-34 | 0.81 
6M%4e|3%e |184¢| 31-9] 9.40] 46-13 | 17-27 | 15-22 | 5-47 | 2-22 | 1-36 | 0.82 
6% [35g | % |34.6|10.17| 50.22 | 19.18 | 16.40 | 6.02 | 2.22 | 1.37 | 0.83 |, 
s (38% | 54g|11-6|'3.40| 13.36] 6.18] 5-34] 2-00 | 1-98 | 1.35 | 0-75 |- 
51493546 | 86 |13-9] 4-10] 16-18 | 7.65 | 6.39] 2.45 | 1-99 | 1-37 | 0-76 
5% 138% | %4¢|16-4| 4.81| 19.07 | 9.20] 7-44] 2-92 | 1-99 | 1.38 | 0-77 
5 {3% | % |17-9] 5.25| 19.19 | 9.05 | 7-68] 3-02 | 1-91 | 1-31 | 0-74 
5% 6/3546 | %@| 20-2] 5.94] 21-83 | 10.51 | 8.62] 3.47 | 1-91 | 1.33 | 0-75 
5¥y |38% | 5% |22.6| 6.64] 24.53 | 12.06] 9.57] 3-94 | 1-92 | 1-35 | 0-76 
5 |3%4 |114g|23-7] 6.96] 23-68 | 11-37 | 9.47] 3-9r.] 1-84 | 1-28 | 0273 
5149 |3546 | 84 | 26.0] 7.64] 26.16 | 12.83 | 10.34 | 4.37 | 1-85 | 1.30 | 0-75 
5% |33% |1844|28.3| 8.33| 28-70 | 14.36 | 11-20 | 4.84 | 1-86 | 1.31 | 0-76 
4 345 | 44 | 8.2| 2.4x| 6.28] 4.23 | 3-14] 1.44 | 1-62 | 1-33 | 0.67 
4144/3146 | 54g|10.3] 3.03| 7-94] 5-46 | 3-91 | 1.84 | 1-62 | 1.34 | 0.68 
41, 13346 | 8% | 12.4| 3.66] 9.63] 6.77 | 4-67] 2.26 | 1.62 | 1.36 | 0-69 
4 |3%e6 | %e|t3-8].4.05| 9.66] 6.73 | 4-83] 2-37 | 1.55 | 1-29 | 0-66 
444|344 | % |15-8| 4:66] 11.18] 7-96 | 5-50] 2-77 | 1-55 | 1-31 | 0-67 
44% 1384 | %6|17-9|.5-27| 12-74 | 9-26] 6.18] 3.19 | 1-55 |] 1-33 | 0-69 
4 |3%e | 5g | 18.9] 5.55] 12.11 | 8.73 | 6-05] 3-18 | 1-48 | 1-25 | 0.66 
449/348 |1449|20.9| 6.14] 13-52 | 9-95 | 6-65] 3.58 | 1.48 | 1.27 | 0.67 
444 |334g | $4 |23-0| 6.75| 14-97 | 11-24 | 7-26] 4-00 ] 1.49 | 1.29] 0.69 
3 21146] %. | 6.7| 1.97] 2.87] 2.81] 1-92] r.10 | 1-21 | 1.19 |,0.55 
3144/28, | 546] 8.4] 2-48] 3-64] 3-64] 2.38] 1.40 | 1.21 | T.2r | 0.56- 
3 21146) % | 9-7] 2.86] 3.85 | 3.92] 2-57] 1-57 | 1-16 | I-17 | 0.55 
3446284 | Me|11-4| 3-36] 4-57 | 4-75 | 2-98] 1.88 | 1.17 | 1-19 |.0.56 
3 | 21446! ¥4 | 12-5] 3-69] 4-so°] 4-85 | 3-06] 31.99] 1-12 | 1-15 | 0.55 
344/284 | %el14-2] 4.18] 5.26] 5.70 | 3-43] 2-31 | 1-12 | 1.17 0-56 


49. Bars and Plates 


Commercial Sizes of Steel Bars in Inches (Carnegie Steel Co,), Rounps: 7/32 . 
1% advancing by 64ths; 175/32 to 314 advancing by 32ds; 39/16 to 7 advancing 
“16ths. Squares: 4/1 to 2 advancing by G4ths; 21/32 to 314 advancing by 
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Square and Round Steel Bars 
* 


Pounds per linear foot | Area in square inches | Citcumfer- 
ence of or 
diameter, ; round bar, | diameter, 
Square Round Square | Round |square inches} inches 
-013 «010 +0039 ~0031 - 1963 Ye 
~053 -042 0156 =0123 +3927 i 
-119 -094 +0352 0276 - 5890 846 
-212 -167 .0625 0491 - 7854 % 
-333 -261r 09077 0767 ~9817 540 
-478 -375 .1406 1104 1.1782 58 
651 -51I -1914 1503 1.3744 Tho 
-850 -667 -2500 - 1963 1.5708 | Va 
1.076 -845 3164 | 22485 1.7671 %e 
1.328 1.043 - 3906 = 3068 1.9635 56 
1.608 1.262 4727 ~3712 2.1593 Wie 
1.913 1.502 -5625 -4418 2.3562 84 
2.245 7. 1-763 - 6602 - 5185 2.5525 1346 
2.603 2.044 -7656 - 6013 2.7489 78 
2.989 2.347 -8789 -6903 2.9452 . 46 
3-400 2.670 I..0000 7854 3-1416 I 
3-833 3-014 1.1289 8866 3-3379 MMe 
4-303 3-379 1.2656 -9940 3-5343 11% 
4-795 3-766 I. 4102 1.1075 3-7306 1846 
5-312 4-173 1.5625 1.2272 3-9270 1% 
5-857 4.600 1.7229 1.3530 4.1233 1546 
6.428 5-049 1.8906 1.4849 4-3197 18% 
7.026 5-518 2.0664 1.6230 4-5160 1H%{o 
4.650 6.008 2.2500 1.7671 4.7124 114 
8.301 6.520 2.4414 1.9175 4.9087 1% 6 
8.978 7.051 2.6406 2.0739 5.10st 3f 156 
9.682 7-604 2.8477 2.2365 5.3014 peer 
10.41 8.178 3-0625 2_ 4053 5-4978 134 
1l.17 8.773 3-2852 2.5802 5.6941 11345 
IT.95 9. 388 3-5156 2.7612 5.8905 1% 
12.76 10.02 3-7539 2.9483 6.0868 11546 
13.60 10,68 4.0000 3-1416 6. 2832 2 
15-35 12.06 4-5156 3-5466 6.6759 2% 
14.22 13.52 5.0625 3-9762 7.0686 2%, 
19.18 15.07 5-6406 4.4301 7.4613 23% 
21.25) 16.69 6.2500 4.9087 7.8540 2% 
23-43 18.40 6.8906. 5.4119 8.2467 25% 
25471 20.20 7-5625 5.9396 8.6304 284 
28.10 22.07 8.2656 6.7771 9.2284 27% 
30.60 24.03 9.0000 7.0686 9.4248 3 
35-92 28.20 10.563 8.2958 10.210 3% 
41.65 32.71 12.250 9.6217 10.996 3Y%q 
47-82 37-56 14.063 11.045 11.781 384 
54.40 42273 16.000 12.566 12.566 


32ds; 39/16 to 5}4 advancing by r6ths. Hexacons: 4 to 13/), advancing by 32d 
1% to 3!/\¢ advancing by 16ths. SovarE Epc Friars: 3 to 3 in wide, any thic 
ness up to width; 3 to 5 in wide, any thickness }4 to 3 in; s to 7 in wide, ar 
’ thickness 4 to 2 in. v4 - 
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eight of Rolled Steet Plates in Pounds per Linear Foot—Continued on p. 454 


Thickness of plate in inches 


2M} 546 % | He | % | %o 56. | Bis | 34 


0.850 | 1.06} 1.28 | 4.49 | I-70 | 1-92 | 2-12 | 2-34 | 2-55 
| v.06 |, 1.33] 2-59} 2-86 | 2.12 | 2.39 | 2-65, | 2-92 | 3-19 
| r-28 |, 1.59 | ¥.92 | 2-23 | 2-55 | 2.87 | 3-19 | 3-51 | 3:83 


) 5.49. 1.86 | 2.23 | 2.60 | 2-98 | 3-35 | 3-72 | 4-09 | 4.47 
Paks 70 2.12 | 2.55 | 2-98 | 3.40 | 3-83 | 4-25: | 4-67 | 5.10 
z.9t | 2.39 | 2-87 | 3.35 | 3-83 | 4-30 | 4-78 | 5-26 | 5.75 
i) a.12 | 2.65 | 3-19} 3-72 |) 4-25 4-78 | 5-31 | 5-84 | 6:38 
| 2.34 | 2.92 | 3-sx } 4-09 | 4-67 | 5-26 | 6.43 | 7.04 
| a.55 | 19} 3:83 | 4-46 | 5-10 | 5-74 | 6-38 | 7-02 | 7-65 
2.76 | 3-45 | 4-15) | 4-83 | 5-53 | 6-22 | 6.94 | 7-60 | 8.29 
| 2.98 3.72 | 4:47 | 5-20 | 5-95 | 6-70 | 7.44 | 8-18 | 8.93 
| g-19. | 3-99 | 4-78 | 5-58} 6-38 | 7-17 | 7-97 | 8-76 | 9.57 
k 5-40 4.25 | 5:10} 5-95 | 6-80 | 7-65 | 8.50 | 9-35 |10.20 
| 3.61 | 4.52 | 5-42 | 6-32.) 7-22 | 8-13 | 9-03 | 9.93 |10.84 
3-83 4.78 | 5-74 | 6.70 | 7-65 | 8-61 | 9.57 |10.52 |11-48 
4-04 5.05 | 6:06 | 7.07 | 8.08 | 9.09 |ro. 10 |Z1.Ur |12.12 
| g.2s |. 5-34 | 6:38 | 7-44 | 8-50 | 9.57 |n0-63 |11-69 |12.75 
| 4-46 | 5-53] 6.69 | 7-81 | 8-93 |10-04 |n1-16 | 12-27 |13-39 
| 4-67 5-84 | 7-02 | 8-18 } 9-35 |10-52 |41.69 |12.85 |14-03 
| 4-89 6.12 | 7.34 | 8-36 } 9.77 °|11-00 |x2.22 |13.44 |14-67 
| 5-10 6.33 | 7.65 |) 8.93 |Zo=20 |11-48 | 12.75 |14-03 |15.30 
5.31 6.64 | 7-97 | 9-29 |20-63 |11-95 |13.28 24-64 |15-94 
| 5-53 6.90 } 8.29: | 9-67 |12-05 |¥2-43 ¥3.81 |15-20 |16.58 
| 5.74 7.17 |.8-6r |t0-04 |rr. 48 |12-90 |24.34 T5=78 |1F-22 
b scos |. 7-44] 8293 |x0-4x [11-90 |13-39 |£4-87 |76-36 |17-85 
6.16 7.70 | 9-25. [10-78 | 12-32 13-86 |£5.40 |16.94 |18-49 
6.36 |. 7-97.) 9-57 11-16, 12.75 |£4-34 |15.94 |17-53 |19-13 
| 6258 8.23 | 9-88 |1t-53 13.18 |14.82 [16.47 |18.12 |19-77 
6.80 8.50 |10. 20 1f-90°|13-60 |15-30 |17.00 |18.70 |20. 40 
FOr 8.76 |10. 52 |12-27 |14-03 |15-78 |27-53 ig.28 |2T-04 
7.22 g-03 |10. 84 |12.64 |14-44 16. 26 |18_06: |19.86 |21-68 
7-43 | 9-29 |xx.16 |13-02 |14-87 |16. 74 |78.59) |20-45 |22-32 
7-65 . | 9.56 | 12.48 13-40 [15-30 |17-22 |19.13, [21-04 22.94. 
| 7.86 |. 9.83 |rr-80 |xg-76 [75-73 |17-69 |19-65 \21.62 |23-59 
8.08 |1o.10 |r2. 12 }rg-14 |16.16 [18.18 20.19 |22-21 |24.23 
8.29. |10.36 |r2. 44 14-51 |16.58 [18.65 |20.72 |22-79 24.86 
8.50 |10.62 }12.75 14-88 |17-00 |19.14 |21-25 23.38 |25-50 
| B.72 | 10.89) |13-07 | 15-25 |17-42 19.61 |21.78 |23-96 |26.14 - 
) S.92 |xr. 16 |13-39 |r5-62 |17-85 20.08 |22.32 |24.54 |26.78 
g-14 |ur-42 {13-71 |15-99 [18-28 20,56 |22.85 |25-13 |27-42 
9.34 |14-68 }r4.0g, |16.36 [18.70 |21-02 |23-38 |25-70 28.05 
9.57 |11-95 |14-35 |x6-74 |19-13 |21-5r |23-91 |26.30 28.68 © 
9.78 |r2-a2 14.68 |17-12 |19.55. |22-00 |24-44 26.88 |29.33 
10.00 |12.49 |14:99 |17-49 |19-97 |22-48 |24-97 |27-47 |29-97 
10.20 |12.75. Ix5..30° In77.85 |20-40 |22-95 |25-50 28.05 |30.60 
13-08 |15~62 |18.23 |20.82 |23-43 |26.03 28.64 |3%-25 
1g. 2% |x5-94 18.60 |21.25 |23.96 |26-56 |29.22 31-88 
13. 55: 18.97 |2t.67 |24-39) 


wn 
co 
BS 


Approximate rules for computing weights’ of bats; plates; and: prisms: A wrought-iron 
r one yard long and one square inch im section weiglisito pounds. Steelis about 2 per- 
ot heayier than wrought iron. -Cast iron is about six percent lighter tham wrought 


454 


Weight of Rolled Steel Plates in Pounds per Linear 


Standard Market Sizes . 


Sect. 


Foot — Continued 


16.26 


18. 


Width Thickness of plate in inches 

nm a s. _ = 
inches | 144, | % | 1%6 | x | to | 1% | 1%e | 1% | 14! 
I 2.76| 2.98] 3:19] 3-40 3-61] 3-83] 4-04] 4.25 4.46 
14%, | 3.45| 3-72) 3-99] 4:25| 4-52] 4-78] 5-05] 5-31] 5-58 
1% | 4.14] 4-47| 4.78] 5.10] 5-42] 5-74] 6.06] 6.38] 6.69 
1%, | 4.84] 5.20| 5-58| 5-95| 6-32] 6-70]. 7-07] 7-44] 7-8 
2 5-53] 5-95| 6-38] 6-80] 7-22 7.65] 8.08] 8.50] 8.93 
2% 6.21| 6.69| 7-18] 7-65| 8-13] 8.61] 9-09| 9-57 | 10-04 
2% 6.90| 7-44| 7-97) 8-50] 9-03] 9-57-] 0.10, 10.63 } 11.16 
234 7.60| 8.18] 8.77| 9-35] 9-93} 10-52 | 1-11 11.69 | 12.27 
3 8.29| 8.93| 9-57] 10.20 | 10-84 | 14.48 | 12.12] 12.75 | 13-39 
34, 8.98] 9.67 | 10.36 | 11.05 | 11-74 | 12.43 | 13-12 13-81 | 14.50 
316 9.67 | 10.41 | 11-16 | 11.90 12.65 | 13.39 | 14-13 | 14-87 | 15-62 
334 | 10.36 | 12.16 | T1.95 | 12.75 | 13-55 | 14-34] 15-14 | 15-94 16.74 
4 It.o5 | 11.90 | 12-75 13.60 | 14-45 | 15.30 16.15 | 17.00 | 17.85 
AY, | 11.74 | 12.65 | 13-55 | 14.45 | 15-35 16.26 | 17-16 | 18.06 | 18.96 


20.08 


iron. Stone is about one-third the weight of wrought iron. Brick is about one-fourth 
Timber is about one-twelfth the weight of wroughtiron. 


crete is slightly lighter than stone. 


weight of wrought iron. 
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50. Bolts and Nuts 
U.S. Standard Screw Threads 
Dimensions in Inches. 


Long 

Short} dia. 

iy . | dia. | rough * | mess | ness 
it}. inch- of . finish| hex- | tugh rough | finish 
agonal] |Square 


874 


6 M6 
: OY e4 
6 y %o 


9 
8 
7 
7 
6 
6 
oe 


nS 


bo 


gee**ss 


7 pe 2a 


rae Ea 


IT.045 
12.566 
14. 186/11. 329 
I§-904/12.753 
17. 721|14-226 
19..635)15- 763 : 104964 
21.648/17.572 112364 
23-758|19. 267 117% 

-0526/25.967|21. 262 81149 |105g [123% 

+0555|28.274|23.098 06 |1019%0 1121545 


fhe U.S. Standard for Screw Threads, recommended by the Franklin 
titute in December, 1864, and often called the Seller’s System, has been 
y generally adopted in the United States, but the proportions recontmended 
nuts and bolt heads have not found general acceptance because of the odd 
ss of bar, not usually rolled by the mills, required to make the nut. 
n the above table the first six columns refer to the bolt, the latter six columns { to the 
dand nut. The threads are not cut to a sharp angle at either point or root but are 
tened, and the amount is termed the “width of flat.”” Where not otherwise specified 
data on heads and nuts apply to both square and hexagonal. The*angle formed by 
surfaces of the thread is 60°. In the Whitworth or English system the angle is 55° 
| the point and root of the thread are rounded. : 
Nuts and Bolt Heads in the U. S. Standard are determined eo the follow- 
‘rules, which apply” to both square and hexagon nuts: gla! 


| et eS 


1 =) a) o> 
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Upsets on Square and Round Steel Bars 
Dimensions in inches. 


‘ Round bars Size of upset 


Excess 
Addi-lol area Dia. | Area at 
Area, | tion |at root Dia at root} root 


turnbuckle 


& 
Weight of one 


Dia sqin | for | of 3 of of 

upset |thread & |thread| thread es upset] of 
‘ts Jo | | i. Eas thread 
5% | 0.307] 444 | 36-8 | %|4 | 0.731] 0.420 2% 
8 | 0.442] 33% | 24.4 )1- 14 |0.837| o:550] 8. | 346)_..]-+-.-] ----]--2-2- 
ners icle Hes Ree AI tae 144 |4 |0.940|] 0.694 
Tm | 0.601] § 48.3 | 1444 | 1-065] 0.801 
xr | 0.785} 486 | 34.7 | 18614 | z.160] r2057 | 6 | 6 |...|.---.] 0% 
114] 0.994] 3% | 30-3 | 1%4|4 | 1.284] 1-205 
114| 1.227] 3% | 23.5 | 196 |444/ 1.380] 1-515 
186| 1.485] 344 | 17-4 | 194 [414] r.490| 1-744 |] 5 |10 |...|--+--] --<+ ]----2- 
CRA es eel ee A eee 1% |44| 1.615} 2.049 
116 
156| 2.074] 414 | 27-8 |2%|5 | 1.837] 2.651 | 434 |15 |...].---.| --.- ]------ 
184 
1% 
2 
214| 3.547| 356 | 17-1 | 256 514] 2.300] 4.155 | 4 [28 J|.x|.-...| 2... 4....0. 
214 
23% 
214] 4.909] 434 | 21.3 |3% |646| 2.754] 5-957 | 3% |so J..|--..c] e--- |e eee 
256 
2341 5.940| 414 | 19.3 1336 |7 | 3.004] 7-088 | 34% |65 {_._}...-.} 2-2. Jee. eee 
2% 
3 | 7-009) 0% | 22-2 [974 |G 13-317] 9-941 | MSF [www el ~~. |e ~~ 0] eee [eee ene 
3% 
344 
38% 
35% 


Short diameter of rough nut = 114 x diameter of bolt + ¥ in. 
Short diameter of finished nut = 114 x diameter of bolt +e in. 
Thickness of rough nut = diameter of bolt. 
Thickness of finished nut = diameter of bolt — 44g in. : 
Short diameter of rough head = 114 x diameter of bolt + in. : 
Short diameter of finished head = 114 x diameter of bolt +4¢ in. 
Thickness of rough head = 14 short diameter of head. 
Thickness of finished head = diameter of bolt — 14 in- 
The long diameter of a hexagon nut may be obtained by multiplying the short diameter 
by 1.155 and the long diameter of a square nut by multiplying the short diameter by 1.414. 
Upsetting reduces the strength of iron, so that bars having the same diameter 
at root of thread as that of the bar, invariably break in the screw end, when 
tested to destruction, without developing the full strength of the bar. It is 
therefore necessary to make up for this loss in strength by an excess of metal 
in the upset screw ends over that in the bar. Lengths of upset ends for use 
with turnbuckles of standard length (6 in between heads) and with clevises 
should be 1 in longer than specified in table, and additions for upset should _ 
be correspondingly increased. ; i 
Standard Cast Washers are proportioned to the bolt as follows: The diameter of the 
* Jarger or bearing surface is 4 times the diameter of the bolt plus 44 in; the diameter of the - 


4 
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Weight in Pounds of 100 Bolts with Square Heads and Nuts 


Diameter of bolts, inches 


% | %4e| $6 | He] % 


7J.0|TO. 5/15 -2/22.5| 39.5] 63.0 
47.5|11.3|16.3/23.8| 41.6} 66.0 
8.0/12.0/17.4/25.2] 43.8] 69.0) 
8.5]12.8]18.5/26.5| 45.8] 72.0 
9-0|13.5]19-6|27.8] 48.01 75.0 
9.5]14.3/20-7/29.1] 50.1] 78.0 
To.0]15.0]21.8]30-5] 52.3] 81.0 
IT.0]16.§|24.0|33-1| 56.5} 87.0 
12.0|18.0/26.2/35.8] 60.8) 93.1 
13-0]19.5|28.4]38.4| 65.0] 99.1 
14.0]21.0]30.6)41.1] 69. 3)105.2 
15.0/22.5/32.8|43.7] 73-5{111-3 
16.0]24.0/35.0/46.4] 77.8|117.3 
=---|25-5|37.2/49-0] 82.0]123..4 
----|27-0/39.4/51-7| 86.3]129.4 
-+-+/28.5/41.6/54.3] 90.5/135.0 
30.0 94.-8)141.5 
.--«|46.0/64. 9/103. 3/153.6 
-+++|48. 2/70. 2/111.8]165.7 


++++|50-4]75-5|120.3]177-8 
«---|52.6/80. 8)128.8/189.9 


Per inch 
additional Bek 


smaller surface (against which the bolt head or nut bears) is twice the diameter of the bolt 
plus 14 in; the thickness is equal to the diameter of the bolt; and the bolt hole is 1 inch 
larger than the diameter of the bolt. 

Limit Gages. Rods generally run oversize and it has been found necessary 
to fix an allowable variation from required sizes. Limit gages have been 
proposed, and it can be then specified that the iron should enter the larger 
and not enter the smaller opening. The limits, as adopted by the Master 
Car Builders Association in 1883, are as follows (all figures in inches): 


limit 


0.6170 
0.7415 


0.8660 
0.9905 
I.II5o 
1.2395 


Bauer’s Standard. It hasbeen found advisable in practise to make the taps somewhat 
larger in outside diameter than the nominal size. An examination of rough iron shows 
that much of it is rolled out of round more than the limit of variation allowed. C. A. 
Bauer therefore devised a standard which meets more readily the commercial conditions 
and is also interchangeable with the U. S. Standard. In this system the actual diameter 
of the bolt is equal to the nominal diameter plus the fraction 0.2165 divided by the number 
of threads per inch; the diameter of bolt at bottom of thread is the nominal diameter of 
bolt minus the fraction 1.29904 divided by the number of threads per inch; and the depth 
of thread is equal to 0.7577 divided by number of threads per inch, : . 
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Shearing Stress Factors for Beams 


' The maximum shearing stress in Ib per sq in at the neutral axis of a beam is given by 
multiplying the total shear in pounds by the shearing factor in the table for the particular 
shape used. 


STANDARD I BEAMS 


Weight | Shearing ||, Weight | Shearing Weight | Shearing 
Ben Tb per stress noe Ib per |- stress pe Ib per stress 
foot factor foot factor foot factor 
27 83.0 ©.099 18 ae aaa 9 35.0 0, 187 
0.0 0.1L 30.0 0.235 
ule i Re) 0.066 55.0 0.141 25.0 0.322 
atone ahi) 40.0 0.193 21.0 0.440 
I05.0 0.077 aa 
100.0 0.067 Is 75.0 0,092 8 25.5 0.2 
95.0 0.072 70.0 0.102 23.0 0.333 
90.0 0.078 65.0 0.118 20.5 ©.412 
85.0 0.088 60.0 | 0.7133 18.0 0.534 
80.0 0.097 55.0 0.123 17.5 ©. 661 
69.5 0.120 50.0 0.143 7 20.0 0.375 
45.0 0.169 17-5 0.477 
ar 57-5 0.148 42.0 0.189 15.0 | 0.659 
20 100.0 0,068 36.0 93957, 6 | 17.25 | 0.422 
95.0 0.074 12 55.0 0.124 14.75 | 0.556 
90.0 0.079 50.0 0.144 12.25 0.832 
85.0 0.089 45.0 0.172 5 14.75 0.483 
80.0 0.098 40.0 0.21r 12.25 0.668 - 
75.0 0.094 35-0 0.224 9.75 |. 1.090 
70.0 | 0.104 * 31.5 | 0.275 r0. °. 
65.0 O.115 27.5 0.364 4 9:5 Per ee 
18 0.0 0.083 10 40.0 0.165 +5 1.120 
eee 0.091 35.0 0.202 7-5 1.510 
80.0 0.099 30.0 0°. 264 3 7.5 1.128 
75.0 0,115 25.0 0.370 6.5 1.595 
| 70.0 0.094 22.0 0.478 5.5 2.260 
STANDARD CHANNELS 
| 
15 55.0 0.105 be) 20.0 °. 
50.0 0.118 ‘ 15.0 °. 
45.0 0.135 9 25.0 °. 
40.0 0.158 20.0 | 0. 
35.0 O.19t 15.0 °. 
33.0 ©.202 13.25 oO. 


900 “oooo 
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51. Sheet Metal, Board Measure 
Dimensions of Sheets of Corrugated Iron 


Width of | Depth of | Number of nae ee Width of Length 
corrugation, | corrugation,| corrugations Nes sheet after | of longest 


we D to sheet |* lap of one | corrugation sheets 


corrugation 


2% 5@ inch to 24 inches | 26 inches to feet 
114, Y inch 191% 24 inches | 26 inches 8 feet 
%% Y inch 3414 25 inches | 26 inches 8 feet 


Weight of Corrugated Iron 
Weight Calculated for Sheets 304 inches wide before Cotrugating. 


Weight per square of roo sq feet 
when laid, allowing 6” lap in els 
Weight length and 214’ or one cor- gor 
per sq foot, rugation lap in width for e 


corrugated sheet lengths of: per 7 aE 


5 pounds 
feet | feet 


2.95 
2.31 
1.74 
1.46 
1.22 
1.06 


Number of Square Feet of 214-Inch Corrugated Iron, Required to Ldy One 
. Square of 100 Square ‘Feet with Side Lap of One Corrugation 


Length of end lap 


1 inch | 2 inches| 3 inches | 4 inches|5 inches] 6 inches 


112 114 116 118 120 


III 113 IIS zE705 |) es 
IIo 112 II4 ris II7 
_ Ito 112 113 II4 115 
IIo 112 113 114 Pod 
109 110 Iit Ii2 II3 


The United States standard gage, adopted by act of Congress in 1893, 
is in general use by manufacturers of sheet steel, and the above table gives 
the thickness and weight of corrugated iron in accordance with that standard. 
For weight per square, 5 percent should be added to figures given in the table 
of weights when sheets are laid with one and one-half laps, and ro percent 
when laid with two laps. If the corrugated iron is to be painted, .2 lb per 
sq ft should be added to weights given in table. The 244-inch corrugation is 
the one generally employed for roofing and siding, and the regular lengths of 
_ sheets are 6, 7, 8, 9, and ro feet. 

‘The transverse strength of a sheet of corrugated iron is found by the formula w= goo0o 
1b8 /l, in which W =the uniformly distributed load in lbs that will produce failure, t is the 
thickness of the sheet in inches, bis the width of the sheet in inches, d is the depth of corrus 
gations in inches, and / is the unsupported length of the sheet in inches. 

For Roofing and Siding of buildings, corrugated iron is applied directly upon steel 
purlins or r studding by means of clips of hoop iron, placed not more than 12 inches apart, 
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United States: Standard Gage for Sheet Iron: and Steel 


Adopted as standard by, Amer. Rail. Mas, Mechan. Asso. and. the: Asso. of Amer. Steel 
Manufacturers. 


~ . lf “~ 
ieee Approx: | Approxi-| Weight | Weight wera 
Number |'thickness|’ thickness Raed i per sq.ft | per sd. ft | <4 meter] Number 
: ; ess in in + 
of in in- in manne eeneaal in | of 
gege: \jractions;}dpeimal milli- javoirdupois| avoirdupois ke sage 
of ments of an | meters of iron of steel ae 
aninch |)  ingh of steel: 

0000000 5 12.70 20. 20.4 99.601 | c000000 
c00000 | 1549 - 46875 rr.gr° |’ 18.45 Ny9.125 93-376 | C00000 
00000 We |\\-4379 l tram | 27.50: 17.85 87.151 | C0000 

0000 | 18%_ | . 40625 r0.32 |, 16.25 [16.575 80.926 | 0000 
000 5% +375 e953. iS= 15-3 74.701 | 000 
00} Ws | -34375 8.73, | 13-75 | 14. 025: 68.476 | oo 

o| Ae | -3r25° | 7-94 | 12.50 12.75 62.251 | 0 
x) %a | .28125, | wa | 11226 | 12.475 ' 56.026 | v 
2| 1%. |.265625 |. 6.75. |.10.625 | 20.8375 52.913 | 2 
3| +25 6.35; | 10. 10.2 49.800 | 3 
4| ee |)-234375 5-95 | 9:375 9.5625 46.688 | 4 
5| ‘he |.-20875 | 5.56 | 8.75 + 8.925 43-575 | 5 
6| 16% |i.203225: 5-16 8i125 8.2875 40. 463, | 6 
7 346, |) -1875 4.76 7-5 7-65 37-350 | 7 
8| Wen | ..271875 4-37. 6.875 7.0125: 34.238 | 8 
9| %2 |,.15625 3-97, | 6.25 6.375 31-225 | 9 
1o| ‘et |. 140625 3-57 | 5-625 5-7375 28.013 |10 
It Vy 125 Me genes i ga 24.900 .|11 
12| a | 109375 | 2.78 | 4-375 4-4625 21.788 |12 
13)|| 982 |) -09875% 2.38) | 3-75 =|) 3825: ft 18-675: |x3 
14) %x |) .078z25° 1.98 | 3-125: |! 3ex87K | 15-563" |m4 
15 %e28 | .o703125 =} 1-79 2.8125 2.86875 | r4.006 |15 
16 Ye | .0625 Gasp) |p aed 2.55 12.450 |16 
17 %eo | -05625 I-43. |. 2.25 2.295 11.205 |r7 
18| Yo *|\.05 bee) a Ne . 2.04 9.960. |r8 
19| ‘Aso |\-04375 | Sagreine 1.75 1. 785 8.715 |19 
20|  %0 ||-0375 |, 9-953 | t-s0 | 153. 7-470. |20 
2x| 10 ||.034375 |; 9-873 | 1-375 T4025; 6.848 |21 
22 Yep, || 0325 | 9.794 | 1.25 I. 278) 6.225 |22 
23| Y%eo |-02825 |; 0.7174 |) 1.125 1.1475: 5.603 |23 
24| Yio | -025 , 0.635 kr. T.02: 4-980 |24 
25 Theo | 021875 0.556 | .875 -8925 4-353 |25 
26| %4eo | .01875 t 0.476 | 275 965 3-735 |26 

; 27| Yeeo. | -on71875 0.437 | 6875 «70125 |) 3-424 |27 

i 28| You |, -o1s625 0.397 |; ~625 +6375 3-113 |28) ; 

29| Y%oxs0 | -0140625, 0.357, -5625, |, -57375 2.801, |29. j 
30 Yeo 0125 , 0-318 as (near y 2.490 |30 f 
31]. Yeso |. .ot09375. 0.278: |; .4375 -44625 2.179 |3r © 

32| 1%4280.| .orors625, | 01258], .4o625; |) -414375.| 2-023, |32 

33| 3820. | .009375 | 0-238 |; -375 -3825, |, 1-868 |33, 

34| "280 | 00859375 | 0.218 | -34375 -3590625 | 1.712 134 

35 | 5620 | .coy8r25 | 0.198 | 3125 |. -37875 1.556) 135 

36| %ea0 | .09703125 | 0-179 - 28125 ~286875 | 1.401 |96° 

37 | hsao. |} .co6640625|' o. 169) |! 265625] -2709375) I-323' 137 

38:|| Yeo | .co625 o.159) |) 225 -255 | rl24s: [58 “hi 


which encircle the purlin.or stud: +Numbers\20:and/22 are the gages most, frequently, ised) 
for roofs, and numbers) 22) and 24 for siding,, The. sheets are either painted on galva- 
nized, preferably, the; latter.. f ty ai , » gan 
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Section Areas:of Rectangular Plates, im Square Inches 


38 |. Thickness‘ of Plate, in Inches 
34) 
307 a 6 tO, 2 etn SN 
Ae |! r 
r | 400) 6250 -9375| . .8750). Too |. 1.250 | P-500 
134)! .1875}! 7150) 9375): 1.125: L.gr2 ~50' |. T.875 | 22500 
2 |, .2500}, I.00 | 1.250 | 4.500] 1.750 | 2.00] 2.500 | 3.000 
2, L.25 1.562 | 1.875 2.188. | 2.50] 3.125 | 3-750 
Rk ins50 | 2.875 2.250) || 2.625 |, 3.00 |. 3.750 | 4.500 
34}! ne75 | 2288 | 2625 | 3.062 | 3.50 | 4.375 | 5.250 
& | 2,00 2.500 3,000 3,500 | 4.00 5.000 | 6.000 
4%). 2.25 | 2,812 | 3.375 4.50 | §.125 | 6.750 
5 fi aso | g:r25 | 3.750 | 3:838 | 5.00] 6.250 | 7.500] 
534i 275 3.438 4.125 4.812 | 5.50 6.875. | 8.250 
6.}; 3.00 | 3.750 4.500 5.250 | 6.00 7-500 | 9.000}, 
6% 3.25 | 4.062 | 4.875 | 5,688 | 6.50 | 8.125 | 9.750]| 
7 |.8750)) bom 3.50 | 4.375 | 5250 | 6125: | 7.00°] 8.750. |r0:50. |) 
TIA) ; b 3:75 | 4.688 | 5.625 | 6:562'| 7.50] 9.375. |IE.25 
8. |z.000 |, 2. ieee: 4.00 5.000 6.000 | 7.000 | 8.00 | 10.00 |12.00 
84 1.062 » 2. ied, 4.25 5.312 | 6.375 7.438 | 8.50 | 10.62 |12.75 
g: |v.125 22 4.50 | 5.625 | 6.750 |- 7.875: | 9.00. |. 15.25, |23.50 
924 2.188 || 2, i 3s 4.75 | 5.938 | 7.225 | &312) | 9.50 | 1.88. |r4.25 
tO. |X.250 |, an 5,00 6.250 7.500 | 8.750 |10.0 | 12.50 15.00 
10}4 1.313 |. 4 5:25 6.563 7.875 9.188 |z0.5, | 13-12' |r5.75. 
Ir |".375 |! 2.750 |i. 4.025 | 5.50 6.875 8.250 | 9:625: |xT.0) |, 13.75 16.50 


r1}4 2.438 |) 2.875 | 4.312 | 5.75 7.188 | 8.625 | 10.06 |rr.5 | 14.38 |17:25 
10.50 |12.0 15.00. |18.00 


1234 1,563 ; 3-225 |, 4.688 | 6.25 | 7.812 | 9.375 | 10.94 |x2.5, | 15.62 [18.75 
13. |¥.625 |! 3.250 |' 4.875 |) 6.50 | 8.025 | 9-750 | 11.38 |73.0) || 16.25 19.50) ; 
i t 17.50 |2T.00) 

r 18.75 |22.50 
16 |2,000 | 4.000 |. 6.000 | 8.00 | r0.00, | 12.00 | 14,00 16.0 | 20.00 |24.00 


bal 
iS) 
i) 
a 
8 
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ae 
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17 |2.125 | 4.250 |° 6.375 | 8:50 | 10.62 | 22.75 14.88: 17.0 | 21.25 |25.50! 
t r i 22.50 |27.00) 
19 |2.375 |. 4.7.50 7-825 | 9.50 | 11.88 14.25 16.63 |19.0 | 23.75. |28.50 
20 |2.500 | 5.000 |, 7.500 |10.0 | 12.50 | 15.00) | 17-50 |20.0 | 25.00 30.00 


an |2:625 | 5.250 | 7.875 |TOI5 rire | ws75 «|| 1838 j2r.0 | 26.25 (31.50: 
22 |2:750 | §.500 | 8.250 |zrno | 19:75 | IGi50 | 19:25) |22.01 | 27.50) |33.00 |, 
23. |2.875 | 5.750 | 8.625 |1I.5 14.38 | 17.25) | 20,13, |23:0 | 28.75 |34.5° 
24 3,000 | 6.000 | 9.000 |12.0 | 15,00 | 18.00) | 21.00 24.0 | 30.00 36,00 


26 |3i250 | 6.500 | .9.:750 |1¢.0) | 16.25; | 1950) | 22.75: |26.0° | 32.50 139.007 |, 
28 |3:500 | 7.000 | to.so: |r4.0: | 17:50 | 22.00! | 24.507 |28.0: | 35.00: |42.00) |) 
30 13.750 | 7.500 |'11r.25° |r5:0 | 18.75 | 22:50 | 26:25 |30:0° | 37.50" |45.00 
32. |4,000 | 8.000 | 12.00 |16.0 | 20.00 | 24.00 | 28.00 |32.0° | 40.00 |48.00 


txt 
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an 
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‘This, multiplication table i is: eaplcaniel to,any, kind of material, but a is: especially usefut 
n computations on the plates which are used in the beams and’ members of steel structures 
or roofs and bridges. 
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. Feet Board Measure, for Stuff 1-inch thick 


Length, in Feet 


Ins. I 2 3 4 5 6 y) 8 9 


I .0833| .1667) .2500} :3333| -4167] .5000 +5833 -6667 +7500 
13 | .1042| .2083| .3125| .4167| .5208] .6250 +7292 8333 .9375 
14 | .1250) .2500| .3750| .5000| .6250| .7500 | .8750/ 1.000 | 1.125 
134,| 1458] .2927| .4375| -5833| -7292, .8750 | 1.021 X.167) 451.313 


2 .1667| .3333| -5000| .6667) .8333| 1.000 | 1.167 ]| 1.333 | 1.500 
2% | .1875| .3750| .5625; .7500| .9375) 1-125 | 1.313 1.500 | 1.688 
234 | .2083| .4167| .6250| .8333/1.042 | 1.250 | 1.458 | 1-667 | 1.875 
234 | .2292| .4583| .6875 .9167/1.146 1.375 1.604 | 1.833 | 2.063 


3 .2500| .5000] .7500/1.000 |I.250 | 1.500 | 1.750 | 2.000 | 2.250 
34 | .2708| .5417| .8125|1.083 |1.354 | 1.625 | 1.896 | 2.167 | 2-437 
314 | .2917| -5833| .8750'1.167 |1.458 | 1.750 | 2.042 | 2.333 | 2.625 
334 | .3125| .6250| .9375|r.250 |1-563 | 1.875 | 2.188 | 2-500 | 2.812 


4 -3333| -6667|1.000 |1.333 [1.667 | 2.000 | 2.333 | 2-667 | 3.000 
4% | -3541| -7083|1.062 |1.416 |1.771 | 2.125 2.479 2.833 3.187 
434 | .3750| .7500\1.125 |1-500 |1.875 | 2.250 | 2.625 | 3-000 | 3.375 
4% | -3953) -7917|1.188 |1.584 |1.979 | 2.375 2.776 | 3.167 3-562 


5 +4167] .8333|1.250 |1.667 |2.083 | 2.500 | 2.917 | 3-333 3-750 © 
524 | .4583| .9167|1.375 |1.833 |2.292 | 2.750 | 3.208 | 3.667 | 4-125 
6 5000|1.000 |1.500 |2.000 |2.500 | 3.000 | 3.500 | 4-000 4-500 
64 | .54%7|1.083 |1.625 |2.167 |2.708 | 3-250 | 3-792 | 4-333 | 4.875 


7 +5833/1.167 |1.750 |2.333 |2.917 | 3.500 | 4.083 | 4.667 | 5.250 
734 | .6250/1.250 |1.875 )2.500 |3-125 | 3.750 4.375 5.000 5.625 
8 -6667|1.333 |2.000 |2.667 |3.333 | 4.000 | 4.667 | 5.333 | 6.000 
814 | .7083)1.417 |2.125 |2.833 |3.542 | 4.250 | 4.958 | 5-667 | 6.375 


9 -7500|1.500 |2.2'50 ‘13.000 /3.750 | 4.500 | 5-250 | 6.000 | 6.750 
9% | .7917\1.583 |2.375 |3-167 |3.908 | 4.750 | 5-542 | 6.333 |. 7-125 
10 .8333|1.667 |2:500 |3.333 |4.167 | 5.000 | 5-833 | 6.667 | 7.500 
10! | .8750|1.750 |2.625 |3.500 |4.375 | 5-250 | 6.125 | 7.000 | 7.875 


II -.9167/1.833 |2.750 |3-667 |4.583 | 5-500 | 6.417 | 7-333 | 8.250 
1114 | .9583|1.917 |2.875 13.833 |4.792 | 5.750 | 6.708 | 7-667 | 8.625 
12 1.000 |2.000 |3.000 |4.000 |5.000 | 6.000 | 7.000 | 8.000 | 9.000 
12}4 |1.042 |2.083 '|3.125 |4.167 |5.280 | 6.250 | 7.292 8.333 | 9.375 


A board x in thick, x ft wide, and r ft long contains x foot board measure (1.00 ft BM). 
This table gives ft BM for lumber of different widths and lengths. For stuff more than | 
1 in thick, multiply tabular values by the thickness in inches; thus, for a plank 3 in thick, 
10% in wide, and 1 ft long, 3X.875 =2.625 ft BM. Also, for 418 lineal ft of such plank © 
418 X2.625 =1097 ft BM. é 

The number of feet BM in a Jot of lumber may also be found by taking x2 times its” 
contents in cubic feet. Or, conversely, the number of cu ft is one-twelfth of the number 
of ft BM. ; : : . ‘ ay 
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52. Pipes and Fittings 
Standard Welded Pipe 
Dimensions as manufactured by National Tube Co. and by Crane Co. 


Diameter 


inter-| ; ~ | Internal,} Metal, one cubic 
nal, ‘ i sq in foot, 
in feet 


Butt welded 


0.27 -129| «0573 
0.364] . =229 ~1041 
0.494] . +358] 9 - 1917 
0.623] - +554] «3048 
0.824 - 866 +5333 
1.048 1.358 -8626 
1.38 2.164| 1.496 


Lap welded 


1.611 2.835| 2.038 

2.067 4-43 | 3-356 

2.468 6.492) 4.784 

3-067 9-621] 7.388 

3-548 12.566] 9.887 

4.026 15.904] 12.73 

| 4-508 19-635] 15.961 

5-045 24.306] 19-99 

6.065 34-472| 28.888 

7-023) 3 45-664) 38.738 

7.982 58.426] 50.04 

8.937 72-76 | 62.73 

‘|10.75 |10.019 90.763] 78.839 
“|11.75 |11.000 108.4 95-03 
12.75 |12.000 127.6 |113.0 


@ G0 00 00 00 OO 00 00 


Tests on lap-welded iron pipe, made in 1895, showed as follows: The exter- 
nal diameter of pipe was 75¢ inches and the thickness § in. Specially designed 
cast-iron flanges, weighing about 61 lb per pair, were used for joints. Eight 
tests, in which the hydraulic pressure varied from 800 to 3000 Ib per sq in, 
were made on six lengths of pipe bolted together at the flanges. In all 
but one test failure occurred in the flanges. In the single case a section of 
pipe burst on the side opposite the weld at a pressure of 2400 Ib per sq in, 
leaving a longitudinal rent about 18 inches long. At the point of rupture 
the metal had the same thickness as elsewhere but contained a blister about : 
12 inches long. 

Butt-welded pipe is tested to 300 lb per sq in, and lap-welded is tested to 500 Ib 

per sq in. 
Soft steel is being largely used in place of wrought iron for pipes, altho the latter 
is considered by some authorities as preferable on the ground that it is less liable to corro- 
sion. Tests made by Howe in 1897, developed the following average bursting pressures 
in Ib per sq in under hydrostatic pressure: 


2-in line pipe} 2-in tubing | 556-in casing’ 
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Extra Strong Welded Pipe 
Dimensions as manufattured by National Tube Co. and by Crane Co. 


Diameter . ‘ ‘Transverse areas 


weight 


Nominal} Actual |. Actual External,| Tnternal,| Metal, | Pe? foot, 


internal, | external,| internal, 


aa aa sq in sq in sq in 


Butt welded 


-129 +033 096 
229 068 161 
~358 _ +139 .219 
=554 #231 +323 
-866 2425 -441 
1.358 Pr ps) 648 
2.164 1.271 1.803 


Lap welded 


2.835 1.753 1.082 
4-430 | 2.935 | 1.495 
6.492 4.209 2.283 
9.621 6.569 3-052 
12.566 | 8.856 3.710 
15.904 | It.449 | 4.455 
19-635 | 14.387 | 5-248 
a4.306.| 18.193 6.113 
34472 | 25-976-| 8.496 
45-664 | 34:472 | 11-192 
58.426 | 45.664 | 12.762 
72.760. | 58.426 | 14.334 
90.763 | 74.662 | 16.101 
127.68 |108.43 19.25 


= 
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Boiler Tubes (National Tube Works), of charcoal-iron, lap-welded, come 
jn standard sizes of 1 in to 4 in external diameter, advancing by quarter 
inches. There is also a 41-inch size. Above that, beginning at 5 in, they 
advance by inches to 21 in- 4 

For estimating the effective steam-heating or boiler surface of tubes, the surface in 
contact with air or gases of\combustion (whether internal or external) is to be taken. 
For heating liquids by steam, superheating steam, or transferring heat from one liquid 
or gas to another, the mean surface is to be taken. The square feet of surface, S, in a 
tube of a given L feet long and d inches in diameter may be obtained by the formula 
S=o0.2618 dL. e 

The Standard Pipe Fittings given in the tables were adopted by the 
A.S.M.E. in 1914 after conferences between a committee of-that society, a 
committee representing the manufacturers of pipe fittings, and a committee of 
the National Assn. of Master Steam and Hot Water Fitters. 


Art. 52. 


Pipes and Fittings 


Standard Pipe Flanges—Continued on p. 466 


(Trans. A.S.M.E., Vol. XXXVI, p. 29) 


For 125 Ib per sq in pressure—Dimensions are in inches 


Mini- 
mum - . . 
Dia. [Thick-| StS | pig, [Thick-| Width) Dia. | ny. | pia, 
on pipe ness of of 
of mess lb of ial denge laole of of 
i Frac- ‘ : It It 
in Mage per sq in fange flange| face | circle poeeees 
an in) | 
I 7/16 143 | 4 1s | 17% 4 | 7/16 
1% | ‘/16 178 4% |. 15 3% 4 7/16 
1% | 7/16 214 5 gis | 134 | 3% 4 yy | 
2 | 7/16 286 6 5% 2 4% 4 54 
246) Vw] 357 | 7 | M/w | 234 | sve} 4 5% 
3 Weyl |) 228! | 734) 34 | (2% |, 6 4 5% 
334 | 1/16 500 814 | 18/16 | 24% | 7 4 % 
4 % 500 9 b/g | 244] 744 8 % 
4% % 562 9M | 15/16 | 236 | 734 8 4 
5 % 625 | 10 W/1g | 23 8% 8 34 
6 9/16 | @ 667 | ir I 2} 94 | .8 34 
7 5% | oo | 12)4] r1/1e| 234 | 10%4 | 8 A 
8 5% 800 | 1344 | 1% 234 | 1134 8 $4 
9 U/16 818 | 15 1% 3 1314 | 12 34 
Io 34 833 | 16 3/16 | 3 rq | 12 % 
m2. | 18/16 923 19 1% 31 | 17 I2 % 
14 % | 1000 | 2r 1% 3% | 1834 | 122 I 
1s KK \ 1072. | 2214 | 18% 35% | 20 16 I 
16 ae 1000 2344 | 17/ie | 334 | 2174 16 I 
18 tig | 1059 | 25 19/16 | 34% | 2234 | 16 1% 
20 1h IrIt 271% | r1/ye] 3384 | 25 20 1% 
22 13/1g | 1158 | 2914} 113/16] 334 | 2734 | 20 4 
24 1% 1200 | 32 1% 4 291% 20 1% 
26 5/jg | 1238 | 3434 | 2 4% | 384 | 24 14 
28 1% 1273 | 3644 | 2i/ie | 434 | 34 28 14 
3° I7/yg | 1304 | 3834] 2% 43% | 36 28 1% 
32 1% 1333 | 4134 | 24 4% | 38% | 28 1% 
34 19/ig | 1360 | 4354 | 25/16 | 47% | 4074 | 32 1% 
36 1% "| 1385 | 46 2% 5 4234 | 32 1%] 
38 | r/se| 1407 | 4894 | 2% 53% | 45}4 | 32 154 
40 134 1428 | 5034 | 2} 5% | 4734 | 36 154 
42 >| 118/;6) 1448 | 53 2% 514 | 492 | 36 1% 
44 1% 1467 | 5514 | 254 554 | 5134 | 40 ry 
46 115/j¢| 1484 | $734 | 2lt/ie) 554 | 5394] 40 | 2% 
48 2 ts00 | 59}4 | 254 534 | 56 44 1% 
go al/ig | 1515 | 6134 | 234 5% | 5814 | 44 1% 
52 24% | 1530 | 64 2% 6 | 6044 | 44.) 1% 
[eae ee ns iS ee ee 2, 


Stress, Dia. 
lb of 
per sq in 
on bolt | pat 
metal ores 
264° | 9/16 
412 9/16 
438 % 
486 34 
750 54 
1093. | 34 
1488 x 
972 34 
823 % 
ro16 % 
1463 3 
199T 4% 
2600 KR 
2194 % 
1948 I 
2805 T 
2915 14% 
2510 1% 
2856 1% 
2865 1% 
2829 14 
2660 13% 
3166 13% 
3096 1% 
3078 | 1% 
20985 14 
2775. | 1% 
2q74r | 158 
3073 | 1% 
2924 | 134 
2880 | 134 
3175 | 134 
3136 1% 
3428 1% 
3393 | 194 
3195 | 1% 
3456 | 1% 
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Standard Pipe Flanges—Continued 
(Trans. A.S.M.E., Vol. XXXVI, p. 29) 
For 125 lb per sq in pressure—Dimensions are in inches 
Mini- 
mum é - m Stress, 3 
Dia. | thick-| StS | pia, [Thick-|Width| Dia. | x | pia, | om | | Dia 
on pipe ness of of of 
of ness f f lA Hale of of | persq in bol 
pipe | (Frac- eee flange A G re cirel bolts | bolts | on bolt hol 
tions of qd ange | face | circle metal oles. 
an in) 
| 54 | 23/16] 1543 | 6644] 3 6% | 6234 | 44 134 | 3726 1% 
56° | 24 1555 | 6834 | 3 63% | 65 48 134 | 3674 1% 
58 | 25/16} 1567 | 72 3% | 6% | 674%] 48 1% | 3941 1 
60 | 27/16 | 1538 | 73 3%} 64 | 694 | 52 134 | 3892 1% 
62 | 24% 1550 | 7554 | 314 | 6% | 7134 | 52 1% | 3538 2 
64 | 2%1e | rs56x | 78 34) 7 74 52 1% | 3770 2 
66 2% 1572 80 3% 7 76 52 1% 4010 2a 
68 | 211/jg) 1582 | 8234 | 336 | 7% | 7814 | 56 1% | 3952 2 
70 | 234 t59r | 8444 | 344] 7i | 8034 |- 56 1% | 4188 2 
72 213/15; 1600 8614 3% 7 | 82% 60 1% 4136 3 
74 | 2% 1609 | 8814 | 35% | 74 | 844% | 60 1% | 4368 2 
76 | 215/je) x6r7 | 9034 | 35¢ | 734 | 8634 | 60 1% } 4608 2 
78 13 1625 | 93 334 | 744 | 8834 | 60 2 4325, 2% 
80 | 31/16 | 1633 | 9534 | 334 | 754 | 9 60 2 4549 2% 
82 -| 314 1640 | 9736) 3%.| 7341 9334 | 60 2 4779 2k 
84 | 33/1] 1647 | 9934] 374] 7746 | 9534] 64 2 4702 2% 
86 | 34 1653 |102 4 8 9734 | 64 2 4928 2% 
88 | 35/16 | 1660 |r0o444 } 4 814 |100 68 2 4857 2%. 
go | 3% 1667 |106% 4% 814 |1024 68 2% 4416 ay 
92 13% 1643 {10834 | 414 | 83% |104}4 | 68 24 | 4615 24 
94 | 39/16 | 1649 |rI2 44 | 84 |10614 | 68 24 | 4817 24 | 
96 | 3% 1635 |113}4 | 4% | 854 |108!4 }. 68 244} 4401 23% 
98 | 31/16] 66x. |r1534\) 436 | 834 |110394 | 68 2% | 4587 2% 
100 | 334 1667 |11734 4% 8% )113 68 2\y 4776 23 
Notrs:—Bolt holes should straddle center lines. Flanges should be plain faced. 


Square head bolts with hexagonal nuts are recommended. For bolts 154 in ‘diameter 


and larger stud, with a nut, at each end is satisfactory. 


Hexagonal nuts for pipe sizes 1 to 46 in can be conveniently pulled up with open 
wrenches of minimum design of heads. Hexagonal nuts for pipe sizes 48 to 100 in can 


be conveniently pulled up with box or socket wrenches. 


RULEs approximately followed in compiling above data: 


Flanges to be spot bored for nuts for sizes 32 to 100 inclusive. 


Bolt circle = 1.10 D+3 


Flange thickness = 0.0315 D+1.25 (for sizes 26 to 100 in) 


D = inside diameter of pipe 
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, Standard Pipe Flanges 
(Trans. A.S.M.E., Vol. XXXVIj p. 29) 
For 250 lb per sq in pressure—Dimensions are in inches 


Mini- | A 
mum . 
Oe a Stress Thick-|,,.. i Stress. * 
Dia. {thick | on pi Dia. | ness |Width | Dia} wo. | pia. ip’. | Dia. 
f (Frac b eee of cy) oO} of of |persqin it 
: Tac+ fs flange | bolt t 
pipe tions per sq in flange | flange face: | euecle bolts | bolts bet Roles 
in) 
I 4% 250 44 | Wie | 13% 4% % 8 ¥%. 
ye Var | s | | tie) 3%) 4 | 84 bog | 
4 i 375 vy ye 2% 4 4 3 547 4 
3 500 a a 24 4 A 972 74 
2% | 16 | sss | 7274) 2 24} sie@|-4 34 | 1016 % 
Bee laiieule e671, 83 |236° | ase} acea erst | 134 |e gael |e 
. 34 | %/i6 778 | 9 | 13/161 234] 714] 8 34] 995 % 
4 5% B00 | 10 14 3 7% 8 34 | 1300 % 
4% | 5% goo | 1034 | 15/16] 3 814) 8 %! 1646 | % 
5 "/16 gog | It 134 3 9% 8 4 meee % 
6 rooo | 1244] 17/16 | 314 | 108% | 12. 34 | 1950 K% 
7 313/16 | 1077 | 14 14 3% | 11% | 12 % | x909 I 
8 13/16 | 1230 | 15 15% 34 | 13 12 %| 2 I 
9 % 1285 | 1614 | 134 354 14 12 t ae 1% 
0 6/15 1333 174 | 1% 334 | 15% 16 I 2231 1% 
ra its ts00 | 20)4 | 2 4% | 1734 | 16 1% | 2546 4 
m4 «|1% gener (|) 23 2} 4% | 2014 | 20 1% | 2 1% 
tg | 13/16 1579 24¥% | 23/16 | 434 ari 20 14 on 1% 
16 14 1600 2514 | 24 434 | 2214 20 14 2814 13% 
18 13 1636 | 28 23 5 2434 24 4 2968 13% 
20, |r} 1666 | 3044 | 244 54 24 “6 3096 x} 
22 {19/16 1760. | 33 25% 54 | 204 | 24 i} 3058 1% 
24 1% 1846 36 234 534 2 24 1% 3110 1% 
26 © |r18/ig | 1793 | 384 | 218/16) 646 | 34}4) 28 | 154 | 3126 | 134 
28 «\1% 1866 | 4034 | 215/16] 634 | 37 28 154 | 3629 134 
30/2 1875 | 43 3 614 | 3914 | 28 134 | 3615 1% 
32 |2% 1882 | 4514 | 3% 65% | 4144 | 28 1% | 350% 2 
34 [24 1889 '| 4744 | 314 634 | 4334 | 28 1¥ | 3952 2 
36/234 1894 | 50 | 33% 7 46 32 13 | 3877 2 
38 |2%/is | 1948 | 5224 | 37/16 | 734 | 48 32 1% | 4320 2 
40 |29/15 1953 | 5444 | 39/16 | 734 | 5044 | 36 114 | 4255 2 
42 j2'/ie | 1953 | 57 311/16] 734 | 5234 | 36 114 | 4691 2 
als/ig | x955 | 594 | 33% | 734155 | 36 | 2 | 4887 | 2% 
a 2% 2000 | 61% | 334 734 |5734 o 2 4512 2% 
480 15 2000 65 4 81% | 6034 40 2 4913 2% 


Nores:—Bolt holes should straddle center lines. Flanges should have 1/16-in. raised 
face for gaskets, = ; 
Square head bolts with hexagonal nuts are recommended. For bolts 154 in diameter 
and larger stud wich a nut at each end is satisfactory. : 
Hexagonal nuts for pipe sizes 1 to 16 in can be conveniently pulled up with open 
wrenches of miuimum design of head 18 to 48 in can be conveniently pulled up with ber 
or socket wrenches. 
RuLEs approximately followed in compiling above data: 
Bolt circles=1.171 D+3.75 
Flange thickness =0.0546 D+-1.375 (for sizes ro to 48 in) 
D=inside diameter of pipe. 
Distance between inside edge of bolt holes and raised face to be 1/32 in. 
Thickness of flange given in table includes raised face, ‘ ‘ 
_ Flanges to be spot bored for nuts. 
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53. Ropes and Chains 


Weight. and Strength of Manila Rope 
Eng. News, Dec. 6, 1890. 


Ultimate tensile “Stevedore” Rope is 
Weight of | strength of rope in made by lubricating the 
too feet | pounds, calculated by fibers with plumbago” 
of rope in the formulas of mixt with sufficient tal- 
low to hold it in position, 
so as to prevent the in- 
ternal chafing and wear 
due to the friction between 
the several strandsand the 
yarns of these sttands ~ 
in passing over sheaves. 
After running awhile the 
exterior of the rope be- 
comes comprest and 
coated with the lubricant: 
The breaking strength 
(according to Hunt), in 
pounds, may be takem at 
y2o times the square’ of 
the circumference in 
inches; and the weight in 
pounds. per foot at 0.032 
times square of circum- 
ference in inches. 


Tests of Cordage 
Tests of Metals, Watertown Arsenal, r906. 


Cireumference Actual | Number} Yarns Lay, Tensile 
diameter, pone turn | trength, 


inches PS 
inches 


| Actual 


-90 
I.02 
1-25 
1.42 
1.60 
1.90 
1.02 
2.04 
2.72 
3-16 
3-54 
4.18 
4-24 
4.49 
4-79 
5-40 
5-80 
6.60 


6 threads |; 0.99 


COOAwWsT UUW Ww b& 


3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
re 


APRA 
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‘Crane ‘Chains 


Dimensions ; “D.B.G.” special crane ; 


{Orcinary' 
| Out- oof Average} safe Average| safe 
} a reaking| load for aa breaking} load for 
width, | lb load, | general | tb ; load, | general 
in lb use, lb use, 

Ib | tb 

% 1932] 3864/ 1288 | 1680] 3360] 1120 | 
114g} 2898] 5 706) 1932 2520| 35040] 1680 
1%, 4 186 8 372| 2790 3640| 7 280] 2 427 
13% 5 796| Ii 592] 3 864 5 040| roo80} 3 360 
11446] 7 728] 15 456) 5 182 6720| 13 440] 4 480 
1% 9 660] 19 320] 6 440 8 400] 16800] 5600 
2446 | 11 914] 23828) 7942. | 10360] 20720| 6907 | 
214 |14 490| 28980] 9660 | 12600) 25 200] 8 400 
2% | 17 388] 34776) 11 592 | 15120] 30240] 10 O80 + 
| 21446] 20 286] 40572] 13524 |17640' 35 280| 11 760 
2% | 22 484) 44968) 14989 | 20440] 4o 880] 13 627 
3146 | 25 872) 51 744] 17 248 | 23520] 47 040] 15 680 
34, | 29 568] 59136] 19 712 | 26 880] 53 760| 17920 
3546 | 33 264] 66538] 22176 |30240| 60 480] 20 160 
384 | 37576] 75152] 25050 |34160| 68 320] 22773 
37% | 42 888| 83776) 27925 | 38080| 76 160] 25 387. 
41% | 46 200| 92 400] 30 800 | 42000] 84000] 28 000 
486 | 50 512| 101 024| 33674 | 45920] 91 840] 30613 
55 748) 111 496| 37165 | 50 680| rox 360} 33 787 
. | 40 245 109 760 
44 352 120 960 


11.200 | 
12.500, 
| 13.700) 
16. 000 | 
16.500 
18. 400 
19.700 
| 21.700 


Crane Chains. The distance from center of one link to center of next is 
equal to the inside length of the link, but in practise 42 inch is allowed for 
weld. This is approximate, and where exactness is required chains should 
be made so. For chain sheaves the diameter, if possible, should be not less . 
than 20 times the «liameter of chain used. 

Wrought-iron Chain Cables. The United States Committee’on Tests 
of Chain Cables found that the ultimate strength of a chain is equal to 163 
percent of the bar from which the links are made. The short open links 
were found to be stronger than the long stud links, although Weisbach states 
that stud chains are 44 times as strong as open link chains. The proof test 
of a chain cable, which should be carried without deformation, should be 
about one-half of the ultimate strength of the weakest link. The Pennsylvania 
R.R. specifications (1899) prescribe testing to destruction a piece 2 feet long 
out of éach 200 feet, and provide for an elongation of 1o percent. 

The ultimate resistances, determined by the U.S. committee’ from a great number ‘of 


tests, are given for wrought-iron chain cables corresponding to diameters of bars from 
which cables are made, as follows: 


Pounds . Pounds ‘Pounds 


41172 128 129 
19544 139 103 
88 445 150 485 
97 731 162 283 
107 440 174 475 
117 577 187-075 
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54. Wire and Wire Gages 


Sizes and Weights of Steel Wire 
American Steel and Wire Co.’s Gage 


Milli- 
meters 


Sectional 
area 
sq in 


Weight 


Pounds 
per foot 


Sect. 4 


Pounds 
per mile 


Diameters 

Fractions |Decimals 

ofinch | of inch 
0000000 |.....-... -4900 
Patecitaiate 1549 - 46875 
00000: Hoon... <- - 4615 
stetecee the -4375 
00000 | .-2---+-e = 4305 
ecie a stats 1365 - 40625 
OOGIE Ill< <isiaina «ho = 3938 
Peeesat fon cos. |e 375° 
OOGE OE Wopiiniscie as ~ 3625 
sapeacee Ye | -34375 
CO Jaw nceeees =3310 
steeeeee Se | -3125 
Bier Se Tl cite aies om = 3065 
a Il merinne'e wie - 2830 
wee Ses %o -28125 
2 geal IOS Seo -2625 
eal 4 -2500 
Si. Misuieieremie' -2437 
7 ED abe | Societies -2253 
Se ts Thu -21875 
Se leone emis =2070 

3 


12.45 
II.Q1 
11.72 
Irlit 
10.93 
10.32 
10.00 
9-525 
9.2075 
8.731 
8.407 
7-938 
7-785 
7.188 
7-144 
6.668 
6.350 
6.190 
5-723 
5-556 
5-258 
4.877 
4-763 


4-496 
4-115 
3-969 
3-767 
3-429 
3-175 
3-061 
2.68 

2.381 
2.324 
2.032 
1.829 
1.588 
1.372 
1.207 
1.041 
- 8839) 
8052 
+7938 
~7264 


-19635 
«18857 
17257 
16728 
15033 
-14556 
~12962 
-12180 

- 11045 

- 10321 
-092806 
086049 
076699 
-073782 
062902 

- 062126 
-O54119 
049087 
~046645 
-039867 

- 037583 
-033654 
0289053 
-027612 * 
.024606 
-020612 
~O1Q175 
~0L7273 
014314 
012272 
~O11404 
-0087417 
~0069029 
-0065755 
~0050266 
0040715 
-0030680 
0022902 
0017721 
= 0013203 
00095115, 
.00078924 
-00076699 
00064242 
~00052279 
+00041548 


- 6668 
-6404 
-586r 
- 5681 
- 5105 
-4943 
-~4402 
-4136 
3754 
= 3505 
= 3152 
+2922 
.2605 
-2506 
-2136 
+2110 
- 1838 
- 1667 
1584 
+1354 
~1276 
-1143 
-09832 
-09377 
- 08356 
~07000 
-06512 
-05866 
04861 
~ 04168 
03873 
02969 
02344 
02233 
-OL707 
01383 
-O1042 
-007778 
- 006018 
-004484) 
~ 003230) 
= 002680) 
002605 
- 002182 
+001775 
-OO14II 


3521. 
3381. 
3094. 
2999. 
2696. 
2610. 
2324. 
2184. 
1980. 
1851. 
1664. 
1543- 
1375- 
1323. 
1128. 
TII4. 
“979.4 
880.2 
836.4 
714.8 
673.9 
603.4 
519.2 
495-1 
441.2 — 
369.6 
343.8 
309-7 ~ 
256.7 
220.0 
204.5 
156.7 
123.8 
117.9 
90.13 
73-01 
55.01 
41.07 
31-77 
23.67 


For iron wire multiply columns 6 and 7 by 0.98. 
For copper wire multiply columns 6 and 7 by 1.12. 
For other wire gages see next page. 
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Comparison of Standard Gages 


Wire and Wire Gages 


Thickness in decimals of an inch 


Browne 
& 


United 
States 
Standard 
Plate Iron 
and Steel 


- 080808, 


-O71Q65 
064084 
-057068 
-05082 
+045257 
=040303 
-03589 
- 031961 
028462 
= 025347 
= 022571 
- 0201 
-0179 
201594 
-O14195 
-012641 
=O11257 
«010025 
008928 
=00795 
-00708 
«+ 006304 
~005614 
-005 
004453 
-003965, 
+ 003531 


- 003144 


= 500 
- 46875 

- 4375 

- 40625 
+375 

- 34375 

= 3125 

- 28125 

. 265625 
-25 

+ 234375 

- 21875 

= 203125 | 
- 1875 

- 171875 
-15625 
~140625 
-125 

= 109375 
-09375 
078125 
0703125 
0625 
05625 
-05 
+94375 
+0375 - 

- 034375 
~O3125 
028125 
-025 
021875 
-01875 
-0171875 
015625 
0140625, 
-O125 

+ 0109375 
-01015625 
= 009375 

- 00859375 
«0078125 
~00703125 
-006640625 
00625 


British 
Impe- 
tial 


-500 
464 
= 432 
- 400 
-372 
=348 
=324 
=300 
-276 
2252 
-232 
-212 
-192 
-176 
-160 
-144 
128 
-116 
= 104 
-092 
-080 
~072 
064 
056 
-048 
=040 
-036 
-032 
-028 
024 
=022 
+020 
-o18 
+0164 
-0148 
0136 
0124 
- 0116 


Ameri- 


Steel & 
Wire Co. 
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=4900 
4615 
+4305 
+3938 
3625 
-3310 
-3065 
«2830 
2625 
+2437 
©2253 
-2070 
-1920 
+1770 
- 1620 
-1483 
-1350 
- 1205 
-1055 
= 0915 
-0800 
0720 
0625 
0540 
-0475 
0410 
0348 © 
-03175 
-0286 
-0258 
-0230 
+0204 
-O18t 
~0173 
-0162 
«0150 
-O140 
-0132 
+0128 
-o118 
0104 
0095 
0090 
0085 
-0080 
+0075 
-0070 


In the U. S. Standard, the numbers correspond to the weight in ounces per 


sq ft and an equal number of 64oths of an inch in thickness. 
See p. 460 for fuller data of U. S. standard gage. 


4, 
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. Strength of Steel-Wire Rope 


" ; Ultimate A Circumfer- | Advisable | 
Circum- Tiaracter Weight Hoeven Working ence of minimum 
ference oe per foot an tons load in | hemp ee size of 

juin: anche’ in of tons of of equa drum or 
inches pounds Poelib 2000 Ib strength, sheave, 

4 ; inches feet 
Cast-Steel Hoisting Rope, 6 strands of 19 wires each 
85% 234 Ir.95 243 48.6 Ir 
1% 2} 9.85 200 40.0 10 
td 2% 8.00 133 27 9 
64 2 6.30 106 2m 8 
5% 134 5.25 85 19 1% 
5 15g 4.10 72 17 6 
434 1g 3.65 64 15 5% 
4% 134 3-00 56 12 54 
4 1%4 2.50 47 TO 5 
3% 14 2.00 38 8 10 4% 
3% a 1.58 go 6 94 4 
254 Kw 1.20 23 5 8 334 
23% 4 0.88 18 34 614 3% 
2 54 0.60 4 2M 5l4 3 
1% /16 0.48 9 1%4 434 234 
1% % 0.39 1% 14% 4% 2 
15% ie 0.29 6 14 4 134 
14 %% 0.23 4% 1% 3% 14 
I 5/16 0.16 3 A 3 14 
34 % 0.10 2% 44/100 214 I 
Standing Rope for Derricks, 6 strands of 7 wires each 
44 114 3-37 G2 pees 
4g 15% 2.77 52 11 
4— 1% 2.28 44 9 
34% 1% 1.82 36 7 
34 I E.50 30 6 
234 % ©. 12 22 414 
2% 54 0.92 17 34 
2% U/y6 0.70 14 234 
2 % 0.57 mz ¢ 2 
134 yg 0.41 8 { 1% 
1% % 0.31 6 4 
13 7/16 O23 5 I 
ihe % 0.21 4 1 
Ly 5/16 0.16 3 % 
M% 9/39 0.12 234 % 


The above tables give strength values for ropes of crucible steel wire. The sirengtl 
of ropes of other material may be found by multiplying the values given by the following 


factors: . ' 
Ropes of iron wire... ....-.+2+-000+ RAR a Het’ 58h ©.50 


Ropes of open-hearth stcel wire 
Ropes of plow steel wire............+. 
Ropes of special plow steel wire. ............ceeeeen eee 


Wire Rope is made of iron, open-hearth steel, crucible steel, or plow steel 
wires, and accordingly has an ultimate strength per sq in of 45 000 te 100 000 
Ib-for irom, 50.000 to 130000 Ib for open-hearth steel, 130 000 to 190-000 Ib 
for crucible steel, and 190 000 Ib for plow steel. 


The wires are either laid parallel to each other as in suspension bridge cables, or twisted 
together into strands as in smokestack guys or cases where only moderate flexibility is 
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eded, Wire strands consist of 4, 7, 12, 19, or 37 wires depending on the work intended, 
1¢ most pliable rope, for hoisting and transmission, contains 19 wires to the strand. 
ile ropes of 12 or 7 wires to the strand are better adapted for use as standing ropes, 
ys, oF rigging. : : : 

Wire rope must not be coiled or uncoiled like hemp rope. When mounted on a reel, 
e latter should be so mounted that the rope may be paid off. When furnished in a coil 
should be rolled over the ground like a wheel, and the rope run off in that way. All 
twisting and kinking must be avoided. 


The Flexibility of Wire Rope depends largely on the size of the individual wires 
ed in making up the strands of the rope, the smaller these wires (and consequently the 
pre numerous) the more flexible the rope. For guy wires and other wire ropes not bent 
und sheaves wire rope is usually made up of 6 strands of 7 wires each. For hoisting 
pe which is to pass around sheaves the rope in commonest use has 6 strands of 19 wires 
ch. The make up of two extra flexible hoisting ropes and the approximate ratio of 
eir strength to that of 6 strand 19 wire rope of the same material and the same nominal 
e is: 

Sistrand 19 wires... 0.06.0 ss 0 dclole 0.87 

6 stfand 37 Wires... 5.5... Fei: duels 0.95 


Bending Stresses in Wire Ropes which pass around sheave wheels are sometimes 
considerable magnitude. Sometimes it is not feasible to use sheaves as large as those 
ven in the table on p. 472. If a straight rod or wire of diameter d is bent into a circle 
diameter D there is set up a bending stress S 


S=Ed/D 


is the modulus of elasticity of the material. 

In a wire rope bent round a sheave each individual wire is bent into the arc of a circle 
d in the outer fibers of each wire there are set up bending stresses. The extreme 
ers on the outer side of each wire must withstand the combined tensile stress due 
bending and the direct ténsile stress due to the pull on the wire. If a wire breaks, its 
are of the direct tensile stress is transferred to the remaining wires, but the bending 
ress in the outer fibers of the other wires is not increased. Owing to the twisting of the 
rands the length of wire subjected to bending ina wire rope is greater than that of a 
raight rod bent to the same size circle. This increased length decreases the stiffness 
the wire rope and has the same effect on the bending stress as reducing the value of E 
the above formula. For 6-strand ropes tests by the American Steel and Wire Co, 
ve for bending stresses in Ib per sq in: 


S=12 000 000 d/D 


is the diameter in inches of the sheave wheel to the center of the rope, d is the diameter 
the largest individual wires in the rope. In determining allowable tensile load ona wire 
pe passing round a sheave the stress due to bending should be deducted from the 
jowable working stress for a straight rope, so that no fiber of any wire shall be over- 
ressed. : 


Strength of Wire Rope Fastenings. The best fastening for a wire rope is a steel 
cket with the wire rope “ leaded ” into it. When such sockets are fitted by skilled work- 
en under shop conditions their strength may be made equal to the strength of the wire 
peitself. Made under field conditions the strength of such sockets will hardly be greater 
an 75 percent of the values given for wire rope if the work is carefully done, and the 
-ength may fall far below this if the fitting of the rope to sockets is not carefully done, 
‘mporary fastenings for wire rope in the form of clips or clamps are often used. To 
velop the maximum strength of such a fastening four clips should be used for small 


ed topes and six clips for the larger sizes. The holding power of clips-or clamps depends ~ 


a large extent on the care with which all the clips are tightened and kept tight. In any. 
ent clips or clamps weaken the rope by “crimping” itat the point of application, Care- 
lly made clip or clamp fastenings may develop 60 to 75 percent of the full strength of a 
re rope, i ‘ v taley 
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55. Terra Cotta 
Hollow Terra-Cotta Flat Arches 
: (National Fireproofing Co.) 

The following table is applicable to all shapes of tile. Generally speaking, 
hollow tile of various shapes, but of the same depth and cross-sectional area, 
have equal strength and, therefore, the strength of arches of equal depth, is 
directly proportional to their weights. The weight of the arch has not been 
deducted from safe loads in table below; therefore this and other dead lozd 
must be deducted to obtain the net safe live load for any arch and span. 


Table of Safe Loads—(Dead and Live) ! 
Factor of Safety of 7 


Arches 6 in 7 in 8 in gin to in 12 in 15 in 


Average ; 
weight 26 29 32 35 38 42 50 
per sq ft 


Example: What load will an 8-in arch carry with a factor of safety of 5 in a span of 
5 ft 6 in, the.arch having a weight of 36 lb persq ft. In the table, 8-in arch has a strength 
of 228 Ib for a weight of 32 Ib. Therefore, 32 : 36: : 228 : 256 and 256X7 og Ib 
total load. 358 —36 lb.dead load =322 lb live load, which must be further reduced by the 
weight of fill over the arch, finish flooring and plastering to get the net safe live load. 


Terra Cotta is either dense, semi-porous, or porous. The dense tile is very 
hard and is used for floor arches because of its high crushing strength. Porous 
and semi-porous terra cotta is made by mixing sawdust with the clay, the 
sawdust being destroyed during the burning operation. In the porous tile 
the proportion of sawdust is about 25 to 35 percent; in the semi-porous tile 
’ it is about 20 percent. Porous terra cotta can be cut with a saw or edge tools, 
and nails may be easily driven into it. f 

In a series of tests at Columbia University for the New York Building Department, 
terra-cotta blocks secured in the open market developed a net crushing strength for dense 


tile of 5820 lb per sq in, and for semi-porous terra cotta of 3292 lb per sq in, the figures 
in each case helne the average results of ten tests. See also p. 421, : 


Art. 55 


}-iny 336 sq in; 8-in, 43 sq in; 


Terra Cotta 


Safe Loads, Hollow Terra-Cotta Segmental Arch 
(National Fireproofing Co.) 


Given for tile with the following sectional areas (per foot of arch parallel with beams): 
i Factor of safety, 7. 


to-in, 47 sqin. _— 
Example: Rise 1}4 for 12 ft span=18 in, 


Rise in inches per foot of span. : 
Nore.—The weight of the arch tile has been deducted in table so that only the dead 
oad of concrete fill, plastering, etc., must be deducted to obtain net live load. 
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2 (1264 


|g 


14| 774 
14] 920 
194| 1049 
2 |1176 


to-in arch 


Ib 


» 


A] . ARH 
eld eer es |e 

ae ¢ Be a2 Eira) 

ax B21 62) 72 
& |e1s (a. | 2 

34) 411} 491) 536 
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‘Hollow Terra-Cotta Blocks 
(National Fireproofing Co.) 


Partition blocks Wall-furring Roof blocks 
'Thick- Raat thes Sse ass Bi Bie 
| im’ | Weigh Size of| Thick-|Weight |Size of | 
bo eight | Size of | Thickness, | Weight per | °'2¢,0f Thick-|Weight |Size ol 
per'sq ft,} 15 i i , a. aa block, | ness, per _ | block, 
Ib block, in in sq ft, Ib in in: |sq ft, tb} dn 
2 4 6X12 } 1% 9 12X12 3 20 |z2Xx8 
2 Ty Ree 2 IO 12X12 3 20 |12X20 
2 I4 12X12 > 3 20 |12X24 
3 17 6X2 ape! ae 4 22 |a2X24 
3 17 8X12 averstraw o1ze 
3 17 7 Xho] se0n_ i ss | es Ge To RORw Tl GIMP 9 ne ee 
18 X12 ; bg Pata ili 
: sey kl B32 Brick Sis ees Ceiling blocks 
4 18 12X12 : : 
5 20 8X12 | Stretcher |214314X8 3 2 12 {12X16 
5 20 12X12 | Header....|2}4X3¥%X74| 214 2 12 |z2 X18} 
6 26 8X12 1 Porous... .|214X334 x8 2h 2 12 |12X20 
6 26 12X12 stretcher 3 20 |12 X16 
7 29 12X12 | Solid 244X334 X8 34 | 3 20 |12X18 
J ee ey porous 3 20 12X20 
% 36 Seo a stretcher 3 20 12X24) 
to 38 12X12 
12 42 12X12 


56. Gypsum Tiles and Slabs 


Sizes and Weights of Gypsum Tile 
(U. S. Gypsum Co.) 


Weight | Total | Weight 
; " Weight | plaster, er plaster, 
. ceiling tile, mortar, one plastere two 
eee ples heights | Ibper | Ib per side, | oneside,| ‘sides, 
sq ft Ib per db per Tb per 
ii sq ft sq ft sq ft 


| 
Size of For | Weight | 


upto |, sq ft 


1l4-in split Furring 4.9 1.00 3 7-9 6 

(2% X12 X30) 4 | 

2-in split Furring 6.4 I.00 3 9.4 6 

(2X12 X30) 

2-in solid to ft 9.4 1.00 3 12.4 6 

(2X12 X30) 

34n hollow 13 ft 9.9 2 3 12,09 6 
(3 X12 X30) | 

3-in solid 1s ft 12.4 1.2 3 15.4 6 

(3X12 X30) ‘ 

4-in hollow 17 ft 13.0 r.63. 3 16.00 6 

(4X12 X30) 

5-in hollow 25 ft 15.6 2.04 3 18.60 6 

(5X12 X30) 

6-in hollow * 28 it 16.6 2.45 3 19,60 6 

(6X12 X30) 

8-in hollow 4oft | 22.4 3-26 3 25.40 6 

(8X12X 30) | 
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Gypsum Floor Tile 
(U. S..Gypsum Co.) 


Reinforcement joist spacer Weiyht 2 th. per fte 


Fig.. 61 
Size of floor tile 
eee EP UDIOL TOILE sila’. vie belsicln sleln es + 6 in 8in ro in 12in 
B—Meght of-tile.-. on. s.nco<2 ime 7 in gin It in ¥3 in 
VGH AN Se 2) eas 24 Ib 27 Ib 30 Ib 33 Ib 


Each tile 24 in long. All weights shown are per lineal foot. 


Gypsum Roof Tile (Reinforced) 
(U.S. Gypsum Co.) 


Dimensions of tile thickness, 3 in solid or 4 in hollow; width, 12 in; length, 30 in. 
Weight of tile, 43 lb per sq ft. 40 tile will cover roo sq ft of roof. Spacing of T-iron 
purlins, 2 {t 614 in centers. Safe uniformly distributed load on tile 100 fb per sq {t. 


Gypsum Roof Slabs (Reinforced) 
(U. S. Gypsum Co.) 
Safe loads so lb per sq ft (factor of safety, 4) 


el) Os Se ee 4 5 6 7 8 9 10 


BISCO PRY LT et cce tase seperate alvicyacess 5 5 5 6 6 7 % i= 
Weight, lb per sq ft.........4.. 16.5 | 16.5 | 16.5 | 18.5 | 18.5 | 20.0 | 20.0 
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57. Slates and Shingles 
Number of Slates and Pounds of Nails per Square of roo Square Feet 


Weight of Numb 
of inches galvanized ar aaen Number 

eel nails per 4 per 
Bia r square -,| square 
Ib oz 


Number Number 


o 


185 
222 
247 
77 
262 
328 
374 
400 
458 
533 


4d. 


3d. 
Bw RNH HN DH HH HW 


Ont hRwWwS Ww bb 


Number of 

Length, i inches ex- 
inches i posed to 
weather 


Number of 
shingles 
per square 


4 ~ goo 5 (approx.) 
AY, 800 5 
5 720 5 
5% 655 5 
6 600 5 


Roofing Slate is supplied commercially in thicknesses of %, 84g, 14, increasing by 
8ths to r inch. Slate roofing as laid weighs about 6.5 lb per sq ft for 84g inch thickness, 
and 8.75 lb for 14 inch thickness, the smaller sizes weighing more on account of lap. 

Wood Shingles are made from cypress, redwood, cedar, pine, and spruce, this being 
the order of their durability. Redwood is much less inflammable than any of the others, 
For hip roofs, 5% should be added to quantities in table to allow for cutting, and for 
irregular roofs with dormer windows 10% should be added. | 
Common shingles are of random widths, varying from 2 to 14 inches. They come in 
bundles, four of which contain a “ thousand” or the equivalent of 1000 shingles 4 inches” 
in width. Above table makes no ae ees for waste, 
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CEMENT AND CEMENT MORTAR 
1. Kinds and Uses of Cement 


Kinds of Cement. In engineering literature the term cement is under- 
stood to mean the finely pulverized product obtained by the burning of a 
suitable mixture of argillaceous and calcareous materials, or by an artificial 
mixture of such materials after burning, which will possess the property of ~ 
hardening into a solid mass when mixt with water. The essential ingre- 
dients in the manufacture of cement are calcium carbonate (CaCO,), silica 
(SiO,) and alumina (Al,O3); the last two, combined in various proportions, 
constitute the argillaceous material. The characteristic property of cement 
is that of hardening by the addition of water, and therefore its ability to harden 
when excluded from the air. By reason of this property it is also commonly 
called Hyprautic CEMENT, of which there are three varieties, Portland 
Cement, Natural Cement and Puzzolan Cement. Hydraulic lime is a fourth 
material which possesses characteristics similar to the hydraulic cements. 


Portland Cement is the finely pulverized product resulting from the 
calcination to incipient fusion of an intimate, artificial mixture of properly 
proportioned argillaceous and calcareous materials. It has a definite chemical 
composition varying within comparatively narrow limits, There are three 
distinct stages in the process of its manufacture, (1) the preparation of the 
correct mixture by the selection, mixing and grinding of the ingredients, 
(2) the burning of the mixture to a clinker, and (3) the pulverizing of the 
burned clinker to a fine powder. Portland cement is distinguished by ‘tat 
formity of quality and high strength which it rapidly acquires. 4 


Portland cement should be used in structures where strength is of special 
importance, or where the structure is exposed to the action of the elements. 
It should be used invariably in reinforced concrete construction. 


Natural Cement is the finely pulverized product resulting from the cal- 
cination of an argillacéous limestone at a temperature below fusion. The 
proportions of lime and clay in the raw material may vary between much 
wider limits than in the case of portland cement. Natural cement-does not 
develop its strength as quickly nor is it as strong or uniform in composition 
as portland cement. 

Natural cement is suitable for use in structures where mass and weight 
rather than strength are the essential features. It is this adapted for use in 
many underground structures, such as sewers, conduits, massive foundations 
and foundations of street pavements, and in the unexposed portions of large 
and massive structures above ground, such as dams, retaining walls, piers and 
abutments. Used alone, or mixt with lime mortar, it also makes a suitable 
mortar for ordinary brick and stone masonry. 


Puzzolan or Slag Cement is the finely pulverized product resulting from 
grinding a mechanical mixture of fused argillaceous material and hydrated 
lime. The arpillaceous substance may consist of natural puzzolaric material, 
such as volcanic ash, trass or allied igneous material, or of artificial materials, 
such as blast-furnace slag or burnt clay. Puzzolan cement is not as strong 
or reliable as portland or natural cement and is not extensively used in the - 
United States. Its use should be confined to unexposed work where oy : 
strength is not required. 

Hydraulic Lime is a name given to a natural cement in which the pro- 
portion of free lime is sufficient to cause the mass to slake in the same manner 
as common lime. While much used in Europe, it is not manufactured or 


rt. 2 Composition and Manufacture of Cement “481 


. 


ed in the United States. Grapprrr Cement is made by grinding the lumps 
material remaining unslaked in the manufacture of hydraulic lime. An 
ported Grappier cement called LA Farck is used in the United States as a 
n-staining cement. Its strength approaches that of portland cement. 

The Hardening of Cement is due chiefly to the decomposition of the compounds 
lime upon the addition of water, resulting in the formation of calcium hydrate, which 
crystallization binds together the other solid ingredients. The initial setting is due 
ncipally to the decomposition of the aluminates, while the final hardening depends 
re upon the action of the silicates. 


2. Composition and Manufacture of Cement 


Composition of Portland Cement. Portland Cement is of complex 
mposition, but consists for the most part of the tricalcium silicate and 
rious calcium aluminates, these compounds resulting from the burning 
zether of the three ingredients, calcium carbonate, silica and alumina. 
cording to Newberry the correct theoretical proportions are represented by 


lime = 2.8 x silica + 1.1 x alumina. 
here is also always present a small amount of ferric oxide (Fe2O,), which 
ts in a manner similar to alumina, but requires only a factor of o.7 for lime. 


~ Typical Analyses of Portland Cement 


= Saal 
2 ee [2 
: 6 | ao 82 |bue 
Locality Material 8G 5 a fs a8 9 
a”) a 
Lehigh District .| Cement Rock and 
Limestone - .-..-- 19.06 | 7.47 2.83 | 1.34 
sandusky, O.-..| Marl and Clay ....| 23.08 | 6.16 To2m oer. 559), 
Shicago, Ill.....| Slag and Limestone | 23.62 | 8-21 1.78 | 1.32 
See Chalk and Clay ...) 24-90 | 8.00 0.38 | 1.46. 


The Proportion of Lime. An excess of lime causes unsoundness, while too low a 
oportion yields a quick-setting cement of inferior strength. The higher the lime the 
eater the strength so long as it all exists in the combined form. A high proportion 
lime, however, requires high temperatures in burning and yery thoro mixing and 
inding, thus rendering the process more difficult. To avoid an excess it is necessary ° 
keep the lime content considerably below that represented by the theoretic formula. 
The Proportion of Alumina controls largely the clinkering temperature, the higher 
- alumina the lower the temperature necessary to cause the proper combination of lime 
th the silica and alumina. Increased proportions of alumina, however, tend to make 
e cement quicker setting and of Jower ultimate strength, so that good results require 
is element to be as low as consistent with economy of manufacture. From 5 to 10% ~ 
usual, High proportions of alumina are especially undesirable where the cement 
|| come in contact with sea water, as it appears to render the cement more liable to | 
sintegration under such conditions. 

Other substances generally present in portland cement are magnesia and various 
lfur compounds. The effect of magnesia in large amounts is not well determined, 
tt up to 4 or 5 % no deleterious effect results. Sulfate of calcium, in the form of 
psum or plaster of Paris, is always added to a cement after burning to delay the set. 
1e amount of such material is usually limited to 2 or 3%. The standard specifications 
ice the limit for the sulfuric acid (SOy) content at 1.75%. 


Manufacture of Portland Cement. A great variety of materials is 
ailable for the manufacture of portland cement, The principal combina- 
ons in use are as follows: 
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Argillaceous. . i Calcareous. 
(1) Argillaceous limestone (cement rock). Pure limestone, 
(2) Clay or shale. : Pure limestone. 
(3) Clay or shale. Chalky limestone or chalk. 
(4) Clay. Marl. 
(5) Clay. : Alkali waste. 
(6) Blast-furnace slag. Pure limestone. 


Two general processes are used in the grinding and mixing of the rat 
material, the dry and the wet. In the dry process the material is thorol 
dried and then finely ground, the latter stages of grinding being done after th 
mixing. Where slag is used itis first granulated by being run into water, whic 
causes it to form into small, easily crusht particles. In the wet process th 
material is mixt and ground together into a “‘slurry” containing 60 to 709 
of water. This slurry is then pumped directly to the burning kiln. Th 
wet process is generally used with clay and marl. 


After this preparation the material is burned to a clinker in a kiln of whic 
there are two general types, the fixt vertical kiln and the continuous rotar 
kin. The latter is used in most American plants, and to its development : 
due, largely, the growth of the cement industry in this country. From ro 
to 200 pounds of coal are required per barrel of product, and the productio 
per kiln is generally from 100 to 300 barrels. 


The final grinding of the burned clinker is of the greatest importance. A 
it is only the very finest particles (the ‘‘flour”’) that possess active propertie: 
the advantage of fine grinding is obvious; this is done in two or three stage: 
The necessary calcium sulfate is generally added before the final grinding.” 

Composition and Manufacture of Natural Cement. Natural cemer 
is made from a cement rock in which the proportion of clay is from 20% t 
45% greater than is required in the more exact mixture used for portlan 
cement. The cement rock also generally contains a relatively large propo! 
tion of magnesia, which acts in much the same manner as the lime. In th 
process of manufacture the rock is selected so as to give as uniform a produc 
as practicable, this often requiring a mixing of materials from-different strate 
It is then burned at a temperature of about r200° F., which, altho considerabl 
below that used in the portland cement process, is beyond that required fc 
calcination and is sufficient to cause the formation of silica compounds wit 
the lime and magnesia. The higher the clay content the lower the tempe: 
ature required for burning, but the weaker is the resulting product. Th 
burning is done in vertical kilns which consume from ro to 15 pounds of co: 
per 100 pounds of cement. ‘The grinding of a natural cement is not carrie 
as far as that of portland, and the entire cost of manufacture is much less. 


Typical Analyses of Natural Cements 


Louisville 
Chemical Composition 2 


Silica (SiO2) a 22.54 
| Alumina (AlyO,) . . = 


Tron Oxide (Fes0,) -- 

Lime (CaO) 2 4 3 

Magnesia’ (MgO) _ 3 . a 4 
Aikalies (K20, NagQ) . A 
Carbon Dioxide iss ve a oes 
Water. . : Se ipa ae = in 
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Slag Cement is manufactured at several blast-furnace plants in the United 
ates. In its composition the proportion of the argillaceous material is 
ried still higher than in the natural cement. In its manufacture only 
sic slag is used, containing approximately equal amounts of lime and clay. 
ie slag is granulated, mixt with about 25% of hydrated lime and the mix- 
re then ground. Slag cements are normally slow in setting. One method 
regulating this is by the addition of caustic oda. © 


Production of Cements. The production of cements in the United States 
- 1912 was as follows, portland cement, 92 097 131 bbls; natural cement, 
4 658 bbls; puzzolan cement, 107 313 bbls. 


3. Testing of Cement 


Standard Cement Tests. In all important work the cement should be © 
ly specified and regularly tested. For unimportant work, however, there 
little danger to be feared in using well-known brands of cement without 
ting. Results of test depend largely upon the method of making them; it is 
nee very important that definite and uniform-methods be used. The kinds 
tests usually made are as follows: (1) Specific gravity. (2) Fimeness.. (3) 
me of setting. (4) Tensile strength of neat cement and of sand mortar. (5) 
undness, or constancy of volume. A chemical analysis is also desirable on 
ge work. Of much importance in securing uniform and reliable results are 
: methods of sampling, the consistency of the mortar, temperature of the ~ 
rial, character of sand used and of apparatus employed. The standard 
thods of testing given below have come into general use in the United States, 


Standard Methods of Cement Testing devised and recommended by a 
nt committee of the Am. Soc. C.E. and the A.S.T.M. (1916) are as follone 
emical analysis omitted); 


Jampling. 1. Tests may be made on individual or composite samples as may be 
ered. Each test sample should weigh at least 8 lb. 
. (2) InDIvipvAL SamPte. If sampled in cars one test sample shall be taken from 
h 50 bbl or ieaction, thereof. If sampled in bins one sample shall be taken from each 
» bbl. ; 
b) Composite SAmMptr. If sampled in cars one sample shall be taken from one sack 
sach 40 sacks (or 1 bbl in each ro bbl) and combined to form one test sample. If 
ipled in bins or warehouses one test sample shall represent not more than 200 bbl. 
. Cement may be sampled at the mill by any of the following methods that may be 
cticable, as ordered: 
a) From THE CoNveyor DELIVERING TO THE Bin. At least 8 lb of cement shall 
taken from approximately each 100 bbl passing over the conveyor. - 
b) From Fittep Bins By MEANS or Proper SAMPLING TuBES. Tubes inserted 
tically may be used for sampling cement to a maximum depth of 10 ft. Tubes inserted 
izontally may be used where the construction of the bin permits. Samples shall be 
en from points well distributed over the face of the bin. 
¢) From Fittep Bins At Pornts or DrscHarce. Sufficient cement shall be drawn 
m the discharge openings to obtain samples representative of the cement contained in 
bin, as determined by the appearance at the discharge openings of indicators placed 
the surface of the cement directly above these openings before drawing of the cement 
tarted. 
. Samples preferably shall be shipped and stored in air-tight containers. Samples 
ll be passed through a sieve having 20 meshes per linear inch in order to thoroughly 
: the sample, break up lumps and remove foreign materials, 
specific Gravity. 5. The determination of specific gravity shall be made with a 
ndardized Le Chatelier apparatus, This apparatus is standardized by the United 
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“States Bureau of Standards. [Kerosene free from water, or benzine not lighter thar © 
62° Baumé, shall be used in making this determination. 


6. The flask shall be filled with either of these liquids to a point on the stem between 
zero and 1 cc; and 64 g of cement, of the same temperature as the liquid, shall be slowly 
introduced, taking care that the cement does not adhere to the inside of the flask above 
the liquid and to free the cement from air by rolling the flask in an inclined position. 
After all the cement is introduced, the level of the liquid will rise to some division of the 
graduated neck; the difference between readings is the volume displaced by 64 g of the 
cement. 


The specific gravity shall then be obtained from the formula 


Specifi Weight of cement (g) 
Be TENS Displaced volume (cc) 


7. The flask, during the operation, shall be kept immersed in water, in order to avoid 
variations in the temperature of the liquid in the flask, which shall not exceed 0°.5 C, 
The results of repeated tests should agree within o.or. 


8. The determination of specific gravity shall be made on the cement as received; if 
it falls below 3.10, a second determination shall be made after igniting the sample. 


Fineness.. 9. Wire cloth for standard sieves for cement shall be woven (not twilled) 
from brass, bronze, or other suitable wire, and mounted without distortion on frames 
not less than 14 in below the top of the frame. The sieve frames shall be circular, 
approximately 8 in in diameter, and may be provided with a pan and cover. 


to. A Standard No. 200 sieve is one having nominally an 0.0029-in opening and 200 
wires per inch standardized by the U. S. Buréau of Standards, and conforming to the fol- 
lowing requirements: 


The No. 200 sieve should have 200 wires per inch, and the number of wires in any whole. 
inch shall not be outside the limits of 192 to 208. No opening between adjacent parallel 
wires shall be more than o.ooso in in width, The diameter of the wire should be 0.0021 
in and the average diameter shall not be outside the limits 0.0019 to 0.0023 in. The value 

. of the sieve as determined by sieving tests made in conformity with the standard specifica- 
tion for these tests on a standardized cement which gives a residue of 25 to 20% on the 
No. 200 sieve, or on other similarly graded material, shall not show a variation of more 
than 1.5% above or below the standards maintained at the Bureau of Standards. 


II. The test shall be made with 50 g of cement. The sieve shall be thoroughly clean 
and dry. The cement shall be placed on the No. 200 sieve, with pan and cover attached, 
if-desired, and shall be held in one hand in a slightly inclined position so that the sample 
will be well distributed over the sieve, at the same time gently striking the side about 
150 times per minute against the palm of the other hand on the up stroke. The sieve 
shall be turned every 25 strokes about one-sixth of a revolution in the same direction. 
The operation shall continue until not more than 0.05 g passes through in 1 minute of 
continuous sieving. The fineness shall be determined from the weight of the residue 
on the sieve expressed as a percentage of the weight of the original sample. 


12. Mechanical sieving devices may be used, but the cement shall not be tefeden if 
it meets the fineness requirement when tested by the hand method described in Par. rr. 


13. A permissible variation of 1 will be allowed, and all results in excess of the specified 
limit but within this permissible variation shall be reported as 22%. 


Mixing Cement Pastes and Mortars. -14. The quantity of dry material 
to be mixed at one time shall not exceed 1000 g nor be less than 500g. The proportions 
of cement or cement and sand shall be stated by weight in grams of the dry materials; 
the quantity of water shall be expressed in cubic centimeters (1 cc of water=1 g). The 
dry materials shall be weighed, placed upon a non-absorbent surface, thoroughly mixed 
dry if sand is used, and a crater formed in the center, into which the proper percentage 

-of clean water shall be poured; the material on the outer edge shall be turned into the 
crater by the aid of a trowel. After an interval of 14 minute for the absorption of the 
water the operation shall be completed by continuous, vigorous mixing, squeezing and 
kneading with the hands for at least r minute. During the operation of mixing, the hands 
should be protected by rubber gloves. 


1 a : a 7 “" 


Art. 3 : Testing of Cement 435 


15. The temperature of the room and the mixing water shall be maintained as nearly 
is practicable at 21° C. (70° F.). 


Normal Consistency. 16. The Vicat apparatus consists of a frame bearing a mov- 
able rod weighing 300 g one end being 1 cm in diameter for a distance of 6 cm, the other 
having a removable needle 1 mm in diameter, 6cm long. The rod is reversible, and can 
be held in any desired position by a screw and has midway between the ends a mark 
which moves under a scale (graduated to millimeters) attached to the frame. The 
paste is held in a conical, hard-rubber ring 7 cm in diameter at the base, 4 cm high, 
resting on a glass plate about 10 cm.square. i 


17. In making the determination, 500 g of cement, with a measured quantity of water, 
shall be kneaded into a paste, as described in Par. 14 and quickly formed into a ball with 
the hands, completing the operation by tossing it six times from one hand to the other, 
maintained about 6 in apart; the ball resting in the palm of one hand shall be pressed 
into the larger end of the rubber ring held in the other hand, completely filling the ring 
with paste; the excess at the larger end shall then be removed by a single movement of 
the palm of the hand; the ring shall then be placed on its larger end on a glass plate and 
the excess paste at the smaller end sliced off at the top of the ring by a single oblique 
stroke of a trowel held at a slight angle with the top of the ring. During these operations 
care shall be taken not to compress the paste. The paste confined in the ring, resting on 
the plate, shall be placed under the rod, the larger end of which shall be brought in con- 
tact with the surface of the paste; the scale shall then be read, and the rod quickly 
released. The paste shall be of normal consisteucy when the rod settles to a point 10 
mm below the original surface in 44 minute after being released. The apparatus shall 
be free from all vibrations during the test, Trial pastes shall be made with varying 
percentages of water until the normal consistency is obtained, The amount of water 
required shall be expressed in percentage by weight of the dry cement. 


18. The consistency of standard mortar shall depend on the amount of water required 
to produce a paste of normal consistency from the same sample of cement. Having 
determined the normal consistency of the sample, the consistency of standard mortar 
made from the same sample shall be as indicated in the table, the values being in percent- 
age of the combined dry weights of the cement and standard sand: 


ae Percentage of Water for Standard Mortars 


‘Percentage of water | Percentage of water || Percentage of water | Percentage of water | 
for neat cement for one cement, for neat cement _ for one cement, 
paste of normal three standard paste of normal three standard 

consistency Ottawa sand consistency Ottawa sand 
mS 9.0 23 10.3 
16 9.2 24 I0.5 
17 9.3 25 10.7 
18 9.5. 26 10.8 
19 9.7 27 ; II.o0 
20 9.8 28 II.2 
ax 10.0 29 t4 
i 22 10.2 30 IHS 


Soundness. 19. A steam apparatus, which can be maintained at a temperature: 
between 98 and roo° C. is recommended. 


20. A pat from cement paste of normal consistency about 3 in in diameter, 44 in thick 
at the center, and tapering to.a thin edge, shall be made on clean glass plates about 4 in 
square, and stored in moist air for 24 hours. In molding the pat, the cement paste shall 
be flattened on the glass and the pat then formed by drawing the trowel from the outer 
edge toward the center, 


21. The pat shall then be placed in an atmosphere of steam ata temperature between 
98 and 100° C. upon a suitable support 1 in above boiling water for 5 hours. : 
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22. Should the pat leave the plate, distortion may be detected best with a straight 
edge applied to the surface which was in contact with the plate. 


Time of Setting. 23. The following ate alternate methods, either of which may be 
used as ordered: 


24. The time of setting shall be determined with the Vicat apparatus. 


25. A paste of normal consistency shall be molded in the hard-rubber ring as described 
in Par. 17 and placed under the movable rod, the smaller end of which shall then be care- 
fully brought in contact with the surface of the paste, and the rod quickly released. 
The initial set shall be said to have occurred when the needle ceases to pass a point 5 mm. 
above the glass plate in 14 minute after being released; and the final set, when the needle 
does not sink visibly into the paste. The test pieces shall be kept in moist air during the 

' test. This may be accomplished by placing them on a rack over water contained in a 
pan and covered by a damp cloth, kept from contact with them by means of a wire screen 
or they may be stored in a moist closet. Care shall be taken to keep the needle clean 
as the collection of cement on the sides of the needle retards the penetration, while cement 
on the’point may increase the penetration. The time of setting is affected not only by 
the percentage and temperature of the water used and the amount of kneading the paste 
receives, but by the temperature and humidity of the air, and its determination is there- 
fore only approximate. 

26, The time of setting shall be determined by the Gillmore needles. 


27. The time of setting shall be determined as follows: A pat of neat cement paste 
about 3 in in diameter and 4 in in thickness with a flat top mixt to a normal consistency 
shall be kept in moist air at a temperature maintained as nearly as practicable at 2r° C. 
(70° F.).. The cement shall be considered to have acquired its initial set when the pat 
will bear, without appreciable indentation, the Gillmore needle 1/1 in in diameter, loaded 
to weigh 4 lb. The final set has been acquired when the pat will bear without appre- 
ciable indentation, the Gillmore needle 1/24 in in diameter, loaded to weigh x Ib. In 
making the test, the needles shall be held in a vertical position, and applied lightly to. 
the surface of the pat. 


Tension Tests. 28. The form of test piece shown in Fig. 1 shall be used, The 
molds shall be made of non-corroding metal and have sufficient material in the sides to 
prevent spreading during molding. . Molds 
shall be wiped with an oily cloth before using. 


29. The sand to be used shall be natural 
sand from Ottawa, Ill., screened to pass a No. 
20 sieve and retained on a No. 30 sieve. 
This sand may be obtained from the Ottawa 
Silica Co.,atacost of two cents per pound, f. 
o. b. cars, Ottawa, Ill. 


30 This sand, having passed the No. 20 

* sieve, shall be considered standard when not 

more than 5 g pass the No. 30 sieve after 

one minute continuous sieving of a _§00-8 
sample. 


31. The sieves shall conform to the follow- 
ing specifications: 


The No. 20 sieve shall have between com 
and 20.5 wires per whole inch of the warp 
wires and between 19 and 21 wires per whole 
‘inch of the shoot wires. The diameter of the wire should be 0.0165 in and the average 
diameter shall not be outside the limits of o.or6o and 0.0170 in. 

The No. 30 sieve shall have between 29.5 and 30.5 wires per whole inch of the warp 
wires and between 28.5 and 31-5 wires per whole inch of the shoot wires. The diameter 
of the wire should be,6.orro in and the average diameter shall not be outside the limits 
0.0105 to 0.0115 in. 

32. Immediately after mixing, the standard mortar shall be placed in the molds, pressed 
in firmly with the thumbs and smoothed off with a trowel without ramming. Additional 
mortar shall be heaped above the mold and smoothed ie with a trowel; the trowel shall 


Fig. 1.—Cement Briquette. 
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drawn over the mold in such a manner as to exert a moderate pressure on the material. 
e mold shall thea be turned over and the operation of heaping thumbing and smooth- 
off repeated. : 


33. Tests shall be made with any standard machine. The briquettes shall be tested 
soon as they are removed from the water. The bearing surfaces of the clips and, bri- 
ettes shall be free from grains of sand or dirt. The briquettes shall be carefully cen- 
ed and the load applied continuously at the rate of 600 lb. per minute. 


34. Testing machines should be frequently calibrated in order to determine their 
uracy. 

35. Briquettes that are manifestly faulty, or which give strengths differing more than 
%o from the average value of all test pieces made from the same sample and broken at 
} same period, shall not be considered in determining the tensile strength. 

Storage of Test Pieces. 36. The moist closet may consist of a soapstone, slate or 
ucrete box, or a wooden box lined with metal. If a wooden box is used, the interior 
uld be covered with felt or broad wicking kept wet. The bottom of the moist closet 
muld be covered with water. The interior of the closet should be provided with non- 
sorbent shelves on which to place the test pieces, the shelves being so arranged that 
-y may be withdrawn readily. 

37. Unless otherwise specified all test pieces, immediately after molding, shall be placed 
the moist closet for from 20 to 24 hours. 

38. The briquettes shall be kept in molds on glass plates in the moist closet for at least 
hours. After 24 hours in moist air the briquettes shall be immersed in clean water in 
rage tanks of non-corroding material. 

39. The air and water shall be maintained as nearly as practicable at a temperature 
21° C. (70° F.). 


4. Specifications for Cement 
Standard Specifications for Portland Cement. Adopted by the Americar 
ciety for Testing Materials, Sept. 1, 1916: 


Definition. 1. Portland cement is the product obtained by finely pulverizing clinker 
»duced by calcining to incipient fusion, an intimate and properly proportioned mixture 
argillaceous and calcareous materials, with no additions subsequent to calcination 
septing water and calcined or uncalcined gypsum. 


Chemical Properties. 2. The following limits shall not be exceeded: 


Loss'on‘ignition, percent.) 4'/). 8.09 GWE o ie cee bead vets 4.00 
Insoluble:residue, percents. «M0 Wiha ee ee 0.85 
Sulfuric anhydride (SO:), percent... .......-.0eeeeeeeeere 2.00 
MUIEMESIA CIVIZ CO), PEL CEDE or.0.c) tyme se dashyr ivan pl bie: sieclagarshe -. 5.00 


Physical Properties. 3. The specific gravity of cement. shall not be less than 3.10. 
o7 for white Portland cement). Should the test of cement as received fall below this 
yuirement a second test may be made upon an ignited sample. The specific gravity 
3t will not be made unless specifically ordered. 

4. The residue on a standard No. 200 sieve shall not exceed 22% by weight. 

5: A pat of neat cement shall remain firm and hard, and show no signs of distortion, 
acking, checking, or disintegration in the steam test for soundness. 

6. The cement shall not develop initial set in less than 45 minutes when the Vicat 
edie is used or 60 minutes when the Gillmore needle is used. Final set shall be attained 
thin 10 hours. 

7. The average tensile strength in pounds per square inch of not Jess than three standard, 
ortar briquettes composed of one part cement and three parts standard sand by weight, 
all be equal to or higher than the following: 


Age at test, Storage of briquettes Tensile strength 


days - Ib per sq in 
7 x day in moist’air, 6 days in water........,.....- 200 


2 1 day in moist air, 27 days in water............65. 300 
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8. The average tensile strength of standard mortar at 28 days shall be higher than the 
strength at 7 days. 


Packages, Marking and Storage. 9. The cement shall be delivered in suitable 
bags orebarrels with the brand and name of the manufacturer plainly marked thereon, 


unless shipped in bulk. A bag shall contain 94 lb net. A barrel shall contain 376 lb 
net. ‘ 


1o. The cement shall be stored in such a manner as to permit easy access for proper 
inspection and identification of each shipment, and in a suitable weather-tight building 
which will protect the cement from dampness. 


Inspection. 11, Every facility shall be provided the purchaser for careful souinitte 
and inspection at either the mill or at the site of the work, as may be specified by the 


purchaser, At least 10 days from the time of sampling shall be allowed for the 


completion of the 7-day test, and at least 31 days shall be allowed for the comple- 
tion of the 28-day test. The cement shall be tested in accordance with the methods 
hereinbefore prescribed. The 28-day test shall be waived only when specifically so 
ordered. 


Rejection. 12. The cement may be rejected if it fails to meet any of the require- 
ments of these specifications. 

13. Cement shall not be rejected on account of failure to meet the fineness require- 
ment if upon retest after drying at 100° C. for 1 hour it meets this requirement. 

14. Cement failing to meet the test for soundness in steam may be accepted if it passes 
a retest using a new sample at any time within 28 days thereafter. 

1s. Packages varying more than 5% from the specified weight’ may be rejected; 
and if the average weight of packages in any shipment, as shown by weighing 50 


packages taken at random,is less than that specified, the entire shipment may be 
rejected. 


Standard Specifications for Natural Cement. Adopted by the American 
Society for Testing Materials, 1904; revised 1908, 1909: 


Definition. 1. Natural cement is the finely pulverized product resulting from the 
calcination of an argillaceous limestone at a temperature only sufficient to drive off the 
carbonic acid gas. 


Physical Properties. 2. The residue on a standard No. 100 sieve shall not exceed 
10%, and on a standard No. 200 sieve shall not exceed 30%, by weight. 


3. Pats of neat cement about 3 in in diameter, 14 in thick at center, tapering to a thin 
edge, shall be kept in moist air for a period of 24 hours. 


(a) A pat shall then be kept in air at normal temperature. 
(b) Another pat shall be kept in water maintained as near 70° F. as practicable. 


These pats shall be observed at intervals for at least 28 days, and, to satisfactorily 
pass the ‘tests, shall remain firm and hard and show no signs of spies checking, 
cracking, or disintegrating, 


4. The cement shall not develop initial set in less than ro minutes, using the Vicat 


needle. Final set shall be attained in not less than 30 minutes nor more than 3 hours, 
using the Vicat needle. 


5. The minimum requirements for tensile strength for briquettes 1 sq in in cross-section 
shall be as follows, and the cement shall show no retrogression in strength within the peri- 
ods specified: 


Age Neat cement 

aarhours in moist Ais... piel eh des be hase mesaneeeeatas 
7 days (r day in moist air, 6 days in water)..... 

28 days (x day in moist air, 27 days in water) 


One Part Cemci.t, Three Parts Standard Ottawa Sand 


7 days (1 day in moist air, 6 days in water)...,........ 50 Ib 
28 days (1 day in moist air, 27 days in water)....... tees. Las kD 
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Packages, Marking and Storage. 6. The cement shall be delivered in suitable 
yags or barrels with the brand and name of the manufacturer plainly marked thereon. 
\ bag shall contain 94 lb net. A barrel shall contain 282 lb net. 

7. The cement shall be stored in such a manner as to permit easy access for proper 
nspection and identification of each shipment, and in a suitable weather-tight building 
which will protect the cement from dampness. 

Inspection. 8. (a) Every facility shall be provided the purchaser for careful sampling 
ind inspection at either the mill or at the site of the work, as may be specified by the pur- 
shaser. At least ro days from the time of sampling shall be allowed for the completion 
of the 7-day test, and at least 31 days shall be allowed for the completion of the 28-day 
est. : 

(6) The cement shall be tested in accordance with the methods contained in the 
Standard Specifications and Tests for Portland Cement of the American Society for Test-- 
ing Materials 

Rejection. 9. The cement may be rejected if it fails to meet any of the requirements - 
of these specifications, 

to, Cement failing to meet the 7-day sceneries may be held awaiting the remit 
of the 28-day tests before rejection. is 


5. Sand 


General Requirements. Sand should be composed of hard siliceous 
material, free from vegetable loam, clay, sticks, and organic matter. It should 
preferably be of coarse grain, or of graded size with the coarse grains pre- 
dominating Fine sand can be used, but it requires more cement for a given 
strength and more thoro mixing. The best sand as to size is one which is so 
graded from coarse to fine as to reduce the percentage of voids to a minimum, 
but such a sand has the appearance of a very coarse sand, as the amount . f 
fine material required is small. The common requirement of “ sharpness 
of grain” is unnecessary. Sands with rounded grains are likely to contain 
a smaller percentage of voids, as they are more readily compacted; they 
give equally as good results in mortar tests as sands with angular or sharp 
grains. : 

Importance of Good Sand. The quality of the sand for mortar or con- 
crete is generally not given the attention it deserves. The manufacture of 
portland cement is we:l controlled and the product is very uniform and reli- 
able, so that in practise the results are likely to be much less affected by vari- 
ations in the cement than by variations in the quality of the sand. 


Mineral Composition. Sand should preferably consist of grains of silica, 
but a considerable proportion of other minera’s may be present without detri- 
ment. ‘ The physical condition is of more importance than the chemical com- 
position. Occasionally a sand is found which, altho of :atisfactory size, pro- 
duces a very poor mortar. This may be due to its soft friable character, or 
to the presence of organic matter or too much clay, or of some partially decom- 
posed mineral which acts as a lubricant to the mass. Mica is a very objection- 
able constituent, a small portion causing a serious reduction in the strength 
of the mortar. While a clean sand is usually specified, the presence of 5 or 
even 10% of clay or loam, if finely divided, appears to cause no deleterious 
effects. 

Analysis of Sand. For the purpose of determining the relative value of 
a sand as regards the size of its particles, two methods are in use: (x) By 
determining the p- -oportion of voids in the sand, and (2) by separating the 
sand into several sizes by means of sieves and Fae opi the proportion of the 
various sizes. ‘ 


- 
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. The Voids in Sand may be determined by dropping a known volume of 
sand into a measuring vessel containing water. The volume displaced by 
the sand, subtracted from the original volume of the sand, will give the volume 
of voids. Pouring water into sand gives unreliable results, as the air cannot 
easily be driven out of the sand to admit the water. 


The percentage of voids can also be found very closely for most sands 
by weighing a measured quantity of the dry material and determining the 
volume of solid material present by applying a specific gravity of 2.65 to the 
weight. Nearly all materials of which sand is composed have a specific grav- 
ity between 2.6 and 2.7. Assuming a specific gravity of 2.65, let W = weight 
of a cubic foot of the dry sand, = absolute volume of the solid material, 
and P= percentage of voids; then V= W/(62.5 x 2.65) = W/166 and 
P= 100 (1— W/166). The space occupied by the moisture in the sand can 
be found, if desired, by first weighing the moist sand and then the dry sand. 
The difference is the weight of the water, from which its volume is found. 

The volume of sand is much affected by moisture and by its degree of compactness 
so that for accurate comparative purposes the sand should be thoroly dry before measur- 
ing and definite methods of compacting employed. Generally the voids are determined 
with reference to the dry material well shaken. 

The Percentage of Voids in dry sand will range ae 40 to 45% fora 
very uniform natural or screened sand to about 28% for a coarse, well-graded 
natural sand. Generally the voids in Secineay good coarse sand will range 
from 30 to 35%. 

Effect of Moisture upon the Volume and Weight of Sand. The specific 
gravity of sand grains being nearly constant, the weight of dry sand varies 
only as the percentage of voids varies. Moist sand not packed weighs less 
than dry sand, the difference depending upon the size of the sand grains and 
amount of moisture. Ordinary moist sand contains 2 to 4% of moisture and 
will weigh from 90 to 95 lbs per cu ft in normally loose condition Thoro 
tamping may easily reduce the volume and increase the weight 15 to 20%. 
Proportioning of sand and cement by loose volume of sand and packed cement 
will generally give a somewhat smaller proportion of sand than when propor- 
tioned by’ weight. 

The Mechanical Analysis of Sand. The best method of determining. 
the value of a sand with reference to its size is by means of a mechanical 
analysis made by sifting. the sand thro several different sieves. These are 
made of standard size, 8 in in diameter by 244 in high. For openings exceed- 
ing 149 in in diameter sheet brass is used with drilled circular openings 
of the desired size. For smaller openings woven brass wire sieves are 
employed. The woven sieves are known by numbers corresponding to the 
number of meshes per lineal inch, altho the actual number of meshes will 
vary somewhat. They are made so as to fit togetherin nests. For analyzing 
cement and sand the following sizes: are desirable: 


Commercial Now’... 2.02.2... 10 20 30 40 50 80 I00 © 200 
Approximate size of hole, incheso.073 .034 -022 .OI5 .OII =007  -0055 -0026 


For screening out large material from sand a screen with Y-inch openings is 
generally employed. 

Graphic Representation of Analysis.. The sand being separated the 
total percentage smaller than each size is plotted upon a diagram, abscissas 
representing size, and ordinates percentage. Fig. 2 represents the analysis of 
four natural sands. (Bull. 331, U. S. G. S., 1908.) No. 21 is very fine sand, 
over 80% passing No. 30 sieve; No. 10 is also a fine sand but is not so uniform — 
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in size as No. 21. It is better graded from fine to coarse. The percentages 
of voids in these two sands are 40.9 and 31.6 respectively, and the tensile 
: ____ strength of x : 3 mortar is 380 
and 488 lbs persq inat 180 days. 
No. 20 is a medium sand of good 
gradation in size, and No. 4 is 
a very coarse sand, also well 
graded. ‘Fhe voids are 28.0% 
in each case, and strengths of 
I :3 mortar, 670 and 731 lbs per 
sq in. 
- ~8 ss 8RR 444 8 F F—8  Coarseness of sand is indi- 
Diameter of Particle in Inches bee ik Sepia and 
* good grading by approach to a 
Fig. 2. Mechanical Analysis of Sands straightlinen /Eheetieamvestate 
of a sand, cannot be determined by mere inspection. A sand which appears to 
be coarse may contain so much fine material as to be in effect a fine sand. 
It rarely happens that a coarse sand contains too small-an amount of fine 
material. Pani i : a 
Size of Sand. Sand containing coarse gravel must be screened when it is 
to be used in mortar for laying masonry. For use in concrete, screening is 
not necessary, but where the sand contains a considerable amount of such 
material, better and more uniform results will be secured by screening and 
remixing. For this purpose a 14-in screen is generally employed, all material 
passing such sieve being considered as sand, or fine aggregate, and all material 
larger than this size being classed as coarse aggregate. 


A sand containing more than 30% of particles that will pass a No. 40 sieve 
is a fine sand and is generally undesirable. Such a sand should be used only 
after careful study of its behavior in mortar. ’ ; 


Standard Sand. For comparative purposes in making tests of mortars 
a standard sand is necessary. That recommended by the Committee of the 
Am. Soe. C. E. is a natural bank sand obtained at Ottawa, IIl., and screened 
to size by means of a No. 20 and a No. 30 sieve. The percentage of voids of 
this sand is about 37%. ‘The grains are rounded and it is readily compacted. 
Other sands of smaller grain or larger percentage of voids are likely to give 
somewhat lower results in mortar, tests. Results from-this sand are given in 
Figs.'8 and 11 of Art. 7. ? ; : 
_ Gravel Screenings usually make excellent sand. The material is apt to 
grade quite coarse and to con- ; 


tain very little fine material, 100 om = 
but the grains pack readily 4 80 Sr = 
and the percentage of voids is S i 
not likely to be high. 3/00 ee i 

Stone Screenings, free from 8 40 y 
clay, constitute a good material 


8 


to use in place of sand. They 
are likely to grade coarser than 


0, So 
sand and to have about the pct NC ea cee Le Rh 
same void space. Fig. 3 shows Diameter of Particle in Inches 
the mechanical analysis of two Fig. 3. Mechanical Analysis of Screenings - 


samples each of gravel and : 
stone screenings, Nos. 4 and 6 relating to gravel and Nos. 2 and 17 to ston 
screenings. (Bull. 331, U.S. G.§., 1908.) 
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6. Proportioning of Cement Mortars 


Cement Mortar is a mixture of cement with sand, or its equivalent, and 
Water. CEMENT PASTE is a mixture of cement and water. : 


Proportioning of Mortar. The most exact method of regulating the 
proportions of sand and cement is by weight, and this method is ‘generally. 
followed in laboratory tests. In practise the proportions are determined by 
volume. For this purpose the cement should not be measured loosely but the 
barrel taken as the unit at some definite specified volume. Packed cement 
will increase as much as 30% in volume when piled loosely, hence the neces- 
sity of definite rules. Sand is measured by volume as shoveled into barrows 
or measuring boxes. 


Weight and Volume of a Barrel of Cement. A barrel of portland 
cement contains 376 Ibs of cement. A bag is one-fourth of a barrel. When 
_ packed in the barrel the cement occupies about 3.2 cu ft and when measured 
loose about 4.0 to 4.2 cu ft. A considerable difference in practise exists 
regarding the volume which is to be assumed fora ‘barrel, but the value most 
commonly used is 3.8 cu ft. A cubic foot’of cement will then weigh xoo lbs. 
A barrel of natural cement varies in weight according to the locality. Generally a 
barrel of eastern cement contains 300 Ibs of cement and a ‘barrel of western cement 265 
Ibs. A standard weight of 282 Ibs is also used. A ‘bag of natural cement is usually 
one-third of a barrel. The:volume of a barrel. of eastern ‘cement may be taken as 3.8 cu ft, 
the same as portland cement. 

Proportions Used in Practice. For use in the construction of stone or 
brick masonry the usual proportions for portland-cement mortar are 1 : 2 
or 1 : 3, and for natural-cement mortar t:1 or 1:2. For use in concrete a 
wider range is employed, depending upon the requirement. or impervious- 
ness the voids in the sand a be entirely filled, which will ordinarily Tequire 
proportions of 1 : 2 or 1 : 2%, but for strength a leaner proportion is often 
sufficient. Large proportions of sand render a mortar difficult to handle 


with aitrowel. The addition of 10 or 15% of lime paste makes an easier - 


worked mortar, tends to increase its imperviousness and does not materially 
affect its strength. The quantities of cement and sand required for one cubic 
yard of mortar, based on a volume of 3.8 cu ft for one barrel of cement and 
the use of a fairly well graded'sand, are given closely by the following table: 


Quantities for One Cubic Yard of Cement Mortar 


Propor- | Cement, Sand, ||| -Propor- Cement, 
tions bbls cu yds tions bbls 


meat paste ° t : 2.35 


I: o.70 S 1.84 
71% 0.82 1.52 
; Z 0.90 : 1.30 

‘7% 0.96 as 1.00 


For natural cement, weighing 275 lbs per bbl the quantity of cement should be increased _ 
10%. Variations in consistency, fineness of sand, and character of cement will modify — 
the amount of cement required ias much as 10% in either direction from the values given 
in the table. 


Mixing of Mortar, if done by hand, should be done on a water-tight _ 
platform to prevent the escape of cement. Large quantities of mortar are 


preferably mixt in mechanical concrete mixers. The following is ‘the speci- 
fication for mortar of the Am. Ry. Eng. and M.'W. Assoc.: 
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The sand and cement should be mixt ‘dry and in small batchés in proportions as_ 


directed, on a suitable platform, which must be kept clean and free from all foreign 
matter; then water is to be added, and the whole remixt until the mass of morfar is 


_ thoroly homogeneous and leaves the hoe clean when drawn from it. It must not be 


retempered after it has begun to set. 


7. Strength of Cement Mortars 


‘General Laws Governing Strength. The chief influences affecting the 
strength of a mortar are: (1) the proportions of cement used, (2) the size — 
and grading of the sand, (3) the amount of water used, and (4) the degree 
of compactness of the product. 

The effect of all these factors can be exprest by two general laws: (1) The 
strength of a mertar increases with increased proportions of cement. (2) The 
strength of a mortar of given proportions of cement increases with its density. 

' The second law expresses in a general way the ‘effect of sand, amount of 
water and compactness of material. Feret gives the following as expressing 
approximately the comparative strength of mortars of different densities: 


Cc 
p-x(—,) 


| in which K =a constant; C = absolute volume of cement in a unit of mortar; 


S = absolute volume of sand in a unit of mortar; P = compressive strength 
of the mortar. For the cement employed by Feret, K = 28 000 and P = 
strength at 5 months in lbs per sq in. 

Uniform Conditions in Testing must be carefully observed in’ order to 
secure uniform or comparable results. The strength of mortar is greatly 
affected by the temperature of the air or water, the thoroness of gaging ana 
manner of testing. ‘These conditions necessitate the adoption of uniforny 
methods of testing fully setting forth in much detail all parts of the process. 
Such specifications are given in Art. 3. The conditions of testing being 
fixt and uniform it is then possible to determine the influence of the char- 


| acter of the cement and sand employed in the mortar. 


. 


i 
‘ 


The Density of a Mortar or Concrete is the ratio of the volume of 
actual solid material (cement, sand and coarse material) to the total volume 
of the hardened mortar. In determining density the absolute solid material 
in the cement, sand and stone is to be taken. ‘This may generally be obtained 
very closely by weighing the separate ingredients and calculating their volume, 
using a specific gravity of cement of 3.1 and of sand and stone of 2.65. 


| Effect of Size of Sand. The effect of size and grading of the sand grains 


- follows the general law of density. In general, that sand which will give 


the densest mortar will give also the strongest. This requires (1) that the 


' percentage of voids be small, and (2) that the sand be generally of coarse 


grain. The first requires a mixture of large and small particles, the large 
particles predominating. ‘The percentage of pore space depends upon the 
grading of the sand and not upon the actual size of grain. But with the same 
percentage of pore space a denser mortar can be made with a coarse than with 
_a fine sand because the former, having less superficial area to coat with water 
and cement, requires less water to give it the required consistency. - 
The effect of size of sand is so great that it will often be profitable to ship a . 
coarse sand a considerable distance in preference to using a local fine sand. 

__ Feret has made an exhaustive study of effect of size of sand upon density and strength. 
_ Artificial mixtures of three sizes of sand were made in which alll ranges of proportions of 
"the three sizes were represented. ‘The sizes used were known as fine (o to.o.5 mm), 

_ medium (0.5 to 2 mm) and coarse (2 to 5 mm). . The results as to density and compress- 


sat 
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ive strength are concisely shown in Figs. 4and 5. In these figures the result for any 
particular mortar is recorded in the triangle at such distances from the three’ base lines 
as will represent the proportions of each sise used. Lines of equal sttength or density 
are then drawn on the diagram. The maximum strength of 3500 lbs per sq in was ob- 
tained from a mixture containing about 85% of coarse sand and 15% of fine sand with 
very little of the medium size. The region of maximum strength is seen to be very near 
the region of maximum density, and thruout, the strength curves follow very closely 
those for density. 


yi 0.2ar 
I 
(0) yu 
AY ~ S oS Y ~y ~y 
Fig. 4. Density Fig. 5. Compressive Strength, x year 


Properties of 1: 3 Mortars made of Different Mixtures of Sand 


These triangles show clearly that the proportion of fine grains in a sand should not 
be large. They show also that if a sand is uniform in size a coarse sand is better than a 
medium and a medium is better than a fine. The effect of size of sand is also shown. by 
the table on p. 496. 

Effect of Consistency or Amount of Water. From 20 to 22% of 
water is required to produce the normal consistency in neat cement paste of 
portland cement as specified in Art. 3. Much greater strength can be 
secured by using a drier consistency and by hard tamping, especially in short- 


A, Portland Cement 3 B. Natural Cement. 
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. enstle Strength, Pounds per Sq. in. 
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: Percentage of Water 
Fig. 6. Effect of Consistency on Tensile Strength 


time tests, but such results are not likely to be as uniform, and in practice 
the consistency employed corresponds more nearly to that described in the 
specifications. ‘The effect of amount of. water is relatively less on long-time 
,tests and within certain limits may be favorable to the wetter mixture. Very 
wet mixtures will remain the weaker. Sage 
Fig. 6 gives results of tests by Edward S. Larned on neat cement mixt with different , 

proportions of water (Eng, News, Aug. 6, 1903). - 

' The percentage of water also affects greatly the time of setting, increasing it in the- 
case of Fig. A from 207 to 912 min and Fig. B from 59 to 1057 min. badd 
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Tensile Strength of Portland-Cement Mortars. Under normal con- 
ditions the strength of portland-cement mortars increases very rapidly during 
the first few days, the rate of change gradually falling off. In seven days its 
strength is generally half to two-thirds its ultimate, which is practically attained - 
in two or three months. The compressive strength varies according to a 
somewhat different law. 


Neat Cement. 1.8 Standard Sand Mortar. 


Pounds per Sq: In: : 


Age in Days. Age tn Days. 
Fig. 7 Fig. 8 
Variation of Tensile Strength with Age 
Fig. 7 gives some of the results of tests on 7 brands of portland cement 
made by the Technologic Branch of the U. S. Geological Survey. The three 
curves show the maximum and minimum results andthe results from a mix- 
ture of the entire 7 brands. ‘The results are averages of 10 testseach. (Bull. 
No. 331, U.S.G.S.,.1908.) . Fig. 8 gives similar results of tests of 1 : 3 mortars 
made with standard Ottawa sand. Other values at 180 days with natura] 
sands are given on p. 496. For the better grades of material they are some- 
4 what greater than those obtained 


20 with the standard sand. 
dice Fig. 9 shows approximately the 
Pca tensile strength at one month of 
500 portland-cement.mortars containing 
8 200 various proportions of sand. 
g 300 The Retrogression in Strength sho 
= 000 in Fig. 7 is a common experience but ig 
& not permanent. It does not occur in the 
100 * c 
corresponding compression tests. Gen- 
Oy % erally cements of low strength at 7 days 


Parts of Ley a One - beable . show greater gain thereafter than those of 
high strength, so that the long-time test 

Biss 9.” Tensile ees of Mortars One” — shows less relative variation. Excessively 

Month Old high 7-day tests are not to be desired. 

Transverse Strength of Portland-Cement Mortars. The transverse 
strength is primarily a function of the tensile strength, but the modulus of 
‘upture (fiber stress) calculated from the formula S = Mc/I is considerably 
sreater than the strength in direct tension. The value of this ratio will 
ordinarily range from 1.8 to 2. ‘Transverse tests on mortar prisms 1 in 
quare by 12 in long are given in the table on p. 496. 

Compressive Strength of Portland-Cement Mortars. The compressive 
trength of mortars of artificially graded sands are given in Fig. 5, as deter- 
nined on prisms of the same height as width. Average results on 2-inch 
tubes from 7 brands of cement,.and’on a mixture of all, are given in Figs. 10> ~ 
ind 11. Other values for mortars of sand, gravel, and stone screenings are 
jiven on p. 496. For average crushing strength at 30 days see Fig. 15. 


The ratio between compressive and tensile strength is very variable and 
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cannot be used as a basis for calculations. The compressive strength steadily - 
advances with age. 


Neat Cement, 1:3 Standard Sand Mortar. 


12500 oer jC i5000 
— — . 
§ 10000 1 4000 
o i] 
§ Seine 
2 7500 


7G = = = Ey 
Age in Days. Age in Days. : 
Fig. 10 Fig. 11 


Variation of Compressive Strength with ‘Age 


Relative Strength of Mortars made from Sand, Gravel, and Stone 
Screenings. In the following table are given results of tests on mortars 
made from various sands and from material screened from gravel and broken 
stone, (Bull. No. 331., U.S. G.S., 1908.) The poorest results were obtained 
from the very fine sands and from sands having a large percentage of voids. 
With this exception the results are about the same on the three varieties of 


materials. 
Strength of Portland-Cement Mortar 


4 4 Strength of r : 3 Mortar, ; 
Per Weight Density at 180 days, 


centage] Percent per ena ith 
No.| Kind of Material [Passing] of cua of | EOC eee ae 
, 


No. 20] Voids Mortar | —— 
Sieve paneda Tensile Bo eer: 
pressive] verse 
Sand “ 

' 4 , Bank Gravel...... 32 28.0 | 116.4 | 0.808 731 6105 | 1224 
13 | Washed Bank Sand 38 28.9 | 119-5 754 668 7183 | 1314 
3 |, River Sand...... Ne 50 36.1 | 103.3 -752 495 5280 | 1182 
20 | Bank Sand... 50. 28.0 | 116.5 -794 670 6200 |..... 4 
5 | River Sand... 60 34.6 | 104.8 -752 420 4752 984 
6 | Bank Sand... 68 31.6 oprag.5 - 766 614 4225 | 1482 
7 | Bank Sand... 97 .*|, 31-6 | 116.0 -730 603 5733 | 1038 
ro | Bank Sand... 82 31.6 | 110.0 | .743 | 488 "| 4639 |...... 
I River Sand.....5... 86 32-5 | 109.3 -742 415 3677 | 1056 
21 | River Sand......-. go 40.9 89.0 -700 380 28927". = 2a 

Gravel Screenings 

9 | Bank Gravel. ..... ° 30.7 | 117.8 | 0.791 654 8567 |...... 

8 3 | 34-8 | 111-5 | -741 | 476 | 6825 |..... 

2) 18 3850. 4 noz. Gull ceaisn 426 AGga bse 

I 27 29.0 | 115.0 -771 601 7460) |. 2505 

5 36 29.7 115.3 | =750| 647 _| 687guie omen 

2 50 26.5 | 120.3 -782 733 6892" ol Lorre! i 
8 37-0 | 109.5'| 0.726 660 468 [Qo J 

8048 


Granite... . 
I | Limestone... 
12 | Limestone........-. 45 G5.D |p tO5a3, -733 717 6193 | 1446 
3 | Limestone......... | 
Limestone......... 
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Effect of Clay. Clay is generally considered deleterious, and specifica- 
tions require sand to be clean. Under some circumstances, however, consider- 
able quantities of clay (up to ro or 15%) added to the sand increase the 
strength and imperviousness of the mortar. It appears that a lean mortar 
will be thus improved but that a rich mortar is likely to be injured. In lean 
mortar it helps to fill the voids, but in rich mortars whose voids are already 
full it reduces the cohesion without increasing the imperviousness. If clay 
is added or permitted it should be finely divided and mixing be thoroly done. 


Effect of Lime. Lime acts in a manner similar to clay. It tends to 
increase the imperviousness, and, in the case of poor mortars, it appears also 
to increase the strength. The amount which may be added without reducing 
the strength may be taken approximately as that which acts to increase the 
density of the mortar or which is sufficient to fill the pore spaces. Somewhat 
more lime may be used without decreasing the strength below that of the un- 
limed mortars. The addition of lime also makes a cement mortar easier to use 
with a trowel. For use of lime to produce impermeable mortar see Art. 15. 

Lazell found that 15% of hydrated lime could be added to 1: 3 mortar without de 
creasing the strength, and as high as 30 % to 1: 5 mortars. 


Strength of 1:3 Portland-Cement Mortars 
From Proc, Am, Soc. Test. Materials, 1908. 


Proportions Used Tensile Strength, Ibs per sq in 


Portland | Hydrated 
Cement Lime Shiid 


TLo 
0.95 
0.9 
0.85 
0.8 
0.75 
0.7 


Effect of Regaging. Regaging or remixing of cement mortar after setting 
has begun should not generally be permitted. Experiments on the effect of 
regaging give various results, but little or no effect on strength is shown on 
portland-cement mortar when regaged after a lapse of not more than two 
hours. Natural cements are. more likely to be affected injuriously. A 
regaged mortar is slower setting than a fresh mortar and appears to contract — 
less in hardening. It works better under the trowel and is preferred by 
masons for plastering. Special circumstances may make it desirable to per- 
mit the use of regaged mortar under suitable regulations. 


Effect of Low Temperature. The effect of temperature on the rate 
of setting and hardening of cement is very great and often requires special 
consideration in the process of construction. Removal of forms and the 
loading and exposure of newly completed work will thus ofteh depend upon 
the prevailing temperature. At or near 32° F. the rate of setting and harden- 
ing is very slow. ‘Experiments on natural-cement mortars indicate a rate 
of hardening at 40° about one-half that at 80° on sixty- -day tests. Tests on 
portland cement show that at a temperature of 40° the strength at 30 and 
60 days is about two-thirds that attained at a temperature of 72°. At or 
hear 32° the time of setting is greatly prolonged. Cement setting in 8% hrs — 
at a temperature of 65° required 38 hrs at 32°, 


’ 
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Effect of Freezing. .The freezing of natural mortars injures them 
_seriously and should be wholly avoided. Portland-cement mortar or concrete 
does not appear to be injured by freezing, altho the hardening is greatly re- 
tarded. ‘Troweled surfaces or surfaces where free moisture is produced are 
injured by freezing and will scale. Frozen concrete will gain little strength 
even after the lapse of several weeks and hence must be given special atten- 
tion when warm weather arrives. While successful work may be done in 
freezing weather, the difficulty of properly mixing and placing the material 
makes it undesirable to work in very cold weather. ‘Thin or superficial coats 
of mortar such as plaster should not be applied in freezing weather. 

Effect of Salt. Salt added to the water lowers its freezing point and 
thus, within limits, prevents freezing. Experiments on the effect of salt 
show that up to 10% at least the ultimate strength of mortar is not reduced, 
altho the result of short-time tests may show some reduction. The amount 
of salt required to lower the freezing temperature is given by Tetmajer as 
equal to 1% of the weight of the water per degree F. below 32°. 

Rise of Temperature in Setting. In setting, the chemical changes cause 
a rise of temperature which in the interior of large masses may reach 
1oo° F. In experiments on 12-in cubes of portland-cement mortar Howard 
observed a rise of temperature in the interior of about 115° in the case of 
neat cement, and 45° in the case of 1:1 mortar (Tests of Metals, 1go7). 
A rise of temperature of 90° has been observed in the interior of a wall of 
concrete 11.5 ft thick. This increase in. temperature effectually prevents 
freezing in the interior of large masses. 

Contraction and Expansion Due to Hardening. Cement mortar when 
hardened in air will contract, and when hardened in water will maintain a 
nearly constant volume or show a slight swelling. The richer the mortar 
the greater the effect. Experiments by Considére and others indicate that 
1:3 mortar will shrink 0.05 to 0.15% when hardened in air two to four 
months, and neat cement from two to three times as much. 


Adhesive Strength. Adhesive strength of portland-cement and natural- 
cement mortar to sawn limestone is shown by the experiments of Wheeler 
to be as follows (Rept. Chief of Engrs., 1895): 


Adhesive Strength of Mortars 


Adhesive Strength,} Cohesive Strength, 
Ibs per sq in Ibs per sq in 


Kind of Cement 
= 270 686 
Portland-cement 3 233 710 
Mortar r 221 TAT 
169 487 
94 183 
104 198 
m6 218 
66 186 


The adhesive strength of mortar to brick surfaces was found to be about 


50 lbs per sq in for neat, and 30 lbs per sq in for r : 2 mortar, for both portland 


and natural cement mortar. For adhesion to steel rods see Art. 21. 
Strength of Natural-Cement Mortars. Natural-cement mortars gain 


strength less quickly but continue to increase in strength for a longer period — 


ss 
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‘than portland-cement mortars. Fig. 12 shows average results of time experi- 
ments on good brands of natural cements. Different brands show great 


Pounds per &q. Ti, 


Fi 6 8 Rn 
Age in Months. 


Fig. 12. Tensile Strength of Natural-Cement Mortars 


differences in strength, and variations as much as 30% above or below the 
values given may be expected. For’ compressive strength of various mortars 
at one month see Fig. 15. 


PLAIN CONCRETE 
8. The Aggregate 


Concrete is an artificial stone made by mixing together cement, water, 
and an aggregate consisting of large and small particles, such as sand ot 
screenings and broken stone or gravel. ‘The aggregate is generally made up 
of two distinct or separate materials, the fine aggregate and the coarse aggre- 
gate. The use of a variety of materials and sizes for both fine and coarse 
aggregates necessitates careful definition and specification. FINE AGGRE- 
GATE is generally taken as that part of the material which will pass a screen 
having 44-inch diameter holes. It consists generally of sand, but may also 
consist of gravel or stone screenings. (See Art. 5.) COARSE AGGREGATE con- 
sists of material larger than 14 inch, and may be broken stone, gravel, slag 
or any hard, durable material. The particles should be clean, hard and free 
from deleterious material. , 

Materials for Coarse Aggregates. Any stone is suitable for concrete 
which is durable and has sufficient strength so that the strength of the con- 
crete will not be limited by the strength of the stone. Beyond this minimum, 
great strength is of little advantage. Granites, traps and limestones are 
generally employed. Many sandstones and shales are of deficient strength 
and should be used only after determination of their strength. Soft, flat or 
elongated particles do not make-a satisfactory material for coarse aggregate. 

Screened gravel constitutes generally a satisfactory coarse aggregate but 
may contain particles of soft, friable material which will seriously reduce the 
strength of the concrete. . 

Cinders may be used in concrete for fire-proofing purposes and for very low stresses. 
As generally furnished, cinders are composed largely of ashes and are very unsuitable 
for concrete. They should consist of hard, clean, vitreous clinker, free from sulphides, 
anburned coal and ashes. ; 3 
" Size of Aggregate. The maximum strength of concrete will be secured 
for a given quantity of cement when the aggregates are so proportioned as to 
size as to reduce the percentage of voids in the mixture to a minimum, due 


. 
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attention being given to the effect of size of sand (Art. 5). To reduce the 
proportion of voids to a minimum the aggregate should consist of particles 
of different sizes so that the smaller will fill the interstices between the larger. 
A uniform size of broken stone, filled with sand, does not make as dense or 
strong concrete as one in which the coarse aggregate consists of large and 
small stones so that the small stones may partly fill the larger interstices. 

Screened stone of a single size is not desirable. Crusher-run material 
contains less voids and is more satisfactory, provided the fine material is free 
from clay. Frequently the crusher-run material is used with the dust 
screened out, but repeated experiments show that this fine material, if clean, is 
entirely satisfactory, Its use reduces the proportion of sand required, but the 
amount of this reduction should be ascertained by a determination of voids, 

If gravel is used it should be screened to at least two sizes, separated by a 
%-inch screen, and remixt, in order that the proportions may be reasonably 
definite. Natural gravel is sometimes so uniformly mixt as to be suitable for 
use without screening, either with or without additional sand, but generally 
it is advisable to screen and remix. This is especially important in the case 
of reinforced work. 

The Maximum Size of the Coarse Aggregate depends upon the use to 
be made of the concrete. It should be such as will enable the concrete to 
be readily placed in all parts of the forms and to leave a reasonably smooth 
finish. Where used in massive walls the maximum size may well be 21% to 
3 inches, but for thin sections and reinforced work a size of x inch, or even less, 
is necessary. To a limited extent the strength of the concrete increases with 
increase in size of stone, hence the size should not be less than necessary 
to secure good work. 

Results of an extended inquiry regarding practise in respect to size led the Masonry 
Committee of the Am. Ry. Eng. and M. of W, Assn. to the following conclusion: Con- 
sidering plain concrete only, and, assuming that the aggregate will range in size from 
14 inch to the maximum named, a preference i is shown for the following maximum sizes: 
for foundations, 214 in; for abutments, 2in; for arch rings, 1% in; for coping, bridge 
seats and thin walls, x in. 

Specific Gravity of Stone. The specific gravity of hard stone suitable 
for concrete varies generally within narrow limits, and can often be used to 
advantage in calculating weight and proportions of voids. Specific gravities 
of various materials are about as follows: 


Trapie.scescsce- 208 403-9 Sandstone, «2.053 112-30 2.6 
Granite: 5.cswe-d 2.65 to 2.75 Sand and gravel..... 2.6 to2.7 
7 Limestone. ,...-- 2.6 to 2.7 


Determination of Voids. Voids in coarse aggregates may be deterred 
closely by measuring the amount of water required to fill the voids in a given 
volume of aggregate. Or it may be determined somewhat more accurately 
by weighing a known volume and calculating the volume of solid material 
by means of its specific gravity. If an appreciable amount of moisture is 
present this must first be eliminated by drying. If V = volume of the material, 
W = weight of volume V, G= specific gravity of solid stone, p= percentage 


of voids, then p12 W/V(Gx 62.5) 
For aggregate containing much fine material the first method is not reliable 
on account of the difficulty of excluding all the air, 


Much care is required in filling the vessel with the aggregate so that the 
degree of compactness will be uniform. Generally the voids are determined 


Art.3 The Aggregate ; 501 


with the materials simply shoveled into the receptacle or slightly compacted 
by dropping a short distance. Moderate ramming or shaking will readily 
reduce the volume 10%, heavy ramming as much as 15%. u 

Voids in Coarse Aggregates will range from 30 to 55% depending upon 
the uniformity of the stone, its shape and degree of compactness. Voids in 
loosé broken stone, crusher-run, with the fine material screened out, will 
generally measure from 43 to 48%. If well shaken or rammed, as in the 
placing of concrete, the volume can readily be reduced 10%, thus reducing the 
voids to from 37 to 42% respectively. Stone screened to a uniform size will 
contain from so to 55% of voids. Gravel of the same size as broken stone 
will contain less voids, as it packs more readily. With the sand screened out 
it will generally contain from 35 to 40% voids. 

I. O. Baker obtained the. following results from experiments on three varieties of lime- 


stones when dropt several feet into the measuring box (Bul. No. 23, Univ. of Ill. Eng. 
_ Exp. Sta., 1108): 


Voids in Loose Limestone 


rc 
Percent of Voids 
Kind of Stone Size of Stone Manoa oe: 
- By Pouring Pres 
in Water tA) 
| Method 
3-in screenings ater ae 40.9 46.8 
34-in screenings dv 43-0 45.6 
Chester Limestone ...... Zito: 8, SpATUae : 46.6 0466 
= 3-in to 2-Im_..... 46.1 45.1 
Yp-in screenings .... 42.2 47o1 
Joliet Limestone ........ 2-im to 14-in ..-..2. 47-9 46.2 
. BAN tO arias. <ssc ps hewn’ 4745 46.1 
8@-in screenings -...... Abtays dhe 39-6 46.1 
, 1¥,-in to 34-in 45-7 Ad-7 
Kankakee Limestone ... { 244-in to §-in i 44,3 42.9 
| 2¥Y%-in to 114-in 46.2 43-4 


Voids in Loose Materials 


Authority Kind of Stone 


Wm. M. Hall...... ..-| Green River limestone, 2 14-in and smaller, dust 
: BEPECHECIOUE telos's oxteiein tes sires ioe een sae ae 
Hudson River trap, 24 Y2-in and smaller, dust 
screeried Guts) oo SPE i wears. 
River gravel, 114-in and smaller, sand screened 
OWtaHs Ba Jaca exSt: eee tee pe ee | 
Sandstone, 1-in ‘a, 1Yin 
Crusht granite boulders, 1-in to 1¥-in. 
Gravel, 114-in and smaller .......-. 
G. W. Raffter.........| Portage (N. Y.) sandstone... 
oki & Thompson .} Hard trap, 214-in to r-in -.- 
is .| Hard trap, 244-in to dust . .. 


| a Gravel, 214-in to 44-in 
W. E. McClintock... Trap, 14g-in to }4-in ... 
««--} Trap, 3-in to 14-in ... 
4 ..+.| Trap, 44-in screenings 
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Weight of Broken Stone and Gravel 


Broken stone is gen- 
erally sold by the cubic 
yard, but the stone is | Percent- 
measured. by weight, | @8¢ of 

fj 3 Voids 

assuming a _ certain 

standard weight per 
cuyd. A cuydof stone 
of 2.7 specific gravity 
and 45% voids will 
weigh almost exactly 
2500 lbs, a value fre- 
quently assumed. 

Specifications for Aggregate. Stone shall be round, hard and durable, crusht to 
sizes not exceeding two inches in any direction, For reinforced concrete, sizes usually 
are not to exceed three-quarters (84) in in any direction, but may be varied to suit the 
character of the reinforcing material. 

Gravel should be composed of clean pebbles of hard and durable stone of sizes not 
exceeding two inches in diameter, and shall be free from clay and other impurities except 
sand. Where containing sand in any considerable quantity, the amount of sand per unit 
of volume of gravel shall be determined accurately, to admit of the proper proportion of 
sand being maintained in the concrete mixture. (Am. Ry. Eng. and M. W. Assn.) _ 


Specific Gravity 


2.6 | 2.7 | 2.8 | 2.9 | 3.0 


Weight, lbs per cu ft 


9. Proportioning of Concrete 


‘Principles of Proper Proportioning. In the proportioning of concrete 
the object to be aimed at is to so proportion the fine and coarse materials 
that a given amount of cement will be as effective as possible in filling the 
temaining voids and binding together the particles of the aggregate. This 
requires that the proportion of voids be reduced to a minimum, avoiding, 
however, the use of much very fine material. Having a minimum proportion 
of voids an amount of cement is then used which will give the requisite strength 
or degree of imperviousness. Such a concrete will be of maximum density 
for the given amount of cement. Often an amount of cement less than 
sufficient to fill the voids will produce a concrete of ample strength and satis- 
factory for the purpose, altho somewhat porous. 


Proportioning is commonly done by rule of thumb, using certain standard 


proportions. Better results with greater economy can often be secured by ~ 


the use of more accurate methods of proportioning by the determination of 
voids or by a mechanical analysis. ¥. 
Proportioning with Reference to the Coarse Aggregate. By - this 
method the voids in the coarse aggregate are determined and an amount of 
mortar then used, of the desired strength, sufficient to fill these voids, To 
insure this requires some excess of mortar, but this excess should be as small 
as practicable, since it increases the cost without-increasing the strength. 
A fine aggregate will require more mortar than a coarse aggregate. The 
yield of mortar from the given sand should be separately determined. 
Generally the run of the crusher with the fine material screened out is used 
for the coarse aggregate, and the best local coarse sand for the fine aggregate. 
In extensive work, however, it may well pay to make an artificial mixture 
of two or more materials of different sizes, or to screen and recombine a 
material, such as a natural gravel. In this way it is possible to produce the 
most dense and economical concrete. By a reasonable degree of grading a 
dense and impervious concrete has been made of proportions 1 33:7 where 
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a12:2:4 is the usual practise. By proper grading the voids in the coarse 
aggregate can be'reduced to 35%, or less, with corresponding saving in cement. 
- The proportion of sand may also be directly determined, but less accu- 
rately, by basing it upon the percentage of voids in the coarse aggregate, each 
being measured loosely. A slight excess of sand will be required to insure 
filling in the case of a fine broken stone or a lean mortar. 


“Experience in the handling of concrete enables one to judge quite readily 
whether the mortar is deficient or not. An excess of mortar is preferable to a 
deficiency, as a concrete deficient in mortar is difficult to place, and is espe- 
cially to be avoided in reinforced work, or work designed to be impervious. 

Use of Arbitrary Standard Proportions. As the voids in ordinary crusher-run 
broken stone, from which the fine material has been screened out, will range generally 
between 45 and 50 %, a proportion of one volume of sand to two volumes of stone will 
generally give but Jittle surplus of sand unless the mortar is quite rich. . Thus for ordinary _ 
sand, the proportions of mortar to stone, when various mortars are used and the sand is 
equal to one-half of the stone are about as follows: 


Work Tita ts iso 2052 tial | rig) ner ile ane 
BMD E ets enn senna ss nee 2 3 4 5 7 8 
Percent of mortar to stone .. 72 61 55 52 SO. 1°40) 48 


For all proportions of mortar of x : 2, or poorer, the relative amount of mortar is closely 
equal to 50% of the stone. For richer mortars the ratio of sand 4o stone may be reduced 
somewhat below one-half. For a 1: 14 mortar the stone may be at least 344 parts. 
Proportioning with Reference to the Mixt Aggregate. A more exact 
method of proportioning is to first grade the aggregates, both coarse and 
fine, so as to reduce the voids in the mixture to a minimum. The pro- 
portion of aggregates having been determined, the amount of cement required 
will then depend upon the strength needed or the degree of imperviousness. 
An amount necessary to fill the voids can be estimated by determining the 
percentage of voids in the mixture of aggregates, well compacted or settled 
by shaking. If a,concrete of maximum density be desired, then an amount . 
of cement should be used slightly in excess of that necessary to fill the voids. . 
For this calculation the cement paste may be assumed equal to the volume of 
cement used, on the basis of 3.8 cu ft per barrel. : 
Proportioning by Mechanical Analysis is the most exact and effective 
method of studying the character of the aggregates and of calculating the 
effect of various mixtures. For this purpose the material is separated into 
sizes ‘by screening as for sand (Art. 5) and the results plotted on a diagram. 

_ The following sizes of screens are desirable, altho a very useful analysis may - 
be*made with fewer screens: 3-in, 2%4-in, 114-in, 1-in, $4-in, 14-in, and 44-in. 
The percentage by weight passing each size is then plotted as’abscisse and - 
the size as ordinates. Fig. 13 illustrates the analysis of a bank gravel and a 
broken stone. (Trans. Am. Soc. C. E., vol. 59, 1907-) A straight line indicates 
a uniform grading of size. 5: 

In Fig. 14 are given the analysis curves of the same gravel shown in Fig. 13, 
screened to two sizes, and also when recombined in proportions of 66% 
coarse to 34% fine. The dotted line shows the ideal mixture, according to 
experiments by Fuller. This line consists of a straight line tangent to an 
elliptical curve, the point of tangency having an abscissa equal to one-tenth 
the maximum size of stone and an ordinate equal to about 30 to. 33%. This 
signifies that the aggregate should be uniformly graded from the maximum 
size down to a size one-tenth of this, and that the amount of material finer 
than this size should equal about 30% of the total, The exact proportion of 


, 
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the finer aggregate depends upon the closeness of packing of the coarse 
material and somewhat upon the proportion of cement used, a large propor- 
don of cement replacing a part of the fine sand. Including the cement the 


Percentage 


A ca a CP) 
Diameter of Particle in Inches 


Fig. 13. Mechanical Analysis of Two Sizes of Aggregate 


total amount of fine material must be sufficient to fill the voids, which, with 
the graded mixture assumed, is about 38%. 

Aggregates of unsuitable proportions may be studied in this way, and rh 
screened to two or more sizes and remixt so as to give a resulting aggregate 
requiring a minimum amount of cement. : 


. 


100; 


ES 


Percentages 


Diameter of Particle in Inches" 
Fig. 14. Effect of Combining Two Sizes of Aggregate 


Proportions Used for Various Classes of Work are about as follows: 
Foundations, and structures requiring mass rather 


than strength... ..- bs: Bicena pane fion oSE 09+ Sn E33 Meenden 78 
Structures requiring greater strength, such as piers, 

abutments and massive reinforced work....-.-.. 1:2%:5tor:3 :6 
Tanks, buildings, thin walls and reinforced concrete; 

also impervious construction.............------ I:2 :4tor1:2%ys4% 
Reinforced columns and parts requiring. extra 

strength... .. RSS Ah SEES SR aN a ee BST 3.280 hei 


Cinder Concrete may properly be used for filling vacant spaces, for fire-proofing 
and for certain parts of ‘structures in which the stresses are very small. Owing to the 
variable and unreliable character of the material it cannot be recommended for structures 
in which strength is the controlling factor in the design. The proportions commonly 
used are 1:1: 3 and 1: 2: 5. 


ng age 
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The Weight of Concrete of the usual proportions will vary from 140 to 
is0 lbs per cu ft, depending upon the degree of compactness and the specific 
gravity of the materials. Variation of proportions will effect the weight but 
little if the proper ratio of sand and stone be maintained, but a wet con- 
crete when dried out will weigh less than a well-compacted concrete contain- 
ing originally less water. The average values are about as follows in pounds 
per cubic foot: 


Limestone or gravel concrete...... ed Ashi see . 142 to 148 
PERI PUCROLC Ge, Ue oa cle ie ee ces och oolhag hens 148 to 155 
Cinder concreté.......6..0005 UN 2 vo: chautgar papi ae 110 to 115 


10. Strength of Concrete 


The Compression Specimen. The compression test specimen is prefer- 
ably made in the form of a cylinder 6 to 8 in in diameter and about two diam- 
eters high. Formerly the cube of 4 in to 12 in in size was the standard form but, 
since the introduction of reinforced work a study of the elastic properties 
of concrete has become of increased importance and for this purpose a pris- 
matic specimen is preferable to the cube and is largely used. The results of: 
tests are not appreciably affected by size of specimen if not too small, but 
it should be large enough to give a fairly homogeneous material. Small speci- - 
mens are apt to show greater variation and somewhat lower values than large 
specimens. The larger the stone the larger the specimens should be. The 
compressive strength of the cylindrical form is about 80% of the cube form. 
The standard age for testing is usually 30 to 60 days, the latter being prefer- 
able and giving 75 to 80 per cent of the strength at six months. 

In the preparation of compression specimens great care must be taken to 
secure smooth and parallel surfaces at bottom and top, preferably by means 
of a thin coat of cement. The specimens should be molded on smooth bases, 
and it is advisable to place on the top a block of cast iron or steel carefully 
leveled up and allowed to femain until the concrete has set. This is of especial 
importance in column tests. Molds may be of wood, but for a large amount 
of work cast-iron molds, made to separate on a diagonal ot a diameter, are better 
‘and quité inexpensive.” 


The Compressive Strength of Concrete depends primarily upon the rela- 
tive proportion of cement in a unit of volume. A given quantity of cement 
is, howeyer, more elfective the less the voids to be filled, so that it may be said 
that the strength varies directly with the amount of cement and inversely 
with the percentage of voids in the mixture of aggregates. It depends also 
to a considerable extent upon the amount of water used, upon the character 
of the aggtegate and upon the quality of the cement, altho the last named 
element is probably the most constant and reliable of all the factors involved. 


Fig. 15 gives the results of a study of a large number of compression tests 
of concrete and mortar. The average curve represents what may reasonably 
be expected under favorable conditions, for stone or gravel concretes in which 
the aggregates are fairly balanced so that the remaining voids are not exces- 
sively high. ~The consistency is assumed to be rather soft, such as is the prac- 
tise in most construction and especially in reinforced work. The minimum 
and maximum curves are not infrequently reached under conditions favoring 
extreme results. 


For the common proportions used in practise it may be concluded that under . 
reasonably good conditions as to character of material and workmanship an 
average strength of about 2000 Ibs per sq:in may be expected of a 1: 2:4 


\ 
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concrete 1a 30 to 60 days, on cylindrical specimens, the rate of hardening 
depending upon the consistency and the temperature. For 1:3:6 concrete — 
a strength of about 1600 lbs per : 

sq in may be expected. Poorer 5000 
results will be obtained from 
poor material or poor workman- 
ship, but better results may also 
be had where the conditions are 
especially favorable. 

Results of Individual Tests. An 
important series of tests is that made 
at the Watertown Arsenal for Mr. 
George A. Kimball, Chief Engineer 
of the Boston Elevated Railway 
Company (Tests of Metals, Water- 
town Arsenal, 1899.) The concrete 0 
was made of five brands of portland ~ Pa) a £ & 5 10 B 


cement, coarse, sharp sand and brok- ane Ped i re Fp oie saat 
en stone up to 21-inch size, having tttalael a Cet i eda gibi 


49.5% voids. The concrete was well Fig. 15. Compressive Strength of Mortar and 
‘rammed into the molds, water barely Concrete at One Month’ 

flushing to the surface. The speci- 

mens were buried in wet ground after being taken from the molds. They were in the 
form of 12-'n cubes. The average results were as follows: 


Pounds per Square Inch 


Compressive Strength of Concrete 


Strength, pounds per square inch 
Mixture Brand of Cement 


Average...) ... 

The following are average results obtained on 6-inch cubes in the laboratory of the 
U. S. Geolog. Survey. (Bul. No. 344, U. S. G. S.; 1908.) The concrete was machine- 
mixt and of medium consistency. 5 
The strength of cylindrical 

Compressive Strength, specimens of 1:2: 4 concrete” 
; pounds per sq in as determined from a large num-_ 
Aggregate ber of tests made at the Univer- 
Onell, Phree Six sity of Wisconsin in 1907 was as_ 
Month | Months | Months follows: Twenty-five cylinders 
- ——____ |__|]. ro in X24 in, of machine-mixt 
.Granite.. - 3156 4992 4949 concrete, 30 days old, gave an 
Gravel 3547 4989* | 4808 average strength of 1940 !bs per 
Limestone. .......-- 2975 3939 3896 sqin. The sand was fairly fine, 
TT J and specimens were cured in air 
* Mixt damp consistency. ; dele 


i 
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but kept moist by sprinkling. Further tests of 44 similar specimens in 1908 gave an 
average value in 60 days of 2150 lbs per sq in. The consistency was soft, such as is 
suitable for reinforced work, but not excessively wet. 


The Increase of Compressive Strength with Age is shown by the results 
above given and also by Figs. 10, 11, “Art. 7. At 60 days the strength of port- 
land-cement concrete is a large fraction of its ultimate strength, being generally 

‘from 80 to 90% of its strength at 1 year. At 30 days the strength is consider- 
ably less, and is more variable, depending to a greater degree upon temperature 
and consistency. 

Effect of Consistency. In general a somewhat stronger concrete will 
be secured when mixt fairly dry, and thoroly tamped until moisture appears 

‘on the surface, than if more water 1s used. A wetter consistency is found 
|to give better results in practise and is necessary for reinforced work. Wet 
concrete will show a lower strength than dry concrete, especially for the earlier 
periods, but the difference becomes less with lapse of time, and a fairly soft, 
plastic concrete will acquire about the same strength as dry concrete within 
three or four months. A very wet concrete will, however, continue to be 
somewhat weaker than one containing less water, and while such a concrete 
may, on the whole, be desirable, its deficiency in strength as compared to 
maximum values should not be overlookt. 


The following average results of a large number of tests made for G. W. Rafter (Tests 
of Metals, 1898) show the relative strengths of dry, plastic, and wet concrete at the age 
of about twenty months. The dry mixtures were only a little more moist than damp 
earth and required much ramming; the plastic mixtures required a moderate amount of 
ramming to bring water to the surface; the wet mixtures quaked like liver under moderate 
Tamming. Five brands of cement were used. 


Consistency Mean Compressive Strength 
2348 lbs per sq in % 
2203 tbs per sq in 
AT Again t ot lat GODDD eon Eo ope poe TE 2129 lbs per sq in 


The following results were obtained by tests made at the University of 
Wisconsin on cylinders of 1 : 2 : 4 limestone concrete. 


Compressive Strength, 


Percent Ib per sq in 
Consistency water by 
‘i weight 
14 days 70 days 350 days - 

6 1774 2635 4000 
7 1945 3126 4320 
8 1709 2927 4500, 

10 1283 2578 30790 


Effect of Size of Stone. With equally good grading of size, the actual 
| size of stone has little if any effect upon the strength of the concrete. Gen- 
| erally, however, a small size is less well graded, and grades less favorably with 
the sand than a larger size, and therefore gives somewhat less strength. To 
insure maximum strength the maximum size-of stone should be as large as 
convenient to use. The tests quoted in the next paragraph show a marked. 

effect of size of stone for the sizes less than r inch, 
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Tests by Wm. B. Fuller relative to effect of size of stone gave the following results 
on r : 9 concrete (Trans. Amy, Soc. €. E., vol. 59, 1907): 


ee Average Modulus of Average Compressive 
PRE Rupture at 9o days, Strength at 140 days 
Stone, | 
inches |Lbs persq injRatio to Max|Lbs per sq in|Ratio to Max} 
2% 252 1.00 1391 1.00 
I 229 0.91 1153 0.83 
% 189 0.75 1008 0.72 * 


Gravel vs. Broken Stone. Tests generally show that broken stone makes 
a somewhat stronger concrete than gravel of the same proportions. Tests 
_by E. Candlot using gravel. with 40% voids, and broken stone with 47.4% 
voids and of 114-in maximum size, showed an average excess of crushing 
strength of 20% for the broken stone over the gravel concrete for t-month and 
6-months tests. At the end of the year the average difference was 9%. ; 

Tests at the Watertown Arsenal gave the following results, using broken stone and 
pebbles of a uniform size. The broken stone was trap rock and the proportions used were 
1:1: 3, the tests being made on 12-inch cubes. (Tests of Metals, 1898.) 


Broken Stone 


Crushing Strength, 


14-inch ... 


R,-inch . .. 


tinch.!.. 


| 11-inch .. 


24-inch . .| 


- Effect of Strength of Aggregate. If the strength of the coarse aggre- 
gate is too low it will reduce the strength of the concrete, but whether this 
result follows depends also upon the richness of the mixture. The fracture 
of rich concretes is likely to be thru the stone, in which case a stronger stone 
will give greater strength, altho not in proportion to the strength of the stone. 
If the fracture occurs around the stone then no further increase in strength 
of stone will produce any effect. Since the strength of sound limestone is 
- generally above 10 000 Ibs per sq in, and granite and trap still higher, the 
strength of stone is usually ample and need not be considered. Sandstones 
average much lower, some being very soft and friable. Cinders are still 
weaker and give a weak concrete. Other material, such as broken brick, old 
concrete, etc., should be investigated relative to strength before being utilized. 


Art. 10 Strength of Concrete * 509 
: Effect Of Mica upon the Strength of Mortar: The presence of riica 
in sand is very objectionable, as it increases the voids and greatly reduces the 
" strength of the mortar. Results 
ee iE ied Honan £ of tests by. W. A. Willis on x : 3 
5.8.8 8 8 8 3.8 8 g .mortdr, in which sand was used 
containing varying percentages of 
mica, are given in Fig. 16. (Eng. 
News, Feb. 6, 1908.) 

Strength of Plain Concrete 
Columns. The strength of con- 
crete in the form of short columns, 
of lengths up to 10 or 15 diame- 
ters, is from 10 to 20% less than 
: that of short prismatic specimens. 

Fig. 16. Effect ae on Tensile Strength For such ratios, however, the 

Mortar : effect of length is so small that no 
law relative thereto is observable in the results of tests. 


In the following table are given results of tests made at the Watertown Arsenal (Tests 
* Metals, 904, 1905), All columns were 8 ft high and ranged from ro in diameter to - 
aesny The age of the concrete ranged ftom 5 to 8 months. . 


Crushing Strength, Ibs 
per sq in 
ind of C 
Kind of Concrete Results of Tas ks 
dividual Tests * | qi 188 
| Strength 


4665 
3070 
2377 
1362 
to60 
: 2 (pebbles). 1622 
: 2 (trap rock). 3900 
: 4 (pebbles). 1608 


2 4 (trap rock) ! 1718 


16 (pebbles)...4....-.-. 


: 6 (trap rock).... 


| n:2: 4 (cindets)...2....02.. 
| : 3:6 (cinders)... 


* Where two lines of values are 
Average | seven those in’ the first line are Te: 
i pireneih, sults obtained in thé 1904 'séries, those 
Rounds . in the second liné are from the 1905; 
Ween SOL cgehieds 
2300 «|. A. N, Talbot obtained the results 
1740 |, given in the adjacent table on col- 
2025 umns 12 in'in diameter and ro ft long 
2710 r (Bul. Uniy. of Tll., No. 20, 1907), 
TO3Zo Y 
575) 
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Tests by M. O. Withey gave the results in the table below (Bul. Univ. of Wis., 1909): 


Compressive 
Strength of 
Small Com- 


Size of Column 
ats Average 


Kind of Con- No. of | Strength, mae 
‘ crete Tests saa Specnneae 
Cross-sec. per ad pounds per 


sq in 


2360 
2230 
2410 


Tensile Strength. Tensile tests of concreté are difficult to make. The 
specimen should be as large as practicable and made in the form of a prism 
with gradually reduced section at the center. The specimen may be held by 
means of rods embedded therein, which should be centrally placed and pro- 
vided with link joints so as to avoid bending stresses. 


The tensile strength is generally from one-tenth to one-twelfth of the com- 
pressive strength, but this ratio varies considerably. The character of the 
material and workmanship has probably a greater influence upon the tensile. 
strength than upon the compressive, The tensile strength of well-made 
concrete is about as follows: 


Te 2 tA Concrete Lic ep icstak < ---- 175 to 250 lbs per sq in 
HF Zp36, concrete!) sues: +--+ 125 to 200 lbs per sq in 
Tests by W. H. Henby gave the Compressive 
results shown in the adjacent table i Strength, 
(Jour. Assn. Eng. Soc., Sept., 1990): Ibs per sq in 
Tests by W. K. Hatt gave the results §§ |_———— = 
shown in the table below (Jour. Assn. fa: 3000 


Eng. Soc., Sept., 1900): 


Kind of Concrete Age, days 


3° 
90 
28 


90 
28 


Tests by Ira H. Woolsen on 1: 2: 4 mixtures 5 to 7 weeks old gave an average tensile 
strength of 161 lbs per sq in, compared to 1753 lbs per sq in compressive strength. © 

A.N. Talbot obtained values for x : 3 : 6 concrete from 50 to 84 days old of 178, 160, 
and | 17o lbs per sq in. (Bul. Univ, of in. No. 1, 1904.) 

Transverse Strength. For transverse tests the specimens shania be as_ 
large as 6 in x 6 in in section in order to secure homogeneous and represent- 
ative material. The modulus of rupture determined in a transverse test will 
be nearly twice the strength of the concrete in tension. 

Average results of a large series of tests by Wm. B. Fuller on 6-in x 6-in pee 33 to 

35 days old are shown in the left-hand table on the following page. Average ‘results — 
of a series of tests mnie by H. You Schon, on beams 6 {op X 6 in in eit ing ic $0 
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days old, made from 1-in'to 11-in stone are shown in the right-hand table below. 
(Trans. Am. Soc. C, E., Vol. 42, 1899.) © 


Average Modulus 


Modulus of of Rupture, ; 
Rupture, P Ibs per sq in 
Ibs per sq in 


Mixture 
(by weight) 


Sandstone | Granite 
Aggregate | Aggregate 


439 

380 ae Wass a alsin 

285 t! sige 176 3490 

226 : : 200 353 

239 : : 275 385 
. 4 320 402 


Results of tests by the U. S. Geolog. Survey on beams 6 in 6 in in section are given 
below. The concrete was of medium consistency, and each result is the average of three 
tests. (Bul. No. 344, U. S. G. S., 1908.) 


Modulus of Rupture, pounds per sq in 
. Aggregate ooo 
One Month | Three Months] Six Months 


Granite... atnacoeseeE 


Shearing Strength. The shearing strength of concrete as: stated by 
various authors and experimenters varies widely, due mainly to variation in 
methods employed and in the use of the term itself. It will here be used to 
denote the strength of the material against a sliding failure when tested as a. 
rivet or bolt would be tested for shear; that is, when the maximum esta) 
‘stresses are confined to a single plane. 

Tests made under the direction of C. M. Spofford on cylinders 5 inches in diameter 
_ with ends securely clamped in cylindrical bearings gave results as follows: . 


Ratio of 
Shearing to 
Comp. 
Strength 


* 63 


Tests made at the University of Illinois on rectangular specimens tested in a similar 
manner gave the following average results: 


Ratio of 
Shearing to 
Comp. 

* Strength 


Shearing | Compressive 
Strength, 
Ibs per sq in | Ibs per sq in 


344 


Tests made by punching thru plates gave shearing strengths varying from 37 to 90% 
' of the compressive, the value depending upon the form of the ‘test-piece. (Bul. No. 8, 
Univ. of Ill., 1906.) ; 


, 
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Tests by M. Feret of mortar prisms gave results for shearing strength equal 
to about one-half the crushing strength. Considering that the ordinary 
crushing failure is really a failure by shearing, a theoretical consideration of 
the question indicates that the shearing strength per unit area is approxi- 
mately equal to one-half the crushing strength as usually stated. It may 
then be concluded, both from theory and from tests, that the shearing 
strength of concrete, in the sense here used, is nearly one-half the crushing 
strength. It is in fact so large that it will need to be considered only in 
exceptional cases. 

“Shearing stress” and ‘‘shearing strength” are med by some authors with 
reference to the combined shearing and tensile action which occurs in the 
web of a beam. In the case of a material like concrete, which is relatively 
weak in tension, failure of web occurs by tension, at yalues about equal to 
the tensile strength of the material. it this is considered as a shearing failure, 
then the shearing strength is about the same as the tensile strength deter- 
mined by a transverse test. It is on this basis that shearing strength is fre- 
quently given as equal to but 11% to 2 times the tensile strength. : 

Compressive Strength of Natural~Cement Concrete. The compressive 
strength of natural-cement concrete of various proportions is given approxi- 
mately by Fig.15. The values given represent average results. 

Strength of Cinder Concrete. The following table of results indicates 


fairly well the strength of cinder concrete. The age of the specimens varied 
from 30 to 100 days, (Tests of Metals, 1898.) 3 


Average Crushing Strength, | 
Tbs per sq in 


Three 


Cement i One Month foals 


1540 2050 

1098 1634 
904 1325° ~ 
724 1094 
§29 788 


11. Elastic Properties of Concrete 


-The Elastic Limit. Concrete like other non-homogeneous materials 
does not possess such perfect elasticity under low ‘stresses as do steel and 
many other metals. In:a:compressive test small permanent deformations or 
set will occur at comparatively low loads, and ‘the:stress-deformation diagram 
will be slightly curved almost from the beginning as represented in Fig. 17. 
Unless the load be excessive a repetition of the load will cause the material - 
to become more perfectly elastic and the subsequent diagram will approach a 
straight line up to the amount of stress which is repeated. 

The elastic limit of concrete is, for the reasons above mentioned, not well. 
defined. In the usual sense the material has no well-defined dlastic limit. 
There appears to ‘be, however, ‘a limit to the stress which can ‘be repeated — 
indefinitely without continuing to add to. the deformation, and this limit 
may be taken as the elastic limit for practical purposes. From experiments 
by Bach and others, this limit appears to be from 50 to 60% of the ultimate 
strength. 
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Modulus of Elasticity in Compression. Since’ the material is not per 
ectly elastic the modulus of elasticity is SOmewhat indefinite. Howeve;, 
or most purposes, the modulus is used in connection with total deformations 
from the initial unloaded condition, and it is therefore 
desirable to calculate its value on the same basis. On 
this basis it is equal to the stress per unit area at any 
given load, divided by the total deformation per unit 
length for -such load. Graphically the modulus for 
stress DB (Fig. 17) is the ratio of the stress DB to the 
deformation OD. If the permanent set OC is first 
deducted from the elongation OD the resulting modulus 
will be considerably higher. 


if 


~ 
sols 


' 
) H The value of the modulus of concrete varies greatly, as 
(6) D determined by different experimenters and for different kinds 
Fig. 17 of concrete. As-a rule the denser and older the concrete the 
higher the modulus. For working loads the modulus of ordi- 
ary concrete ranges eae 2.500000 to 3500000 lbs per sq in, depending upon the 
xixture and age of the concrete. 

Among the most careful experiments are those by Bach. (Zeit. V. dt. Ing., 1895.) The 
ollowing are some average results: The specimens were 25 cm in diameter and roo cm 

igh, and were from three to four months old. 


Modulus of Elasticity, lbs per sq in 


: Based on 

; Based on Elastic Defor- 
d Kind of Concrete i Seas . Total De- 
formation 


At 114 Ibs At 570 Ibs At 570 lbs 


per sq in per sq in per sq in 
1:216:5 Girolen st Stone)! Se yee eis= = 35 5 4 660 000 3 590 000 3 440 000 
1:21: 5 (gravel) £ 3 170 000 2 520000 2 200 000 
7273916 (broken stone). s5. S0Le 220). Ae 3 870.000 2.990 000 2570 000 
BiieGl(RPaVEl isk 0. Lee. ash asae-% 3.000 000 2,240 000 2 110 000 | 


Average values obtained -in tests made at the Watertown Arsenal (1899) were as 
slows: These results were calculated by using the total deformation minus the set. If 
1e total deformation be used the values would be reduced in most cases 10 to 20 %. 


Modulus of Elasticity between Loads of 
roo and 600 lbs per sq in, based on 


Kind of Elastic Deformation 


Concrete 


7 to 10 Days 3 Months 


3 650 000 
I 970.900 3 210 000 


The Modulus of Elasticity of Cinder Concrete has been determined at 2 540 000 
)s per sq in for 1: x : 3 concrete and 1 400 ooo lbs per sq in for x; 2 : 4 concrete. 
“Modulus of Elasticity in Tension. Bach found for 1:4 concrete an 
verage value of the modulus of 3 800 ooo lbs per sq in at a stress of 80 lbs ~ 
er sq in, and 3 100 000 at a stress of 135 Ibs persqin. The ultimate tensile 
rength was 185 Ibs per sq in. The modulus in compression for the same 
oncrete was 3 850 000 at 80 Ibs per sq in. (Mitt. tiber Forsch. a. d. Gebeit. 


es yin 1907, Heft aaa 


| 
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W. K. Hatt determined values from 2.000000 to 5 000000 Ibs per sq in, | 
which were generally about equal to the values in compression. (Proc..Am. 
Soc: Test. Mat. +» 1902. ) These and other tests indicate that the initial moduli 
in tension and in compression are about the same, and as the working limit 
in tension is very low they may be assumed as equal. 


Coefficient of Expansion. Experiments by W. D. Pence (Jour. West. Soc. — 
Eng., Vol. VI, 1901, p. 549) on 1: 2: 4 concrete gave an average value of 
the coefficient of expansion of o.oo00055 per degree Fahrenheit, there being — 
little variation among the several tests. Tests made at Columbia University — 
on rt: 3: 6 concrete gave values of about 0.0c000065. Other experiments give - 
somewhat higher results. A value of 0.000006 may be assumed. . 


Contraction. and Expansion in Hardening. Results of experiments 
show that generally when mortar or concrete is hardened in air there will 
be more or less shrinkage, but when hardened in water there is likely to be | 
some swelling, altho the results in this respect are not entirely consistent. 
The richer the concrete, the greater the change in dimensions. The shrinking ~ 
appears to be due primarily to the drying out of the concrete, and nearly the 
same degree of shrinkage occurs when a concrete hardened in water is dried 
out. The amount of shrinkage has been found to be from 0.02 to 0.04% for — 
I: 2: 4 concrete. 


12. Preparation and Storage of Materials 


Storage of Cement In order to allow ample time for inspection and 
testing it is necessary on al] important work to store the cement for a period — 
of ten or twelve days. Storehouses must be weather-tight and have tight 
floors placed well above the ground. Each carload should be stored sepa- 
rately so as to permit convenient access for sampling, counting of packages 
and removal. If kept dry, cement will not be injured by long storage, on the 
contrary, a period of storage diminishes the danger of unsoundness. 


Screening of Sand and Gravel may be done by hand or by machinery. 
Hand screening is adapted to small jobs and light work as, for-example, where — 
a small amount of gravel is to be screened out of sand. Screening of gravel, 
or of sand containing large amounts of coarse material, can be done much more 
cheaply by mechanical means, using either fixt screens placed on an incline 
or revolving screens. The fixt screen is suited to locations where the natural — 
topography supplies the necessary elevation and where power is not conveniently 
had. Revolving screens are the most efficient and economical for large quan- 
tities. The material is conveyed to the screens by bucket elevators, and from 
the screens it passes to bins provided with convenient gates for loading. Slopes 
for bins should be made about 45°. 


Washing of Sand or Gravel may be necessary. Gravel is sometimes coated 
with a film of clay which if not removed will greatly reduce the strength of the 
concrete. Sand having over 5% of clay or loam should generally be washt. 


A method of washing, suitable for small quantities, is to shovel the sand 
into a sloping V-shaped box and wash by means of a hose. The clean sand 
may be drawn off at the bottom by means’of a gate. For large quantities 
of niaterials a combination of ejector and sloping trough has been used success- 
fully for washing filter sand at Yonkers, N. Y. As high as 10% of silt and clay, © 
together with a large amount of coarse gravel, was removed in one ‘opcration 
using a trough 54 feet long. Water was forced in at the lower end thru 
three 3-inch pipes supplied by a centrifugal pump. The washer handled 


’ 
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| 200 cu yds per ro hrs (Eng. Record, vol. 59, 1909, p. 805). The cost of wash- 
| ing, including handling, will range from roc to 25¢€ per cu yd. 

| Stone Crushing. Crushers are of two kinds, the jaw crusher and the 
|\gyratory crusher. The former is better adapted to small or portable plants, 
while the latter is generally used in large stationary plants. A convenient 
size of jaw crusher for a semi-portable plant is about 10 by 16 in. This 
will crush from 50 to 100 cu yd per day, depending upon the character of the 
stone and size desired. Revolving screens for broken stone are made in 
Sections from 3 to 5 ft long, and of a diameter of 2 to 4 ft. For concrete, 


lonly two sizes are needed, the maximum size and a %4-in screen to remove 
‘the dust. 


The Cost of Quarrying and Crushing varies greatly with the nature of 
\the stone and the size desired. A. J. Noyes gives the cost of quarrying and 
crushing hard trap rock as 9o0c per cu yd, not including interest on plant. At 
the same place the cost of crushing trap cobble stones was 45 cents per 
cu yd. The cost of quarrying and crushing limestone will generally range 
from 50 to 75c per cu yd, including plant charges. 

- The Cost of Hauling Broken Stone may be estimated on the basis of 
2 to 2% cu yd per load for paved streets, and x to 14% cu yd for country roads 
with no steep hills. A team will travel 2% miles per hour. About 5 min 
per load is required for loading and the same for dumping. An estimated — 
rate of 2 miles net per hour will approximately cover delays at both ends. 


Water used in making concrete should be free from-oil, acid, strong alka- 
lies or large amounts of vegetable matter. 


13. Mixing of Concrete 


Measurement of Materials. Cement is measured by counting the bags, 
assuming a standard volume per bag or barrel. The standard recommended 
is 3.8 cu ft per bbl or 0.95 cu ft per bag. Sand and stone are very commonly 
measured in barrows, but this method needs careful watching to maintain 
uniform conditions. The barrows should be relatively deep and of uniform 
size. Their capacities should be determined in cu ft by actual measurement 
of the heaped-up contents in a barrel or shallow bottomless box. The cement 
being then measured by the bag, the results are likely to be satisfactory, as the 
most important element (the measurement of cement) is guarded. Where 
‘accurate results are desired, and especially with three or more sizes of aggre-- 
gate, the use of a bottomless box 8 to ro in deep is recommended. 


Hand Mixing. As the strength of the concrete is very largely dependent 
upon the.thoroneéss of mixing, much care is needed in this part of the work. 
Concrete may be mixt as thoroly by hand as by machine, but the process 
is laborious and expensive and such results are not likely to be secured unless 
special and constant attention is given to the work. 


In hand mixing the sand‘and cement should be thoroly mixt dry, fine sand 
requiring much more work than coarse. After this is completed the mixing 
in of water and stone may be accomplished in various ways, generally the 
‘water being partially mixt with the sand and cement before the stone is 
ttadded. After the stone is added the entire mixture should be turned not less 
(than three times, and an improvement in quality will result by further turning. 
(Care is required to prevent separation of cement by too rapid flushing. The 
(mixing platform should be water-tight. Thoro mixing will produce a more 
)plastic concrete with a given amount of water than inadequate mixing. 
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Quantities of Material for One Cubic Yard of Compacted Concrete 


Based on 3.8 cu ft per bbl of cement. Sand and stone measured loose 


Proportions by Volume Ratio: Quantities of Material 
Mortar = : gana S : 
"ae ement, and, tone, 
Cenient Sand Stone Stone Bbls Cu Vds Cu Yds 
11% 0:98 3.10 0.44 0.65 
2 0.72 2.75 0.39 0.78 
I . 2% ‘0-58 2.48 7 0.35 0.88 
3 0.48 Ze 0.32 0.95 
3% 6.42 2.05 0.29 I.OL 
aiper 6.92 2.40 O.51 0.68 
2% 0.73 2.20 °° 0.47 0.78 
t 11 3 0.61 2,00 O.42 0.85 
31% 0.53 1.85 0.39 0.91 
4 0.46 1.72 0.36 0.97 
3 0.74 1.85 0.52 0.78 
31% 0.63 1.72 0.49 0.85 
I 2 A) 0.55 1.60 0.45 0.90 
4h 0.49 1.48 0.42 0.94 
5 0.44 1.39 0:39 0.98 
3% 0.95 1.60 6.56 0.79 
4 0.66 1.48 0.52 0.83 
Ay 0.58 1.38 0.49 0.87 
z 24% 5 0.52 1.30 0.46 0.91 
514 0.47 I.22 0.43 0.95 
6 0.44 1.17 0.41 0.99 
4 °.75 1.40 0.59 0.79 
AN 0.67 1:30 0.55 0.82 
5 0.60 1.22 0:52 0.86 
I 3 514 0.55 1.16 0:49 0.90 
6 0.50 1.10 0. 46 0.93 
614 0.46 1.04 0.44 0.95 
q 0.43 1.00 0.42 0.99 
5 0.78 1.10 0.62 0.77 
6 0.65 1.00 0.56 0.84 
1 4 7 0.55 0.92 0.52 0.91 
8 0.48 0.85 0.48 ©.96 
9 0.43 0.80 0.45 1.01 
9 0.52 °.73 o.51 0.93 
1 5 { 10 O-47 0.68 0.48 0.96 
IL 0.42 0.64 0.45 - 1.00 t 
i 6 { 10 0.55 0.63 0.53 0.89 15 
fe 0-45 0-58. | 9:49 tal OP eal 


Specification for Hand Mixing. Tight platforms shall be provided of sufficient 
size to acconimodate men and materials for the progressive and rapid mixing of at least 
jwo batches of conctete at the same tine. Batches shall not exceed one cubic yard each, 
4nd smaller batches are preferable, based upon 4 niultiple of the number of sacks of 
semetit to the barrel. or 

Sptéad the sand evenly upon the platform, then the cement upon the sand and mix 
thoroly until of an even color, Add all the water necessary to make a thin mortar and 
spread again; add the gravel if used, an«| finally the broken stone, both of which, if « ys 
should first be thoroly wet down, Turn the mass with shovels or hoes until 
incorporated and all the gravel and stone covered with mortar; this will probably 
the mass to be turned four times. 


“a 4 
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Another approved method, which may be permitted at the option of the engineer in 
charge, is to spread the sand, then the cement, and mix dry, then the gravel or broken 
stone; add water and mix thoroly as above. (Am. Ry. Eng. & M. of W. Assn.) 


Machine Mix'ng. Machine mixing is greatly to be preferred to hand 
mixing and should generally be required. Efficient and portable mixers of 
various sizes are so readily obtainable and operated that hand mixing need 
seldom be resorted to. In machine mixing all the materials, including the 
water, are generally introduced at once without intermediate mixing, but 
better results are likely to be secured, even with machine mixers, by first 
mixing the materials dry. It is desirable to regulate closely the amount of 
water per batch, as better results can thus be secured, and, with machine 
mixing, this can very readily be done. 

Tests of the relative strength of concrete mixt by hand and by machine, 
made at the University of Wisconsin by M. O. Withey, showed a marked superi- 
ority of the machine-mixt over the most thoro hand mixing, this difference 
amounting in many cases to 25% and reaching as high as 50%. 

Machine Mixers are of two general types, (1) the batch mixer and (2) the 
continuous mixer. In the batch mixer the proper amounts of material for a 
single “‘ batch ” of concrete are placed in the mixer and the contents are then 
mixt either by means of moving paddles or blades, or by the rotation of the 
receptacle itself, in which are generally placed deflectors to aid in the mixing. 
In the continuous mixer the operation is continuous, more or less adequate 
provision being made for maintaining the proper proportions of materials. 

The gravity mixer is a type of continuous mixer into which the material is 
introduced at the top and is mixt by striking various obstructions or deflectors 
in its descent. Continuous power mixers utilize some form of screw or paddle 
blades. 

While good results may be secured by sither type, the correct proportions 
are more readily secured in the batch mixer and it is generally to be preferred 
especially for small plants where the supervision is likely to be inadequate. 

The former practise of using concrete of dry consistency and then tamping 
thoroly has generally given place to the. use of-concrete of wet or “ mushy ” 
consistency which requires little or no tamping. Use of excessive water should 
be carefully avoided, as the strength and density of concrete rapidly falls off 
when the consistency is reduced below that which will enable the concrete to 
flow sluggishly in the forms. Segregation of the material is also likely to occur 
if the concrete is too wet. Dry concrete is advantageous for first layers in wet 
excavations.’ 


bi 14. Transporting and Placing Concrete 


Transporting Concrete to Place should proceed promptly, otherwise 
there is likely to be some separation of stone from the mortar, especially if 
made very wet. Danger from setting is not likely. For long distances a 
tramway or cable-way can be economically used. In buildings where the 
concrete is elevated and wheeled on level ways a ‘cart holding 5 or 6 cu ft is 
convenient and economical. For large masses of concrete such as piers and 
abutments a method of placing successfully used is to lift the concrete by 
vertical elevators to a height considerably above the working surface and 
thence to distribute it thru an inclined chute. 

Tamping and Puddling. Dry concrete should he tamped in layers of 6 to 
8 in in thickness. Iron tampers weighing about 30 to go Ibs and having a. 
surface area of 4o to 50 sq in are commonly used. Wet or mushy concrete 
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requires no ramming, but a small amount of cutting or spading with shovel 
or other suitable tool to remove air bubbles and to bring the concrete into all 
corners of the forms and produce a homogeneous mass. To give a smooth 
surface finish the tool should be worked up and down along the forms. A 
common spade is a good tool, but in nartow walls a straight strip of steel 
mounted on a long handle, or a scantling sharpened to an edge, is satisfactory. 


Cost of Mixing and Placing Concrete. The labor cost of hand mix- 
ing and placing soft concrete, requiring spreading but not ramming, when 
the material is convenient and is handled in* barrows, will range from 
$1.00 to $1.25 per cu yd. On large jobs machine mixing will save from 
20.to 30 cents per cu yd. Wheeling long distances adds about 5 cents per 
cu yd for each additional 100 ft. Ramming of very dry concrete may cost as 
high as 30 cents per cu-yd; ordinary ramming costs about 15 cents per cu yd. 


For large quantities of concrete the materials may be handled more econom- 
ically by mechanical means, using bucket elevators or belt conveyors for sand 
and stone and measuring the material in hoppers filled from bins. The 
measured material may be carriedsin cars to the mixer and the mixt concrete 
conveyed in cars ‘or by derrick or elevater to the work. 


Placing Concrete in Freezing Weather should be avoided if prac- 
ticable, but good work can be done if proper precautions are observed. Vari- 
ous means are used to secure this end. The essential requirement is to 
remove the frost from the material and to prevent freezing until the concrete 
is deposited in place. Subsequent freezing does not apparently injure port- 
land-cement concrete except as to surface finish. Structures in which the 

’ surface finish is important must not be permitted to freeze until the concrete 
is well set. 

Freezing of concrete can te prevented or sufficiently delayed by warming the materials 
or by adding salt to the water, or by both means combined. A steam plant enables the 
material to be conveniently warmed either directly by the steam or by means of steam 
coils. The latter is preferable for sand, as it leaves the material in a dry condition. Direct 
heating of sand and stone is conveniently done by means of a heater consisting of heavy 
sheet iron bent to a half cylinder and braced. This is placed upon the ground and the 
fire built near one end. A piece of large sheet-iron pipe forms also-a convenient heater. 

To reduce the freezing temperature by adding salt r>quires‘an amount equal to about 
1% of the weight of water for each degree F. 

In massive walls the risé-of temperature due to chemical action in setting will be 
sufficient to enable the concrete in the interior to set before freezing. so that such walls 
will acquire considerable strength during cold weather. Thin walls if allowed to freeze 
will gain very little strength during continued cold and must be loaded with caution. 

Concrete may sometimes be prevented from freezing over night by a covering of straw, 
manure or similar material. A temporary housing is sometimes employed on important 
work, but such means increase considerably the cost of the work. > 


Protection of Concrete from too Rapid Drying is important, especially 

in the case of narrow sections and reinforced work. Keeping the concrete 
-wet prevents to a large degree contraction in hardening. Specifications 
relative to this point of the New York Board of Water Supply are as follows: 

Every precaution shall be taken to prevent concrete from drying until it shall have 
become so thoroly set and hardened that there can be no danger of cracking from lack | 
of moisture. . . . Concrete shall be kept moist fcr at least two weeks after the removal of 
the forms, or until covered with earth, unless otherwise directed. 

Placing Concrete under Water can be successfully accomplished where 
there is little or no current.. The contact of the concrete with the water does 
not affect the interior of the mass deposited but does wash out some of the 
cement at and near the surface. This detrimental effect should be reduced 
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to a minimum by depositing the concrete in large quantities at a time, and by 
a minimum amount of disturbance of the concrete after depositing and of the 
water adjacent thereto. The concrete should be of such consistency as to 
settle into place by its own weight. This method of placing concrete should 
be used orily for relatively massive work and where great strength is not 
required. Porous and imperfect concrete may be expected around the margin 
of the work, 

In placing the concrete it may be deposited either from a box or bucket opened at the 
bottom or side, or thru a large tube (12 in to 24 in in diameter), called a tremie, resting on 
the deposited concrete below afid extending above the water level. The tube is kept 
full of concrete, which is allowed to escape at the bottom by raising and shifting the tube 
along the working surface. Much care is required to secure a steady movement of the 
concrete, Concrete may also be deposited in bags of cloth or paper. Sometimes very 
large*bags are employed. If loosely filled they will flatten out aiter placing and will 
cement together more or less. g 

Laitance. Wherever the surface of concrete is exposed to the action of water a - 
portion of the cement will be washt out, thus weakening the concrete at that point. 
Accompanying this action there appears also to be a disintegration of some of the cement, 
forming a whitish gelatinous substance called “Jaifance,” which, while of about the 
same composition as the cement, has litile or no hardening properties. Its presence on 
the surface of or adjacent to deposited concrete weakens the bond between old and new 
material. When practicable, laitance should be removed before placing fresh concrete. 
_ Joining of Old and New Concrete. In joining fresh concrete to’ con- 
crete which has become hard, or to old masonry, the old surface should be 
thoroly cleaned of all loose material, dirt, or laitance. A rough surface is 
desirable. If special strength of bond is required the surface should be 
picked rough or cleaned with dilute acid and water and then should be coated 
with a thick coat of rich cement mortar. For impervious walls, a tongue and 
groove joint should be made by setting temporary pieces of timber into the 
wall at the end of the day’s work. Permanent tongues of sheet steel have 
been successfully used for such joints, extending 6 or 8 in into the wall on each 
side. The older and drier the concrete the weaker the joint with the new. 

Contraction Joints should be provided in long walls in order that shrink- 
age from hardening and temperature changes shall not produce unsightly 
eracks. These are generally made by merely forming a smooth vertical face 
on the wall, against which new concrete is not placed until after the old has 
set. This forms a plane of weakness which opens up more readily than 
cracks will form elsewhere. In massive work, such as retaining walls, abut- 
ments, etc., built without reinforcement, joints should be provided approx-_ 
mately every 50 feet thruout the length of the structure. To provide against 
the structure being thrown out of line by unequal settlement, each section of 
the wall may be tongued and grooved into the adjoining section. 

Contraction joints are difficult to make in work designed to be impervious. 

i filling in narrow joints placed at intervals in the 

YY YY, NY concrete. This is not very successful. An effective 

YU YN use of sheet lead folded at the joint as shown in 
Fig. 18 so as to permit longitudinal movement. Ta 
settlement, a joint should be made at all sharp angles. 

Surface Finish of Concrete should be made upon the solid material 

mended. Marking concrete to resemble stone is unartistic and unsatisfactory. 
_ The untreated surface of concrete will show the marks of forms even if they 


4 


A common method used in the construction of reservoir floors is to use asphalt 
method suitable especially for vertical walls is the 

Fig. 18 provide against unsightly cracks, due to unequal 

tself. Plaster coats are not generally durable and are not to be recom- 
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are planed and grooved, but with reasonably close work, and care in seine 
the concrete next to the forms, the resulting appearance is quite satisfactory 
for massive structures. For finer work, or for structures to be viewed at close 
range, some special treatment of the surface is desirable. 


Various methods of finishing are used. One method is to hammer or pick 
the surface before it has become hard so as to give it a uniformly rough appear- 
ance. With a pneumatic tool a laborer can cover so to 60 sq ft per day. 
For fine work the use of a fine aggregate, dressed with a stone hammer, gives 
good results but is more expensive than the use ofthe pick. 


‘Another method successfully used on surfaces accessible to a trowel is to 
fill against the forms with a thin layer of very dry mortar, made of coarse 
granite or gravel screenings. The forms are removed as soon as possible 
and the surface then brushed with a stiff brush. This remoyes some of the 
cement and leaves a rough surface free from marks of forms. The same 
general effect is also obtained by dissolving out some of the cement by apply- 
ing to the surface a wash of dilute sulfuric acid and rubbing with a stiff 
brush. ‘This is then followed up with an alkaline wash and finally washt 
with water. 

The following is a specification for a rubbed finish, satisfactorily used in 
factory construction (Eng. Record, Dec. 28, 1907): 

After the forms are removed, the concrete shall be thoroly wet with a brush and then 
rubbed with a coarse carborundum stone, No. 16, bringing the surface to a lather. After 
this stone has been used sufficiently to take off the rough projections, the lather shall be 
washt off with a brush and the concrete again wet, and then dusted with a mixture of 
dry sand and cement, the proportions being one part of cement to two parts of sand. 
This shall be rubbed into the surface with the coarse No. 16 stone. Care shall be taken 
not to allow any of the mortar to remain on the surface. To give the final finish, a No. 30 
carborundum stone shall be used and the whole surface well rubbed. 

Moldings and ornamental pieces may often be poured of thin mortar, using 
accurately finished molds, or casting in sand. 

Rubble Concrete is concrete in which are embedded stones of large size, - 
handled and placed separately.. Where such stone is readily obtainable, as 
frequently is the case in dam construction, a considerable saving can be effected 
over the cost of ordinary concrete; under ordinary conditions the saving will 
be small if any. This construction is suitable only for massive work where 
the walls are not less than three or four feet thick. ‘The joints,should be at 
least four inches thick and thoroly filled with wet concrete, or the stone sunk 
well into the soft concrete. The size of stone is limited only by ability to 
transport and the width of wall. 


15. Imperviousness 


Impervious Concrete. Concrete may ‘be rendered practically i impervious - 
but success requires much care, Four general methods are employed. 


Use of Rich Concrete. The concrete itself can be made of such density 
as to be practically i impervious under moderate pressures. For this purpose — 
a rich mixture should be used of such proportion of sand and stone as to 
produce the maximum density. The concrete should be of wet consistency 
and well spaded or puddled. Thoro mixing and curing are essential to good © 
results. Proportions of 1: 2:4 will generally give an impervious mixture, 
and, with well graded aggregates, a somewhat leaner concrete can be used. © 
Cracks must be prevented and an effective bond made between successive day’s < 
work, Good results may be secured by the use of a thin steel plate 4 to 6 ins © 
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wide embedded in the concrete at the junction of successive day’s work. This 
method of securing impervious concrete is generally satisfactory where condi- 
tions can be easily controlled, and where cracks are not likely to form.” 


Use of Waterproofing Materials. Waterproofing by the use of bituminous 
material is frequently employed for floors and walls of underground structures, 
and for bridges and retaining walls where imperviousness is desired. Bitumi- 
nous mastic, or asphalt, may ‘be used alone for horizontal or slightly inclined 
surfaces; but generally it is applied with alternate layers of roofing felt or bur- 
lap to secure it in place and to make a continuous unbroken layer over the 
entire surface. If subject to disturbance or wear the asphaltic coat should be 
placed between layers of concrete. From three to six layers of felt were used in 
waterproofing the New York Subway. ; 

Where a hard wearing surface must be made impervious, a form of bitumen 
emulsion mixt with cement mortar has been successfully used. Brick laid 


in asphaltic mortar is also. frequently used. 


_ Mixing Foreign Matter with the Concrete. Various materials may be 
mixt with the concrete to reduce its porosity. There are many patented 
materials on the market for this purpose which possess more or less merit. 
Hydrated lime is a good material to employ for this purpose, and clay will im- 
prove a lean mortar. Tests by S. E. Thompson showed that a water-tight con- 
crete can be made by the use of the following proportions of dry hydrated lime, 
based on the weight of the dry cement (Am. Soc. Testing Materials, 1908): 


OGLE. $02” t,.A) CORGLELEs we oe soc oa<ie 8% hydrated lime, : 
Per Te 2'ais ih GORCTE Css). icc < se 12% hydrated lime, 
taehe.2) eesti OUGONCLCLCS wrens seictats ose 16% hydrated lime. 


The permeability of an 8-inch wall under a pressure of 60 lbs per sq in is 
shown in Fig, 19. Tests quoted in Art. 10 show that the strength of the 
concrete is little affected by the use 
of such proportions of lime. 


Alum and soap, used either as a 
wash or mixt with the concrete, will 
aid in rendering concrete impervi- 
ous, The proper proportions are 
2.2 partssoap to1 partalum. This 
mixture may be dissolved in the 
water used in mixing up to 2 or 3%. 
While the concrete is rendered more 
impervious by this process, itis also 
somewhat weakened. In the Syl- 
vester process alternate washes of 

Percentage of Hydrated Lime to Cement alum and soap solutions are applied 

to the dry surface of the concrete, 

Fig. 19. Effect of Lime on Coes DLL, the soap solution being hot. Each 
of Cement 

is allowed to dry before the next 


coat is applied. _ By applying several pairs of coats very good results may be 


obtained, 

Plastering. with Rich Mortar is effective, pragtidl cracking can be 
prevented... This is very difficult to accomplish. unless the plaster is applied 
to the concrete before it is set, as the variation in temperature and moisture 
between concrete and plaster is almost certain to.cause a separation. Struc- 
tures which will be permanently submerged or moist may be plastered, 
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16. Durability of Concrete i 

Effect of Fire. Severe fire tests show that when concrete is subjected 
to the temperature of red-hot iron (about 1700° F.) for three or four hours 
and then is quenched by hose streams, it is likely to show pitting, but that 
it will still offer a sufficient protection to steel encased by it. In the Balti- 


more fire of 1904, the value of concrete as a fire-proofing material was fully . 


demonstrated. C. L. Norton of the Insurance Engineering Experiment 
Station, after a careful study of the damage done by the fire, states as follows: 
“Where concrete floor arches and concrete steel construction received the full 
force of the fire it appears to have stood well, distinctly better than the terra- 
cotta.” (Eng. Record, June 2, 1904.) The reason for this he considers 
to be the fact that terra-cotta expands about twice as much as steel, while 
concrete expands about the same amount. Little difference was observed 
between stone and cinder concrete. 


In a report of a committee of members of the American Society of Civil 
Engineers on the effects of fire in the San Francisco conflagration of 1906, 
similar conclusions were reached as to the value of concrete as a fire-proofing 
material. It was also found preferable to tile for floors. With respect to 
the injury to the concrete itself the committee was of the opinion that it was 
sufficient in many cases to require reconstruction. (Trans. Am. Soc. C. E., 
vol. 59, 1907.) . 

Effect of Acids and Oils. Concrete of first-class quality thoroly hardened 
is affected appreciably only by strong acids which seriously injure other 
materials. When concrete is properly made and the surface carefully finished 
and hardened it resists the action of petroleum and ordinary engine oils. 


Effect of Sea Water. Sea water frequently has a disintegrating effect. 


upon concrete, but the exact conditions which control and modify this action 
are not clearly understood. The sulphates of lime and magnesia appear to be 
the main cause of trouble, but the presence of magnesium chloride seems to 
accelerate the action. For best results, the concrete should be dense and im- 
pervious and allowed to harden as much as practicable before being immersed. 
Concrete continuously submerged is less affected than where alternately sub- 
merged and exposed. Long-time tests and observations indicate that the best 
concrete is apt to be somewhat affected in ten to fifteen years, but that under 


favorable conditions no serious effect may result in forty to fifty years. The — 


use of fine sand is particularly objectionable for concrete of this character. 
If seepage occurs thru the concrete, disintegration is likely to be rapid. 


Effect of Alkali. Many instances have been observed where concrete 
located so as to be partly submerged in alkali water has disintegrated near the 
water line. Sodium salts do not appear to have any deleterious effect, the 
disintegration being generally due to the presence of sulphates, as in sea water. 
Sometimes in sewage tanks the formation of sulphuric acid from the hydrogen 
sulphide is sufficient to affect the concrete. The use of a sand containing alkali 
should be avoided. 

. 17. Forms for Concrete : 

General Requirements. Forms for concrete should be strong and rigid 
and should be tight enough to prevent leaking of the mortar. The material 
should be planed on one side and be of even thickness if a smooth face is 
desired. This is generally advisable for convenience in handling. Material 
which warps readily, such as hemlock or oak, is not desirable. Pine or spruce 
is commonly the best available material. If forms are to be used repeatedly, 
oiling will do much to prevent the absorption of water and shrinkage and 
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will enable them to be removed more readily. For repeated use in built-up 
sections, tongued and grooved material is to be preferred, or the forms may 
-be covered with galvanized sheet steel. The latter is preferable where a 
smooth finish is desired. f 

Pressure of Concrete. The pressure of wet conctcte, such as is fre- 
quently used, will be the full hydraulic pressure of a liquid weighing about 
150 lb per cu ft, until initial 
setting begins. If the forms 
are to be filled before this oc- 
curs they must be designed 
for the full pressure. - If set- 
ting begins while the work is 
in progress, then themaximum 
pressure will be less than the 


full hydrostatic pressure, this 
2000 


Hour 
a 


1 


maximum limit depending 
upon the rapidity of filling and 
rate of setting of the concrete. 
It will therefore depend large- 
ly upon the existing tempera- 
ture. Results of experiments 


Rate of Filling, Vertical Feet per 
~ 
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Fig. 20. Pressure of Concrete : 
maximum pressure of concrete 


are shown in Fig. 20. This diagram gives the maximum pressure which 
occurred for various rates of filling and at various temperatures. ‘The tests 
were made by means of a pressure board g.23 inches in diameter, set into 
the side of a form supporting a large mass of concrete. The concrete was 
made of 1 : 3 : 54% proportions and was very wet, the workmen sinking into 
it about r8 inches, (Eng. News, Sept. 9, 1909.) 

Design of Forms. Either r-inch or 2-inch stuff is suitable for lagging, but, 
excepting for small parts, 2-inch is preferable. One-inch stuff requires sup- 
ports spaced r8 to 24 inapartand 2-inch 
‘stuff a spacing of 4 to 5 ft. Studding 
or joists should be 2 in by 4 in to 2in 
by 5 in for z-inch lagging, and 4 in by 
6 in up to 4 in by 10 in for 2-inch lag- 
ging. Forms for opposite faces of walls 
of ordinary thickness should be.con- |. 
nected together by ties designed to take 
the full pressure. Thus connected, the 
outside bracing need be only sufficient to 
steady the forms as a whole while the 
concrete is being placed. Forms are © 
conveniently connected by wire twisted 
into a sort of turn-buckle for adjust- 
ment. Iron rods fitted with nuts are 
_ Shore readily adjusted. These may be he Senses 
__ past thru small pipes cut slightlyshorter Fig. 21. Form for Fig. 22. ' Sectional 

than the thickness of the wall, which Coping of Wall tone Shear 
are afterwards filled with cement. 


_ Where no cross ties are used the entire pressure must be borne by outside 
_ props placed, generally, as diagonal struts. Great pains must be taken to 
secure the ends of such struts from settlement. For light work, forms may be 
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made up into sections of conyenient size for handling. Where the yertical 
rate of construction is small such forms may be supported entirely joy the 
concrete already in place. An arrangement of this sort adapted to the con- 
struction of a coping is shown in Fig. 21. For high massive walls, the forms 
are conveniently fastened to the concrete itself, projecting upwards i in the form 
of a cantilever as illustrated in Fig. 22. 


Remoyal of Forms. In the case of vertical walls constructed in warm 
weather, forms can generally be removed the second day after the placing of 
the concrete. Cool weather will require an additional day or more of harden- 
ing. Concrete to support loads requires a much longer time to harden, and 
the removal of forms should be entrusted only to skilled supervision. For 
reinforced work this is of special importance. 


18. Concrete Blocks 


Use of Concrete Blocks. Blocks of molded concrete are well adapted 
to the construction of walls that are relatiyely thin or that sustain only light 
loads, such as building walls, walls between reinforced framework, partitions 
and the like. For such purposes solid concrete is not so well adapted on 
account of the expense of forms, the difficulty of securing a satisfactory finish 
and of preventing the formation of unsightly shrinkage cracks. The con- 
crete blocks are generally made of-such shape as to form a wall containing 
hollow spaces, thus increasing the stability and giving a warmer and drier 


wall than one of solid concrete. In general concrete blocks may be used as 


a substitute for ordinary brick or stone masonry in building construction. 


Forms of Concrete Blocks. Figs. 23, 24, 25 illustrate three common 
' forms of hollow blocks. Fig. 24 is known as a two-piece block. In laying 


= —= =: 


=a 
Fig. 23 Fig. 24 
Three Forms of Concrete Blocks 


it, successive courses break joints, thus bringing the heayy central web of an 
cutside block directly over the web of the inside block below, giving a good 
bond to the wall. In Fig. 25 a double air space is provided for the purpose 
of more thoroly preventing the penetration of moisture. ‘To produce a more 
pleasing appearance to the wall the blocks are frequently made of several 
sizes but generally arranged in some systematic manner. 


Cement Brick are sometimes used as a substitute for clay brick. - They are mia 


of about the same proportions of material as concrete hollow blocks. 


Processes of Manufacture. A great variety of molding machines are 
in use for the manufacture of concrete blocks: They vary with respect to 


the method employed for compacting the concrete and the consistency of the 


material used. In one process the material is mixt to a damp, consistency 


and is tamped into the molds either by hand or by pneumatic or mechanical — 


tamper. Other machines use a somewhat wetter mixture and apply pressure 
mechanically. A third process consists in pouring wet concrete into molds. 
In the first two processes the material is sufficiently dry. to enable the mold 
to be removed immediately from the block, but in the last process the ae 
cannot Pe remoyed until the concrete is set. If the tamping method 1s 


=> 
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ployed, care must be taken to'secure a sufficient amount of compacting and to 
avoid the use of too dry a mixture. The ease with which a good-appearing 

| block can be made with dry material and little tamping has led to much poor 

} work by this method. Thoroly satisfactory results may however be obtained, ; 

Casting blocks in sand molds is also used to some extent. It is expensiye, but an 

{ excellent finjsh can be produced by this process, and it is well suited to the molding of 
ornamental parts. 

Materials Employed. The materials for block construction should be 

‘selected and mixt according to the same principles as are applied in mak- 
ing ordinary concrete. A strong and fairly impervious material is desired, 
to secure which requires a proportion of sand not to exceed 2% or 3 parts. 
The coarse aggregate should be of clean broken stone or grayel screened 
thru a 94-inch screen and retained on a ¥4-inch screen. From.3 to 4 parts of 

| coarse aggregate may be used without decreasing the strength of the product, 

| Frequently the coarse aggregate is omitted and as many as 5 parts of sand 
used. This is bad practise and incorrect in principle; the omission of the 
coarse aggregate should not permit the use of increased quantities of fine 
material unless the latter contains a considerable proportion of large particles. 

Surface Finish. The surface is finished in a variety of ways. Frequently 
a facing layer of fine material is used next to the face mold, this becoming 
intimately bonded with the body of the block in the process of filling. Special 
| effort is made to render the face coat impervious. Variety in color may be 

secured by the use of stone screenings of the desired color. For massive work 

_the body concrete makes a satisfactory finish without a special face coat. 
The form of the surface should be determined as a part of the work of the 
architect. Walls of concrete blocks are susceptible of very satisfactory 

| architectural treatment, but the common pitch face finish with blocks of 

uniform size is very unsatisfactory. 

Specifications for Concrete Blocks. The following abstracts from the 
specifications adopted by the National Association of Cement Users cover the 
most important features of the manufacture and testing of concrete blocks, and 

represent good practise: 

| Proportions. For exposed exterior or bealtg walls: (a) Concrete hollow blocks, 

machine made, using a semi-wet concrete mortar, shall contain one part cement to not 

| exceeding three parts sand and to not exceeding four parts stone, of character and size ° 
before stipulated. When the stone is omitted, the proportion of sand shall not be in- 
| creased unless it can be demonstrated in each case that the percentage of voids and tests 
| of absorption and strength allow greater Proportions with equally good results. | (b) When 

| said blocks are made of slush concrete in indiyidual molds and allowed to harden undis- 

is turbed in same before removal, the proportions may be one part cement to not exceeding 
three parts sand and fiye parts stone, but in this case also, if the stone be omitted, the 

, | proportion of sand shall not be increased, except as specified i in (a). 

_ Molding. Due care shall be used to secure density and uniformity in the blocks - 
| by tamping or other suitable means of compression. amped blocks shall not be fin- 
ished by simply striking off with a straight-edge, but, after striking off, the top, surfaces 

| shall be troweled or otherwise finished to secure density and a sharp and true arris. 

| Curing. Every precaution shall be taken to prevent the drying out of the blocks 

' during their initial set and first hardening. A sufficiency of water shall first be used in 
the mixing to perfect the crystallization of the cement, and, after molding, the blocks 
shall be carefully protected from wind-currents, sunlight, dry heat or freezing, for at 

- least five days, during which time additional moisture shall be supplied by SEES 
_ methods, and occasionally thereafter until ready for use. 

Ageing. Conctete hollow blocks in which the ratio of cement to sand is one-third 
(one part cement to three parts sand) shall not be used in the construction of any build- 

_ ing until they have attained the age of not less than three weeks. Concrete hollow blocks 
_ in which the ratio of cement to sand is one-half (one part cement and two parts sand) 


| 
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may be used in construction at the age of two weeks, with the special consent of the 
Bureau of Building Inspection and the architect or engineer in charge. Special blocks 
of rich composition, required for closures, may be used at the age of seven days with the 
special consent of the same authorities. The time herein named is conditional, however 
upon maintaining proper conditions of exposure during the curing period. 

Thickness of Walls. The thickness of bearing walls for any building where con- 
crete hollow blocks are used may bé 10% less than is required by law for brick walls. 
For curtain walls or partition walls the requirements shall be the same as in the use of 
hollow tile, terra-cotta or plaster blocks. 


Party Walls. Hollow concrete blocks shal! not be permitted in the construction 
of party walls, except when filled solid. 


Limit of Loading. No wall, nor any part thereof, composed of concrete hollow 
blocks, shall be loaded to an excess of eight tons per superficial foot of the area of such 
blocks, including the weight of the wall, and no blocks shatt be used in bearing walls that 
have an average crushing strength less than 1000 Ib per sq in of area, at the age of 28 
days; no deduction to be made in figuring the area for the hollow spaces. 


Girders or Joists. Wherever girders or joists rest upon walls so that there is a con- 
centrated load on the block of over two tons, the blocks supporting the girder or joists 
m: st be made solid for at least § in from the inside face. Where such concentrated load 
sksll exceed 5 tons, the blocks for at least three courses below, and for a distance extend- 
ing at least 18 in each side of said girder, shall be made solid for at least 8 in from the inside 
face. Wherever walls are decreased in thickness, the top course of the thicker wail shall 
afford a full solid bearing for the webs or walls of the course of blocks above.. 


’ Sills and Lintels. Concrete sills and lintels shall be reinforced by iron or steel rods 
in a manner satisfactory to the Bureau of-Building Inspection, or the architect or engineer 
in charge, and any lintels spanning over 4 ft 6 in shall rest on block solid for at least 8 in 
from the face next the opening and for at least three courses below the bottom of the 
lintel. 

Hollow Space. The hollow space in building blocks, used in bearing walls, shall 
not exceed the percentage given in the following table for different height wa'ls, and 
in no case shall the walls or webs of the block be less in thickness than one-fourth their 
height, except that the Department of Buildings, architect or engineer may specially 
approve thinner construction after having past the prescribed tests. The figures piven 
in the table represent the percentage of such hollow space for different height walls. 


Stories 1st and 3rd 4th sth 6th 
WONG Gacicevadssinccepe Gan 135 : . oo se 
25 33 33 33 . oe. 
20 25 25 33 33 33 


Test Requirements. Coticrete hollow blocks must be subjected to the following 
tests: transverse, compression and absorption; and may be subjected to freezing and 
fire tests; but the expense of conducting the freezing and fire tests will. not be imposed 
upon the manufacturer of said blocks. The test samples must represent the ordinary 
commercial product, of the regular size and shape used in construction. The samples 
may be tested as soon as desired by the applicant, but in no case Jater than 60 days after 
manufacture. In calculating results no deduction is to be made for the hollow spaces in 
the concrete blocks. 

Transverse Test: The modulus of rupture for concrete blocks at 28 days must average 
150 lbs, and must not fall below roo Ibs in any case. 


Compression Test: The ultimate compressive test at 28 jhae must average rooo Ibs 
per sq in, and must not fall below 700 Ibs in any case. 


Absorption Test: The percentage of absorption (being weight of water absorbed 
divided by the weight of the dry sample) must not average higher than 15%, and mus! 
not exceed 22% in any case. 

Cement Brick. Cement brick may be used as a substitute for clay brick. They shal 
be made of one part cement to not exceeding four parts clean sharp sand, or one par 
cement to not exceeding three parts clean sharp sand and three parts broken stone o1 
gravel passing the ¥-in and refused by the 34-in mesh sieve. In all other respects 
cement brick must conform to the requirements of the foregoing specifications, ~ 
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_-. REINFORCED CONCRETE BUILDINGS 
19. Qualities of Concrete 


Reinforced Concrete is concrete in which iron. steel or other metal is 
mbedded in such a manner as greatly to increase its strength, especially with 
espect to tensile stresses. : 

The Quality of Concrete for reinforced work’should generally be of 
elatively high grade. In this form of construction the strength of the material 
$; much more important than in many forms of plain concrete construction. 
tis especially important that the concrete be uniform in quality and free from 
‘oids, as the stability of the structure is dependent upon the integrity of every 
art. Thoroly sound concrete is also required in order to insure good ad- 
lesion to the reinforcement and thoro protection of the metal from corrosion 
nd from fire. ‘This requires great care in the preparation and placing of the 
naterial. Portland cement only should be used and should be carefully 
pecified. In this form of construction the rapidity of hardening of the 
ement requires special attention. _ 

The sand should be clean and preferably of a coarse grade. A fine sand 
equires more cement than a coarse sand for equal strength and more water 
or a like consistency. It is very important that regular and systematic 
ests of the material as actually used be made during the progress of the work. 


The maximum desirable size of stone or gravel depends upon the thickness 
f the sections and the size and spacing of the reinforcement. It is desirable 
o use as large a size of aggregate as will admit of convenient working. Max- | 
mum sizes of 34 inch to 114 inches are common, but on heavy work with rods 
videly spaced there is no objection to the use of somewhat larger sizes. 

Proportions of Ingredients. The proportions commonly used vary from 
bout r:1%:3 to 1:3:6. ‘The use of the latter proportions requires 
areful grading of the material to produce satisfactory results. Occasionally 
vhere great strength is desired a mortar or concrete of richer proportions than 
he one first mentioned is desirable. Customary proportions, such as 1:2: 4, 
hould not be blindly adopted. In any importarit work a careful study of 
he materials and of the best proportions to use for economy and strength 
vill be well repaid. There must be no unfilled voids in the stone and few 
r none in the sand, but the former is of more importance than the latter. 

Consistency. In reinforced concrete work reliability is more important 
han maximum strength, and is promoted by using concrete of such consist- 
ncy that it can readily be worked into place in the forms and around the 
einforcement. Dry concrete is not satisfactory. In practise the consistency 
aries from that which will involve considerable tamping and working to that 
yhich will enable the concrete to flow into place. : 

Strength. Various data on the strength of concrete are given in Art. 16 
sr the usual proportions employed. With’ reference to reinforced work, it 
; generally desirable to use a concrete having a strength of not less than 
800 to 2000 Ib persq in at 60 days. This will be obtained ordinarily by the 
se of ax: 2:4 or : 2% : 5 mixture, or their equivalent. Where the usual 
roportions give lower results than those named, it will generally be advisable 
) use a richer concrete rather than reduce the working stresses. 

Elastic Properties. In a design of reinforced concrete it is necessary 
) know the value of the modulus of elasticity in compression and the relation 
f stress to deformation at various loads. Considering the various results 
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given in Art. 11, the value of # for ordinary concrete and for working loads 
will range from 2000000 to 3 000000 lb per sq in, depending upon the 
mixture and the age of the concrete. For use in calculations relating to 
strength, a value of 2 000 000 is generally assumed and on some accounts is 
more satisfactory than a higher value. 

The Form of the Stress Deformation Diagram which expresses the relation between. 
stress and deformation is shown in Fig. 17 as a curved line. In theoretical analyses i ins 
volving high stresses, it may be assumed to be a parabola with vertex at the origin. 

Weight of Reinforced Concrete. The weight of concrete of the usual 
proportions will generally vary from 145 to 150 lb per cu ft, depending upon 
the degree of compactness and the specific gravity of the materials. The 
addition of reinforcing steel in the usual proportions will add from 3 to 5 
‘pounds, so that the weight of reinforced concrete may be taken at 150 to 155 
lb per cu ft. 

Elongation of Concrete when Reinforced. Results of early experiments 
by Considére indicated that concrete on the tension side of a beam elongates 
much more before final rupture occurs*than when not reinforced, and that the 
resistance of the concrete is nearly constant and at its maximum value for 
some time previous to rupture. Later experiments made at the University 
of Wisconsin and confirmed by Bach have shown, however, that concrete 
on the tension side of a beam will begin to crack at about the same deforma- 
tion as plain concrete. Very fine cracks will occur at elongations of 0.00006 
to o.ooor part, corresponding to a stress in the adjacent steel of 2000 to 3000 
lb per sq in. 

Tests under repeated meg made at the University of Pennsylvania, have 

’ shown that these cracks will become plainly visible and will gradually extend 
towards the neutral axis under loads producing stresses of 10 000 to 18 900 
lb per sq in in the steel. 

These results show that the tensile strength of the concrete should not be 
considered in’any calculations where the stress in the adjacent steel is to 
exceed above 2000 to 3000 |b per sq in. 

>Relative Contraction and Expansion of Concrete and Steel. The 
contraction of mortar: and concrete due to hardening is given) in Art. 11, 
Some experiments indicate that the contraction of reinforced concrete is 
considerably less. Considére observed a shrinkage in x :6 mortar, rein- 
forced with 514%,of steel, of only 0.01%. In practise it is found that unless 
thoroly reinforced, concrete will shrink sufficiently to develop unsightly 
cracks which cannot be permitted in work designed to be impervious. Tem- 
perature changes affect both the steel and the concrete. “che coefficient of 
expansion of steel is about 0.ooc006s5 and of concrete about 0.000006. The 
relative change is therefore small and the two materials will be but slightly 
strest because of any difference in rate of expansion, ‘ Fi 


20. Reinforcing Material . 


Reinforcing Steel must be of such form and size as can be readibyie incorpo- 
rated into the concrete so as to make a monolithic structure. Generally the 
reinforcement is used in the form of rods or bars, varying in size from about 
¥, to % in for thin floors, up to 114 to 2 in as a maximum size for heavy ser 
or columns. A riveted skeleton of bars and shapes is also employed and is 
particularly advantageous where it is desired to have the steel work self-— 
supporting. Whatever form may be used, the general requirement of adequate: 
strength of adhesion and good distribution of stress must be met. vowthy hg 
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Fig. 26, Ten Forms of Reinforcing Bars 
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Forms of Bars. Plain round and square rods are largely used, the ad- 
hesion of the steel and concrete being depended upon to furnish the necessary 
bond strength. Plain flat bars are undesirable unless used in connection with 
riveted reinforcement, as their adhesion to the concrete is much less than that 
of round or square bars. Many special forms of bars have been devised, the 
principal object of which is to furnish a bond with the concrete independent 
of adhesion, a mechanical bond as it is usually called. Some of the most 
common types of such bars are illustrated in Fig. 26. Many other devices 
are employed to a greater or less extent to provide a mechanical bond, and 
numerous combinations of forms are used as patented “ systems ” in the con- 
struction of beams, floors, and columns. ; 


Quality of Steel. Steel bars used in reinforced concrete are not usually 
subjected to as severe treatment as ordinary structural steel. They must, 
however, be capable of being bent cold to the desired form. These conditions 
lead to the use by many engineers of high elastic limit material, while other 
engineers, probably the majority, prefer the use of standard structural material. 

~ The Joint Committee on Reinforced Concrete recommends material complying 
with the specifications of the American Society for Testing Materials for billet 
steel of structural grade. The American Society for Testing Materials speci- 
fications also provide for two other grades, intermediate and hard; the latter 
having a yield point strength of 50 000 lbs per sq in. These specifications are 
as follows: 


Standard Specifications. Steel may be made by the Bessemer or open-hearth process. 
The bars should be rolled from new billets. No-re-rolled material will be accepted, 


Chemical and Physical Requirements 


fm ESSE RNC leer teeta aie dee Maximum 0.10% 
9 eel ios Wi@pen-hearthing sess? xara Maximum 0.05% 
Tensile Properties 
Plain Bars Deformed Bars 
. Cold 
Properties 7 
Considered Struc- . Inter- Struc- Inter- ee Twisted : 
: tural | vediate Hard tural mediate |- Hard Bars 
Steel Grade Grade Steel Grade Grade 
Grade Grade 
Tensile strength, 55000] 70000] 80000] 55000] 70 000} “80000 Re- 
lb per sq in to to min. to to min. | corded 
70000} 85 cc0 70000] 85 coo! only | 
Yield point, min.,| 33000] 40000! s5co00} 33000] 40000} 50000} 55000 
Ib per sq in 


Elongation in 8 in, |t 400 000/1 300 000|1 200 000/1 250 000/1 125 000/1 COD 000] 5 _ 
min., percent! /Ten. ctr, | Ten. str.| Ten. str.| Ten. str | Ten str. | Ten. str. 


1See modification for thickness below. 


_ The yield point shall be determined by the drop of the beam of the testing machine. - 

- For plain and deformed bars over 34 in in thickness or diameter, a deduction of 1 from 
the percentages of elongation specified shall be made for each increase of 14 in in 
thickness or diameter aboye #4 in, For plain and deformed bars under 7/1¢ in in thick- 


Lb 
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ness or diameter, a deduction of x from the percentages of elongation specified shall be 
made for each decrease of 1/3 in in thickness ordiameter below 7/1¢ in. 

_ Bend-test Requirements. The test specimen shall bend cold around a pin without 
cracking on the outside of the bent portion, as follows: 


Plain Bars Deformed Bars 
Thickness or ; S- Cold 
Diameter of Struc- _ Struc- ‘, Twisted 
Bar tural teases Hard tural BG t Hard Bars 
mediate mediate 
Steel Grade | Grade Steel Grade | Grade 
Grade Grade 
Under 34 in.... i 180° 180° 180° 180° 180° 180° | 180° 
q d=t d=at d=3t d=t d=3t d=t d=2t 
34 in or over....| 180° go° go° 180° go° go° 180° 
3 d=t d=2t d=3t d=2 d=3t | d=4t d=3t 


Explanatory Note.—d=the diameter of pin about which the specimen is bent; 
t=the thickness or diameter of the specimen. 


21, ‘Adhesion of Concrete and Steel Reinforcement 


The Adhesion or Bond Strength between the concrete and steel rods 
embedded therein is, in the sense here used, the resistance which such rods 
offer to longitudinal motion. It may be called the Tangential Adhesion but 


is generally known as the Bond Strength. The adhesive strength is largely _ 


frictional resistance and varies greatly’ with the roughness of the bars. It 
also varies with the quality of the concrete and the method of conducting-the 
test. Usually the test is made by embedding the rod in a block of concrete 


and pulling it therefrom, the rod being stressed in tension and the concrete . 


in compression. It has been found, however, in a series of tests by M. O. 


Withey, that the local compression to which the concrete in the ordinary block. 


specimen is subjected tends materially to increase the bond strength, so that 
the results from the usual tests are considerably higher than those made 
directly on beams. 

Results of Tests. Results of numerous tests show that for ordinary round 
or square bars, not too smooth, the bond strength varies from 200 by 300 lb 
per sq in, depending upon richness of mixture, age of cement, and roughness 
of bar, with a frictional resistance of about two-thirds this amount; a much 
smaller value is shown for very smooth bars and also for flat bars. The maxi- 
mum bond resistance does not develop until a small amount of slip (about .or 
in) has taken place. 


The table on p. 532 contains in condensed form the results of some of the most im- — 


portant tests made by direct tension. 


Individual results show little or no effect due to differences in size of rod, but the 
adhesion of flat bars is much less'than that of round or square bars. In-general the 
stronger the concrete the greater the bond strength. The effect of consistency within 
ordinary limits is not great, but a small amount of corrosion of the steel tends to increase 
the value. Tests by Withey in which the rods were arranged as in a beam gave results 
considerably below those obtained in usual tension tests. Average results for 1: 2: 4 
concrete 60 days old are as follows (Eng. Record, vol. 57, 1908): * 


<* Diam. of tod = 34 4 5% 34 rin 
No. of tests = 3 3 9> 3 Sea © 
a Bond strength = 278 286 256 276 163 lb persq in 
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Tests of Bond Strength 
Plain bars; concrete 1 : 2 : 4; 60 to go days old 


Reinforcement Bond Resistance, 
Depth Ib per sq in 
Authority aca SST ur pom Neal © 0 i em 
King | Size | Pt? | Atsstip of | At slipof | Maxi 
in .coo5 in | .oorin | mum 
Withey: 
Bul. Univ. of Wis., 3/16 to 34 400 
No. 175, 1907- Reus ™ 1s £0 94 310 
Van Ornum: 
Eng. News, Vol. LIX, 1 Bp aA. 5] ,fe oie Adhele.«\| 2. oe aia 410 
1908, p. 142. Raaad 770 174 { AO Gare | sh). Saves sly 6 Paneton 390 
Abrams: ( 4% Sin 323 339 381 
Bul. No. 71, Univ. of A (es 266 295 405 
Ill, 1913. Round 34 8“ 275 303 387 
I g 247 281 385 
14 8“ 269 296 397 
Flat { “ext 6* 359 395 459 
‘ YwX2 4* 239 263 293 
bs 5 149 152 
craved bs ea ed sae 
P 4. One 170 192 255 


Bach found average values of about 290 lbs per sq in on beams 6 months old, Similar 
results have been obtained by other experiments. 


Effect of Water. Tests by H..C. Berry on specimens immersed in water for 20 to 


24 months showed no weakening of bond resulting therefrom. The bond improyes 


somewhat with age. 
Frictional Resistance. In bond tests it is found that after the adhesion 


has failed, the rod still offers much resistance to movement due to friction 


alone. This frictional resistance varies from 50% to about 80% of the initial 
bond strength. Hatt found a frictional resistance, after starting, of 50. to 
yo% of the initial strength, and Moersch reports such resistance as about 
two-thirds the initial. Abrams found the average value for round rods embedded 
8 in to be two-thirds the bond strength at a slip of o.1 in. 

Mechanical Bond. The ultimate bond strength of bars with indented sur- 
_ faces is very high, but to deyelop high resistance requires a considerable’ slip. 


Up to a slip of about oor n the action of deformed bars is.about the same as — 


plain bars, but for increased slip the resistance continues to increase so that for 
a slip of 0.1 in the resistance is about double that at 0.01 in and double the maxi- 
mum for plain bars. For twisted bars the resistance increases only slightly 
beyond a slip of o.or in. : i 


Efficiency of Hooked Ends, Bach has found that the initial slip of smooth bars 
is but slightly retarded by bending into a short right-angle bend at.the end of the rod, 
but the ultimate bond ‘strength is increased about 50%. These experiments were made 
on rods 34 to x inch in diameter and with an embedded length of 20 inches. When 


hooked ends are used they should consist of berds of 180° with a short length of straight . 


tod beyond the bend. Such Banks 3 increase the bond strength about 100%, 


ee 


_ ae 
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22. Genetal Pritciples of Design 

Use and Advantages of Reinforced Concrete: Steel is 4 matefial espe- 
cially well suited to resist tensile stresses, and for such purposes the most econom- 
ical form, the solid compact bat, is well adapted. A serious disadvantage in 
the use of steel in many locations is its Jack of durability, thus rendering it 
necessary to add a protective covering to préveht corrosion and injury from 
fire. Concrete is characterized by low tensilé strength; relatively high com- 
pressive strength, and great durability. It is a good. fire-proof material, and 
therefore serves as a good fire-proof, covefing for steel. A combination of 
steel and concrete constitutes a form of construction possessing in a large 
degree the advantages of both materials without their disadvantages. 


For those structural members carrying purely tensile sttesses steel must be 
employed, bit it may be surrounded by concrete as a protection against 
corrosion and fire, or for the sake of appearance: For large and compact 
compressior members p'ain concrete may be used. For more slender mem- 
bers, however, such as long columns, plain concrete is too brittle a material, 
and therefore too much affected by secondary and unknown stresses, to be 
satisfactory; and for such members steel alone, or the two materials in com- 
bination, will preferably be used. For those structural forms in which both 
tension and compression exist, that is to say, in all forms of beams, the com- 
bination of the two materials is particularly advantageous. In this form the 
tensile stresses are carried by the steel and compressive stresses by the concrete. 

Some of the most important types of construction in which reinforced concrete €an be 
advantageoiisly employed are the following: —in buildings, for floors or for thé com- 
plete structure; in fouidations, cspecially where broad-footings are required; in culverts 
and small Bean bridges; in retaining walls, dams and abutments; in arch bridges; in bins 
and tanks for coal, grain and other materia; in conduits and pipe lines subjected to low 
pressures; in chimneys and towers; and in separate structural forms such as piles, rail- 
road ties, poles, etc. 

General Assumptions in Calculations. In calculations of stresses and * 
sections of reinforced concrete structures the following general principles 
are usually followed: 

(x) Calculations are made with reference to working stresses and safe loads 
rather than with reference to ultimate strength and ultimate loads, altho s some 
prefer to calculate ultimate loads and then apply a safety factor. 

(2) Perfect adhesion is assumed between concrete and reinforcement. | 
Under compressive stresses the two materials are therefore strest in pro- 
portion to theit moduli of elasticity. Under tensile stresses this relation 
also holds up to the ultimate strength of the concrete. 

(3) Inasmuch as the extensibility of concrete is small, its tensile résistance 
is usually neglected and the entire tensile stress is assumed to be taken by the 
reinforcement. Where the stresses are very small, as frequently occurs in 
arches, the resistance of the concréte is sometimes considered. Certain beam 
formulas also take account of the tensile resistance of the concrete. . : 

(4) Under working stresses the modilus of elasticity of concrete in com- 
pression is constant and the variation of compressive stress on a section of a 
beam is therefore rectilineal. The variation of tensile stress is also rectilineal 
andatthesamerate. For ultimate loads a curvilinear law is usually assumed, 
the parabola being a convenient approximate curve to use. 

(5) In beains, a plane section before bending remains plahe after bending. 


(6) Initial stress in the reiriforcemient due to contraction or expansion in ~ 


the concrete is neglected. 


. 
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(7) The ratio of the modulus of elasticity of the steel to that of the concrete 
is variously assumed at from 1o to 20. A value of 15 for working loads is 
commonly used. For deflection calculations 8 or ro is to be preferred. 


23. Theory of Reinforced Beams 


General Arrangement of the Reinforcement.. The purpose of steel re- 
inforcement is to carry the principal tensile stresses, the concrete being depended 4 
upon for the compressive and’ direct shearing stresses. If no steel were present 
the concrete would tend to ‘upture on lines perpendicular to the direction of 
maximum tension, as shown in Fig. 27, 
and hence we may conclude that the ideal 1 


Fig. 27 | Fig. 28 


tension reinforcement would require the steel to be distributed in the beam 
along the lines of maximum tension. 

Fig. 28 shows by the dotted lines the lines along which failure of the concrete 
in a reinforced beam tends to occur. The inclined full lines show how the 
beam may be reinforced against such failures. 


Fn oO 


Fic. 29.—Methods of Shear Reinforcement, 


Where the shearing stresses exceed about 50 lbs per sq in some form of shear 
reinforcement, is necessary. Fig. 29 shows various methods of arranging such 
reinforcements, Figs. (a) and (c) show the use of vertical stirrups and Fig. (d) 
inclined stirrups. Inclined stirrups must be firmly fastened to the horizontal] 
rods. For maximum strength form (c) or (d) should be used, ~ : y 


' b > 
‘ a 
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Generally speaking, it is more economical to carry compressive stresses by 
concrete than by steel, but limitations as to size sometimes make it desirable 
to strengthen the compressive side of a beam. In cases, also, where both 
positiy and negativ moments exist in the same beam, either as alternating 
stresses or as simultaneous stresses at different points, steel reinforcement 
will be used on both sides of the beam, and its value on the compressive side 
needs to be known. The effectiveness of steel in compression has sometimes 
been questioned, but results of tests on beams and columns indicate that, 
in ordinary proportions at least, the steel does its share of work. 


Varieties of Flexure Formulas. Many different flexure formulas have been 
proposed for beam calculations. These differ according tothe different assump- 
tions made with reference to the value of the tensile stress in the concrete and 
the law of variation of the compressive and tensile stresses on the cross-section. 
The principal varieties of these assumptions are represented in Fig. 30, in 
which the shaded areas represent the assumed stress variation in the concrete. . 

In Fig. (a) the rectilineal law is assumed and the tension in the concrete is 
neglected; this is the assumption generally used for working conditions. In 
(b) the parabolic curve is generally used; this theory is adapted to ultimate 
loads. In (c) the tensile stresses are considered for small deformations near 


ad @ 
Fig. 30. Varieties of Flexure Theories 


the neutral axis. In (d) the stresses vary as in an ordinary beam; this 

assumption is proper only for very small tensile stresses. In (e) the variation - 

in tensile stresses accords with the theory of Considére, which assumes a con- 

_ stant resistance of the concrete for distortions beyond the ultimate distortion 
- of Plain concrete. 


24. Flexure Formulas for Working Loads 


‘Assumptions, The formulas below are based upon the assumptions of 
Fig. 30 (a). The rectilineal law of stress variation is assumed and the tension 
in the concrete is neglected. The notation used is as follows: 


For Rectangular Beams: 
Ss = tensile unit stress in steel. Sc = compressive unit stress in concrete. 
Es.= modulus of elasticity of steel. “Ec = modulus of elasticity of concrete. 
Mu = moment of resistance, or bending moment in general. 
= Mc and Ms = moments of resistance with respect to 
the concrete and the steel.. 
A = steel area. 6 = breadth of beam. 
d = depth of beam to center of steel. 
k = ratio of depth of neutral axis to effective depth d. 
s = depth of resultant compression below top. 
7 = ratio of lever arm of resisting couple to depth d. 
jd = d — z = arm of resisting couple. 
n= Es[Ec. m= = Ss/Sc p=A/bd, 
For T Beams (in addition to ‘ding 
b = width of flange. 5’ = width of stem. 
t = thickness of flange. 
= steel ratio based on circumscribing rectangle bd. 
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For Beams Reinforced for Compression (in addition to preceding): 
= area of compressive steel. ’= steel ratio for compressive steel. 
Ss/= compressive unit stress in steel. 
C = total compressive stress in concrete. C’= total compressive stress in steel. 
d’= depth to center of compressive steel. 2 = depth to resultant of Cand C’. 


Formulas for Rectangular Beams. ns. (a) F For investigating a given beam: 


Position of neutral axis, & = V2 2 pn+(pn)?—pn. 
Arm of resisting couple, jd = d (1 —14). ‘ 
Resisting moments, Ms = SsA -jd = Sspj- ba Me=¥% Sckj ba. 


Fi M Pa emma! chal. 
Fiber stresses, Ss “570k Se= ays Paar m : 
(b) For designing a beam under specified working stresses: 
etn _wt9 py im tn)? (#) 
it am(m-+n)  n(3gm+an) \ Sc 


Diagram for Rectangular Beams. The values of k, 7 and M/bd? for 
any given value of p, or of Sc and Ss, are given by the diagram of Fig.-32, 
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. Fig. 32. Diagram for Reinforced Rectangular Beams. (n=15) Pe , 
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‘ormulas for T Beams. (Fig. 33:), Case I, NEuTRAL Axis IN THE FLANGE: 
e formulas for rectangular beams should be used. 


“ASE IJ, NEuTRAL Axis IN THE STEM: The following formulas neglect 


: Pade ben’ on 2ndA +b 

compression in the stem: Position of neutral axis, kd = Tea: 
ae Sache .. . gkhd—2t t 
osition of resultant compression, z= —————— -— 
; 2kd—t 3 


\rm of resisting couple, jd = d —z. 


—%t) jd 
Resisting moment, M,= S;Ajd M-=S- Gd BOP 


kd 
et ad _M Mkd pe Re 
ee agg pada Se wc <8) 


The following formulas take into account the compression in the stem; 
y are recommended where the flange is small compared with the stem. 


-osition of neutral axis, 
ee landA+O—0)? nA OP nA + OY) 
way? mncad atirbe & a 2s ye 
2 b(kd)* —(b —b')(kd —1)* 
3 bed) 2— (OB) (bd —1)” 


os tion of resultant compression, g=kd— 


\rm of tesisting couple, jd =d —z. 
2Mkd 


Ajd ~ b(kd)? —(6 —V)(kd 1), 


‘iber stresses, Ss gt Sc 


Diagram for T Beams. The diagram, Fig. 34, gives the position of the 
itral axis for various ratios ¢/d and various steel ratios p. Corresponding 
ios of S/S; are given along the right-hand margin, 
Examples. (1) A T beam has the following dimensions: 6 = 48 in, t = 4 in, d = 22 ' 
t’= 10 in. The stecl consists of six %4-in rods. Assume Ss = 15 000 and Sc = 
lb per sq in, respectively. Find the resisting moment of the beam. - 
The steel area = 2.65 sq in and p= 2.65/(48 X 22) =.0.0025. The ratio t/d = 
2=10.182. From Fig. 34, for p= 0.25% and t/d =.0.182 we find k = 0.25 and 
0.93. Then kd = 5.5 inand jd = 20.5 in. The resisting moments with bperect to 
steel and the concrete are 
Ms = 15.000 X 2.65 X 20.5 =/815 090 in-lb, and 


Mc = 600 X Begs — 2) 20-5 = 1510 000 in-Ib 
5:5 ‘ 

a) Sapieee that the diameter of the rods in example (1) is x in, and that the beam is ~ 

jected ‘toa bending moment of I 250000 in-Ib. “Compute the working stresses in 

steel and concrete. . 
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" In this case A= 4.71 sq.in and =0.00445. From the diagram, k=0,33 anc 
f= 0.92, Then kd = 7.26 in, jd = 20.2 in, and 
Sg=1 250 000+ (20.2 X 4.71) =13 200 lb per’sq in, 


— 2:33 ____ = 434 Ib per sq in ‘ 
15 (x — 0.33) ; 


Beams Reinforced for Compression, Position of neutral axis, 


Se= 13 200 X 


be Ven (47) +n 429-20 +2) 


a’ 
% Bd+a pind (k- 5) 
Position of resultant compression, z= ———————_———,——_+ 
d 
k2+2 p'n (x- 5) 
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Fig. 34. Diagram for Reinforced T Beams. (»=15) 
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Arm of resisting couple, jd =d —z, 
Fiber stresses, 


ad -/[s ar ia (e- 5)(:-4 


id 
M 1—k pe Rk- 
a de ome Ss ie ene a 


Shear and Bond Stress. Let V = total shear, Sy, = maximum shearing 
lit-stress, S,, = bond stress per unit area of bar, 0 = circumference or per- 
eter of bar, Zo=sum of the perimeters of all bars. In the following 
rmulas Zo refers only to the bars constituting the tension reinforcement at 
1e section in question and jd is the lever arm of the resisting couple at the 
ction, For approximate results 7 may be taken at 74. 


For rectangular beams Sy =V/bjd. 
For T beams Sy =V/bjd. 
For both rectangular and T beams Su =V /jd.2o. 


25. Test of Beams 


Methods of Failure. A reinforced concrete beam tested to destruction 
ill usually fail in one of three ways: (a) By. the yielding of the steel at or near 
e section of maximum bending moment. (b) By the crushing of the con. 


Tests of Reinforced T Beams 


Maximum 
Total Shearing 


Num- Sli athiof Bercenttage Number and Kind | Breaking | Stress on ein 
ber’ |= ‘nh Reinforce: of scinch Rods | Load, |. Section tb Ser 
inches ment mounds 8X10", S per sq in 
lbs per sq in 
I 1.05 3 Corrugated 46 700 345 64 300 
4 16 a: To 4 Plain round 32 410 240 41 500 
7 1.10 4 Plain round 30 100 222 38 100 
3 0.93 4 Corrugated 55 790 410 57 500 
6 ones 5 Plain round , 
24 \ (2 bars bent up) | 39 300 290 40 700 
8 age 5 Plain round 
p H{ (2 bars bent up) | 40 100 295 4I 200 
2 1.05 6 Corrugated 80 500 592 * 55.700 
a 5 7.08 6 Corrugated 
32 i { (2 bars bent up) | 83 300 612 57 400 
9 0:97 7 Plain round 
Ps { (3 bars bent up) | 50900 375 37 600 


Concrete, x : 2: 4, age about 6o days, compressive strength of cubes =1820 lbs per 
jin, Steel: yield point of plain round =38 300 |b per sq in, of corrugated bars=53 800 
s per sq in. Size of beams: thickness of flange=314 in, thickness of web=8 in, depth 
ycenter of steel=1o in, total length=11 ft, span length=r1o ft width of flange varied 
shown in the table. Stirrups: made of 14-in corrugated bars, five stirrups at each 


d, spaced 6 in apart. Loads applied at third points. All failures were steel tension © 


~ 
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crete at the same place. (c) By a diagonal tension failure of the concrete at 
a place where the shear is large. 

Genéral Results of Tests. From the results of tests made by various 
experimenters the following general conclusions may be drawn: ~ 

(1) The elastic limit or, more strictly speaking, the yield point of the steel 
may safely be taken as its ultimate strength in reinforced beams. 

(2) The crushing strength of concrete as determined by tests on cubes 
hardened under similar conditions will be fully realized in the beam. ‘ 

(3) The usual shearing strength for beams reinforced with straight rods 
only is from 100 to 150 lbs per sq in, but this can readily be increased by the 
use of proper web reinforcement to 300 or 400 Ibs per sq in. 

(4) Steel used on the compressive side of beams is strest in accordance with 
the usual assumptions. 

Tests of T Beams Showing Stresses in the Stéel are given in the table. on p. 539. 
The table also contains information relative fo the efficiency of shear remforcement. 
All failures were due to over-stressing of steel. (Univ. of Ill., Bul. No. 2, 1907.) 

Tests of Rectangulatf Beams Showing Strength in Shear. Results of tests 
on beams in which only straight rods were used are given below. All failures were shear- 
ing failures. (Univ. of Ill., Bul. No. 29, 1909. Both smooth and corrugated bars were 
used and the amount of reinforcement varied from 6.98 to 2.21%. 


Tests of Rectangular Beams 
Reinforced with Straight Rods Only 


Shearing Stress at Failure, 
Number ot Kind of S,=V/bjd, \b per sq in one of Te 
~ : ing Strength to 
Tests Concrete Crashine Strcnee 
i Min Max Average 
i 4 ry tenes 134 229 184 .044 
of 1:144:3 142 18r rr +049 ~ 
\ 24 Tee A 128 r 2t4 164 .066 
H 2 fas 30:10) Tog 170 137 .098 — 
| 6 rig? 8 65 113 go -069 
7 2%.8 3 fo 37 82 63 .067 


__ Testsof T Beams Showing Strength in Shear are given in the table on p. 541, 
The shearing stresses at the first diagonal crack are approximately the same as the ulti- 
mate tensile strength of the concreté. The maximum shearing stresses indicate limits 
which may readily be attained in practise. None of the beams failed from weaknes$ 
in shear except Gi and G», in which the'stirrups were too'small tosupport the load. (Univ, 
of Wis., Bul. No. 2, 1908.) 


26. Design of Beams and Fioor Slabs 


Loads. The loads or forces to be resisted consist of (1)) The dead léad, 
which includes the weight of the structure and fixt loads and forces. (2) The 
live load or the loads and forces which are variable. The dynamic effect of 
the live load will often require consideration. Any allowance for the dynamic 
effect is preferably taken into account by adding the desired amount to the live 
load or to the live load stresses. The working stresses usually employed are 
intended: to apply to the equivalent static stresses so deterrmined. 


In the case of buildings an’ allowance for impact will be necessary only! in 
special cases, as, for example, in the case of floors supporting heavy machinery, 


. 
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' Pests of Reinforced T Beams 


At First Diag- At Maximum 
‘onal Crack Load 
, Tensile 
Na Strength 

of _ Kind of Reinforcement Shearing se Re Shear. 
4 . ing 

jeam Load, Peet Ibs per | Load, | Stress, 

lbs lbs per sq in Tbs V/bjd, 

sq in Ibs per 
sq in 
Ay Four cor, bars(2 bent), $4in_ |} 24000] 128 256 66,600] 36% 
A; Fourteen cor. stirrups, }4 in 32000] 171 167 66 200 357 
By { Four cor. bars (2 bent), 4 in } 42000] 226 260 65 600| 357 
By Sixteen round stirrups, 14 in 26 000] 150 Cips7 62400] 354 
CG ( Five round rods (3 bent), 34 in | | 34000] © 181 197 60000} 322 
C2 Sixteen round tirrups. 4 in J | 34.000] 185 216 57400] 316 
D; | { Six cor. bars (3 bent), 34 in \ | 46000] 247 182 96200} 526 
De | \ Fourteen cor. stirrups, 34 in J] 58.000] 306 ir Tor 400} 544 
E | { Six cor. bars (3 bent), 34 in | 146 000] 244 148 92800} 505 
E2 | \ Twenty-four.cor. stirrups. #in [|] 40000] 215 184 | 88000} 485 
Fy, | f Four cor bars (2 bent), %4in \]30000] 158 142 67 600] 386 
Fy | \ No. rx wire mesh, t in {| 28000} 150 174 65 400] 352 
G | { Fourcor. bars (straight), 84 in \}24000) 126 184 48000] 259 
G2 | \ Sixteen round stirrups, 4 in J] 28090] 149 164 48200] 260 


Concrete zt: 2: fs age 28 days, compressive strength=1940 lbs persq in. D and B 
id 24-in flanges, all other 16-in. Depth of flange 314 in, depth of web ro in. | Span 
ngth = ro ft; loaded at third points. Stirrups uniformly. spaced between loads. and 
ports. All beams failed in tension except Gi and G2, which failed by breaking of 
IUDs. , 


- where large loads are moved in a body. Such allowance may properly 
ary all the way from 25% to 100%, depending upon the proportion of the 
ecified live load which may be subject to motion. 


Working Stresses. In selecting working unit-stresses for beams it, is 
» be noted that the ultimate strength of a beam, if properly designed to resist 
1¢ shearing stresses, will be determined by the compressive strength of the 
mnerete or by the elastic limit of the reinforcement; the elastic limit of the 
eam will be determined by the elastic limit strength of the concrete or that 
f the steel reinforcement. Working stresses in the concrete are generally 
yken at about one-half its elastic limit, or from 25% to 30% of its ultimate 
rength. Working stresses in the steel should pr ferably be less than one- 
alf its elastic limit, otherwise the ultimate strength as well as the elastic 
mit of the beam will be reached at a load only double the working load. A 
ress of about 40% of the elastic limit (taken as the yield point) is a suitable 
alue for medium steel. For high elastic limit material this gives a value of 
bout 20 ooo Ibs per sq in, a value which is sometimes used, but a lower valueis 
sneral'y to be preferred. Many engineers consider that a value of 16 000 
s per sq in should pot be exceeded. 

The Joint Committee on Reinforced Concrete recommends (1916) for work- 
g stresses the following percentages of the crushing strength of the concrete 
t 28 days when tested in the form of cylinders 8 in by 16 in: 
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Compression on extreme fibre of beams 32.5%. Adjacent to the support of continu- 
ous beams this may be increased 15% ‘ 
Shearing stresses, determined by the formula S=V/bjd, 
(a) with straight reinforcement only, 2% of compressive strength; 
(b) with shear reinforcement 414% to 6% of compressive strength, depending on 
the design. 
Bond stress: 
(a) Smooth bars, 4% of compressive strength; 
(b) Deformed bars, 5% of compressive strength. « 
Steel reinforcement, 16 000 lbs per sq in. 
Value of #: 15 when crushing strength is between 800 and 2200 Ib per sq in. 
12 when crushing strength is between 2200 and 2900 lb per sq in. 
ro when crushing strength is greater than 2900 lb per sq in. 


Stresses in Continuous Beams and Slabs. When the beam or slab is 
continuous over its supports, reinforcement should be fully provided at points 
of negativy moment. In computing the positiv and negativ moments in beams 
and slabs continuous over several supports, due to uniformly distributed loads, 
the, following rules will give results sufficiently close in all ordinary building 
construction: 


(a) For floor slabs the bending moments in lb-ft at center and at support 
.may be taken at wl?/12 for both dead and live loads, where w represents the 
load per lineal foot and / the span length in feet. 
(b) For beams, the bending moment at center and at support for interior 
spans may be taken at wl?/12 and for end spans at wl?/10, for center and adjoin- 
‘ing support, for both dead and live loads.- 


(c) In the case of beams and slabs continuous for two spans only, or spans 
of unusual length, more exact calculations should be made. Special con- 
sideration is also required in the case’ of heavy concentrated loads. 

A common rule used in building regulations is w/?/10, but this is unneces- 
sarily large for floor slabs of interior panels. Where beams are reinforced on 
the compression side, the steel may be assumed to carry its proportion of stress. 
In the case of continuous beams, tensile and compressive reinforceme::t over 
supports muSt extend sufficiently beyond the support to develop the Taquiat 
bond strength. 

Floor Slabs. Reinforced concrete floors are well adapted to use where 
the framework is of steel columns and beams, as well as where the os! 
structure is of concrete. : , 


Fig. 36 ? Fig. 37 


Figs. 86 to 39 illustrate various designs of floors supported on istded 
I beams. In Figs, 36 and 37 the reinforcement may be of small rods or a 
metal fabric of some sort, the latter being convenient for short spans. In 


Figs. 38 and 39 the reinforcing bars are hooked around the flange of the beam, 
thus providing anchorage. 


! 
Fig. 40 illustrates floor arch construction in the case of a very heavy floor 1 


= Sane fe eo A; Sige 
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to support a load of 1 500 Ibs per'sq ft. In this case the shearing stresses were 
Finished Floor 


so great that a sufficient bond strength could not readily be obtained without 
anchorage. When such anchorage is used it changes the beam to an arch, 
and enables the thickness of the concrete to be greatly reduced near the center 
of the span. Fig. 41 shows a common form of floor construction in which 
terra-cotta tile is used with 
concrete. The ribs of concrete 
formessentiaily small T beams. 


Where concrete beams are 
used the slab and beam are 
builtsimultaneously. Forshort . 

“spans a metal fabric is con- 
venient, as in Fig. 37. For 
longer spans, Fig. 42 shows 
common arrangement of reinforcement, the negativ moments being provided 
for by bending up a part of the rods as in (a) or (b). The result may also 
be arrived at by using separate short straight rods over the support. 

Reinforcement of Slabs in Two Directions. If the length of a slab exceeds 
1.5 times its width the entire load should be carried by transverse reinforcement. ‘Square 
slabs may well be reinforced in both directions. The exact distribution of load on 
square and rectangular slabs,.supported on four sides and reinforced in both directions, 
cannot readily be determined. The following method of calculation will give results on 
the safe side. The distribution of load is to be determined by the formula 

i 
. iy b+ BA 
in which ¢ = proportion of load carried by the transverse reinforcement, / = length, and 
> = breadth of slab. For various ratios of 1/6 the values of rare as follows: . 


1[b = 1.0 mar 2 1.3 124 1.5 
= 0.50 0.59 0.67 0.75 0.80 0.83 


Using the values above specified each set of reinforcement is to be calculated in the 
same manner as slabs having supports on two sides only. The spacing of rods so deter- 
mined may safely be increased somewhat for the portions of the slabs between the edges. 
and the quarter points. 


tm. 


Beams and Girders. The arrangement of columns, girders and beams is 
determined according to the same principles as in steel construction. Where 

‘ ; the spacing of girders is not large (12 to 

15 ft) and where cross beams are not 

mo mM _needed to secure lateral stiffness, the lat- 

ter may be entirely omitted or used only 

at columns so as to form a panel which 

f ; 1 is square or nearly so. Reinforcement 

Fig. 43 in two directions is not economical for 

‘ oblong panels. Generally where cross 

beams are used they should be spaced from 5 to 8 feet apart. 

If the panels are square or nearly so, the distribution of load on the beam may be - 


. 
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asstimed in accordance with Fig. 43. Under this assurnption the bending moment at 
the centet is equal to wi'/12, where w = load per sq ft and / = length of beam. Strictly 
speaking, the distribution is somewhat more uniform than here indicated, so that the 
bending moment given by this fortnula is somewhat on the safe side. 

T Beams. Beams and girders are usually designed as T beams, utilizing 
a portion of the floor slab as a part of the beam. The proportions of the beam 


Fig. 44. Methods of Beam and Girder Design 


below the slab will be determined by considerations of strength, economy, 
requirement of head-room, and space for reinforcing material. Generally 
the ratio o¢ depth to width will vary from 1 to 3 as extreme values, the larger 
ratio being suitable for very large beams. Deep beams are economical of 
concrete, but cost more for forms than shallow beams. -An effective bond 
should be provided at the junction of the beam and slab. When the principal 
slab reinforcement is parallel to the beam, transverse reinforcement should 
be used extending over the beam and well into the slab. The width of slab 
which may be considered as a part of the beam should not exceed about one- 
fourth the span of the beam, and each overhanging flange should not exceed 
4 r § times the thickness of the slab. 


If designed as continuous, the beam will be a rectangular beam at the 
support and will require strengthening at that point by compressive rein- 
forcement, or by increase of depth. An increase of compressive stress at the 
support, amounting to ro or 15%, is often permitted. Fig. 44 illustrates the 
main features of beam and girder design. 


Bond Strength. Adequate bond strength should be provided in aecord- 
ance with the formulas of Art. 24. Where high bond resistance is required, 
the deformed bar is a suitable means of supplying the necessary strength. 
Adequate bond strength thruout the length of a bar is preferable to end 
anchorage, but such anchorage may properly be used in special cases. Anchor- 
age furnished by short bends at a right angle is much less effective than hooks 
consisting of turns thru 180 degrees. The lateral spacing of parallel bars 
should not be less than two and one-half diameters, center to center, nor should 
the distance from the side of the beam to the center of the nearest bar be less 
than two diameters. The clear spacing between two layers of bars should 
not be less than 14 inch, 


Shear or Web Reinforcement. Fig. 29 illustrates various methods of 
- reinforcing a beam against failure by diagonal tension or shear. The most 
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nmon design is the use of bent rods in case of small beams, and bent rods 
th some form of inclined or vertical stirrup in large beams. Where inclined 
mbers are used, the connection to the horizontal reinforcement should be 
+h as to insure against slip. ‘ ; 

in the calculation of web reinforcement the concrete may be counted upon 
carrying a portion (one-fourth to one-third) of the shear. The remainder 
ist be provided for by means of metal reinforcement consisting of bent bars 
stirrups, or both. The requisite amount of such reinforcement may be 
imated on the assumption that the entire shear on a section, less the amount 
uumed to be carried by the concrete, is carried by the reinforcement in a 
gth of beam equal to its depth. The longitudinal spacing of stirrups or 
nt rods should not exceed three-fourths the depth of the beam. It is 
portant that adequate bond strength be provided to develop fully the . 
umed strength of all shear reinforcement. 

Length of Rods to Resist Moment. In determining the length of the 
ious horizontal rods necessary to resist the bending moment, the same 
thod may be used as in the design of plate girder flanges. If the bendmg 
ment is due to a uniform load the parabolic formula may be used. Itis~ 


a 


1 
tn ele, tan + skee 


which «, = length of the mth rod in the order of length, counting the shortest 
number ‘one; 7 = length of span; A = total steel area at center; and a,, 
etc., = area of each rod-up to the mth rod. For unsymmetrical loading 
: maximum moments at various sections will need to be determined and the 
ths obtained therefrom. 
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Fig. 44a. Flat Slab’ Reinforcement. 


Flat Slab Floors. The “ flat slab floor ” is a type of floor in which a slab 
supported directly upon the columns. - No beams nor girders are used, the slab 
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acting as a continuous plate built into its supports. Two general arrangements 
of reinforcement of the slab are in common use: the /wo-way, in which the rods 
Column-head Column-head te Placed in two-directions 
Section Mid Section See ar only, and the four-way, in 
7 which diagonal bars are 
also used. Fig. 44a illus- 
F trates: the general arrange- 
ment of rods in the two 
systems. 


In order to exe the 

’ area of support the columns 
\ Outer Z are usually enlarged at the 
Section Inner Section i top, forming ue capitals.” 
The slab is also often made 
thicker over and near the 
column, forming a Pep 
panel.” 


Bending Moments. The 
bending moments in the slab 
can be only approximately 
determined. For a square 
slab, Fig. 446, surrounded 
by anumber of similar Square 
‘slabs in each direction, the 
Joint Committee recommends the following set of moment values: 

Total negativ moment on section A BCDEF =1/t5 wl(l — 24c)%; 
Total positiv moment on section GJ = 1/25wl(! — 24c)?, in which: 
c=diameter of column capital; : 
w=sum of live and dead load in Ibs per unit area. 
7=panel length c to c. 
The distribution of these moments is estimated as follows: 
Negativ moment: 
For the mid section, at least 20% q 
For the two column — erin at least 65% (for dropped panels, 80%). 
Positiv moment: 
For the inner speak at least 25%. 
For the two outer sections, at least 55% (for dropped panels 60%). . 
For oblong panels the total moments become: 
Negativ moment =1/15 wh (h—2 c)2. 
Positiv moment = 1/95 wh (/2—24.c)? 
in which /; and /2 are respectively the dimensions of the slab parallel and perpendicular 
to the section along which the moment is calculated. 

In calculating reinforcement all bars crossing the section. are considered 
effective. For diagonal bars the effective area is taken as the sectional area 
multiplied by the sine of the angle between the bar and the straight portiga of 
the section considered. 


Minimum Thickness of slab is eee Rome to be: 
For slab without dropped panels, ¢ = 0241 Vw. +14; es , 


Fig. 44). 


For dropped panels, t=o.21V w+i; 
where ¢=total thickness in inches, 7=panel length in feet and w =total ad 
in lbs per sq ft. q 


In arranging the bars adequate provision must be made for bond resistance, 
and due attention must be paid to the bending moments at intermediate 
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ns. Points of bends should be staggered so as to provide resistance to both 
gativ and positiv moments for a width of at least 1/15 of the panel length. 


Diagonal Tension should be taken care of in the same manner as in beams, 
t stirrups will seldom be needed. For calculating the shearing stresses as a 
zasure of diagonal tension the formula recommended by the Joint Committee 
v=0.25W/bjd for slabs of uniform thickness, and v=0.30W/bjd for slabs 
th dropped panels, where W is the total load on a panel, 6 is half the lateral 
mension of the panel c to c and jd is the lever arm of the stress couple. Punch- 
z shearing stress may be calculated on the assumption that the total load on a 
lumn is uniformly distributed over the section of the slab around the peri- 
ery of the column capital or around the periphery of the dropped panel. 


Wall Panels. For wall panels the moment coefficients should be increased 
%, For irregular designs and for structures having only two or three rows of 
nels the coefficients should be modified in about the same manner as the corre- 
onding coefficients for continuous girders of the same span lengths. 

Unit Frames. In executing work a practical difficulty of considerable im- 
rtance is that of placing and keeping all bars in their proper position until 
» concrete is in place. Very considerable labor is required’ in wiring bars 
position, or in providing other means of support, and careful supervision 
necessary during construction to see that they remain in place. To avoid 
sse difficulties various arrangements have been devised for fastening together 


End Section 
Fig. 45. Unit Frame 


, or a part, of the rods of a single span into a group which can be handled 
4 unit, giving rise to the so-called ‘‘unit frame.” Fig. 45 illustrates a form 
unit frame. 

Separately Molded Members of reinforced concrete have been used to a limited 
ent in the construction of buildings. Each member is cast separately and handled 
the same manner as members of wood or steel. Floor and roof slabs are also cast in 
tions. This method saves a large part of the cost for forms, but it is more difficult to 
ure sufficient strength and rigidity of connections. It is best adapted to low buildings 
uiring little lateral stiffness. 


27. Columns 


Methods of Reinforcement. Columns may be reinforced by means of 
igitudinal bars, by bands or hoops, by bands or hoops together with longi- 
jinal bars, or by structural forms which in themselves are sufficiently rigid to 
tas columns. The general effect of bands or hoops is greatly to increase 
> “toughness” of the column and its ultimate strength, but hooping has 
le effect upon its behavior within the limit of elasticity. It renders the 
nerete a safer and more reliable material and permits the use of a some- 
iat higher working stress. 

Tests of Columns. The following is a summary of a series of tests on columas, 
nforced with longitudinal rods only, made at the Mass, Inst. of Tech. The concrete 
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was 1:3:6 propertions, the rods from 34 in to 144 in diameter, partly plain rods and 
partly twisted. The columns ranged from 6 ft'to 17 ftand werg about 30 days old, 


For 8 by 8 inch columns, average length 12.4 ft: 


Reinforcement, percent = 1.56 2.44 3-51 6.25 

Average strength, lb. per sq in = 1904 2267 2535 3140 
For 1o by ro inch columns, average length 11.0 ft; , 

Reinforcement, percent = 1.00 1.56 2.25 

Average strength, lb persqin = 2145 2452 2870 


The results of an extensive series of tests of reinforced columns made by M. O. Withey 
et the University of Wisconsin are given in the table on p. 549. (Proc. Am. Soc, Test. 
Materials, 1909.) Columns A were unreinforced, E were reinforced by longitudinal bars 
only, with wire, ties widely spaced, B were reinforced by latticed angles forming a square 
8 by 8 inches in section, the remaining columns by spiral wire and varying proportions 
of longitudinal reinforcement wired to thé spirals on the inner side. ‘Ehe yield point of 
the steel reinforcement was 38 000 to 4§ ooo lb per sq in for the longitudinal steel and 
80 000 to ros 000 Ib per sq in for the spiral steel. The length of columns A to C was 
120 in, of H to U1oz in, Age was 2 months, 

The yield point is taken to be the point on the stress-strain diagram where the rate of 
deformation increases rapidly. It is very nearly the deformation at which plain concrete 
would fail. It was found that this ‘‘yield point” is closely given by the formula Py = 
A[(z — ) Sc + pSs], in which Sc is the ultimate strength of the concrete, Ss is the yield 
point of the longitudinal steel, and p is the steel ratio for the longitudinal ’steel. The 
spiral steel is not included as its effect, is very small. The ultimate strength is given 
approximately by the formula P = A[(x—p) Sc + pSs + 0.12 Ss! Vp’, in which #7 is 
the steel ratio for the spiral steel and Ss’ is the yield point of this-steel. 

Experiments by A. N. Talbot on columns reinforced only by spiral or hoop reinforce- 
ment gaye results shown in the following table. The bands were 1 in wide and the spiral 
reinforcement was i in pitch. The concrete was 1:2: 4 and from 56 to 69 days old, 
The columns were to feet long and 12 inches diameter, 


Tests of Hooped Columns 


Reinforcement 


Size and Spac- Yield 
"| ing between Point, Ib 
centers per sq in 


; 2in 

Electrically i 2in 

welded bands 2 in 48 000 

3 in 

4in 

High carbon | ‘4 60 000 
wire spiral i II5 009 


WWW DD HW ww 


Mild steel wire { . 38 500 


spiral 54 000 


The average increase per 1% of steel for the banded columns was about 579 Ib per 
sq in; for the high carbon wire 960; and for the mild steel wire 555 Ib per sq in. 

General Results of Tests. The results above given and other tests 
indicate (r) that in columns reinforced longitudinally the distribution of 
stress between concrete and steel is in proportion to the moduli of elasticity; 
(2) that hooping of columns, either with or without longitudinal steel, greatly 
increases the ultimate strength of the column but does not greatly modify 
its yield point; (3) that great gain in strength is secured by increasing: the 
proportion of cement in the concrete, 


3 . 
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3" ties, rft cto ¢ 
|) Four2’ X2" Xa” 
latticed angles. . 
| Nine $- rods and 
a ane 
Pes sits, 1” pitch 
Ko, 7 wire spiral, 
H HOCH aged $+ 03s 
Eight 3” rods and 
| No.7 wire spiral, 
a! pitch... 
Eight 34". rods 
and No. 7_ wire 
| spiral, 2’ pitch.. 
Eight §” rods and 
No. 7 wire spiral 


pi 
Eight 4” rods and 
No. 7 wire spiral, 
me pitch 0... 
Bight #4” 
| and No. it wire 

spiral, 1” pitch... 

Bight §” rods and 
a 7 wire spiral, 
pitch. 
Eight 1’ rods and 
No. 7 wire spiral, 
MCE. 5 o/s 


“spiral, 1 pitch 
Pig a" rods and 
4/spirals1” pitch 
Eight 1%” rods 
and }” spiral, 
ixfipiteles .943. 0 
a, i nag spiral, 


Fight Fi rods and 
No. 7 wire spiral, 
me DIECH.--f--3-- ci»). 

v No. 7 oe spiral, 
Serr 


4” 


Bight 4” rods and | 


3- 


Reinforcement 
- Per- 
. cent 
Kind Verti- 


48 


.It 


78 


PPh 


Ir 
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Tests on Reinforced Columns 
EDEY SOY eee Sear SS Sees 


Concrete 
t 
Com- 
aL Cross- 
wis. Kya) €e, 
lo. : 
Teper sq in 
sq in 
1:2:4 | 2420 | 86.6 
I:224 | 2300 118 
1:2:4 | 2200 | 64 
t:2:4,| 2250 | 78.5 
1:2:4 | 2x80 | 78.5 
1:2: 3%] 1750 | 78.5 
1 2:33] 1760 | 7805 
I: 213%] 2180 | 785 
1:22:34] 2050 | 78.5 
1-22 3h} 1770) 78.5 
I: 2: 3}| 2000 | 78.5 
I 321 3}| 1800 ] 78.5 
1: 2:.3}| 1680 | 78.5 
Eyez. 2360 78.5 
¥ i254 | 2480 48.5 
I:2:4] 2380 | 78.5 
It 224] 2300} 78.5 
jnrxrs2 4070 | 78.5 
Is2%:2-| 4400 78.5 
i: g 4870 | 78.5 
Wi: 3 4550 | 78.5 


§49 | 


Average Strength 


of Columns, 
Tb per sq in 
At At No. 
Yield | Max. | _ of 
Point ; Load { Tests 
boa 2600 3 
Foster) 2470 3 
2860 | 3740 2 
3580 | 4750 | 4 
1950 | 3660 rd 
1850 | 2230 2 
2710 | 3300 2 
3470 | 4160 2 
4240 | 5120 2 
1379 | 2640 2 
2610 | 3900 2 
3370 | 4190 2 
3760. 4680 2 
5660 | 6920} 2 
4480 | 6580} | 2 
5190 | 6960 2 
§760 | 7o90'| +2 
4oso | s8s0 | 2 


iT gi 
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Formulas and Working ‘Stresses. (a) For columns reinforced by longi- i 

tudinal steel only, the safe strength may be calculated by the formula \ 
P=S,A [1 +(n-1) p] 

in which P = total safe strength of column, S, = working stress in concrete, © 

n = ratio of moduli E;/E,; and p = ratio of steel cross-section to total cross- 

section A. For most purposes 7 may be taken at 15. 

(b) For columns reinforced by hoops only the steel cannot be counted on as | 
taking much stress at loads below the elastic limit, but inasmuch as the bands | 
or hoops increase the capacity of the column to deform at loads beyond the 
elastic limit, a somewhat higher working stress may be employed than for / 
plain concrete columns. | 

(c) For columns reinforced by longitudinal steel and by hoops also, the 
formula given under (a) may be used, the value of p being deters with | 
reference to the longitudinal steel only. 

Working Stresses for concrete recommended in the Report of the Joint — 
Committee on Concrete and Reinforced Concrete, Nov., 1916, are as follows. | 
They are given in terms of crushing strength of cylinders at 28 days. (a) For | 
plain concrete piers, whose length does not exceed four diameters or for columns 
with longitudinal reinforcement only, 22.5% of crushing strength. (b) For 
columns reinforced with not less than 1% and not more than 4% of longi- | 
tudinal bars, and with bands or hoops amounting to not less than 1% of the — 
volume, a unit stress 55% higher than given for (a), provided the ratio of length 
_ to diameter of hooped core is not more than 10. The total strength of the col- 
umns under (b) is to be calculated by the formula for column strength given 
above, considering the longitudinal steel only. 


Formula for Hooped Columns of the French Commission. This author- 
ity recommends that the hooping be counted upon directly to.a much larger 
extent than the longitudinal reinforcement. The formula recommended is 


S=Se(1 +156 +32’) 


in which Sc is the safe strength of plain concrete, taken at 28% of the ulti- 
mate strength in the form of cubes, p=ratio of longitudinal reinforcement, - 
and p’ =ratio of spiral reinforcement. It is also recommended that the maxi- 
mum stress, shall not exceed 0.6 of the ultimate strength of the concrete. These 
values are based chiefly on a consideration of ultimate strength. 


Details of Column Design. (x) Columns of slender proportions should 
be avoided; it is preferable to limit the ratio of unsupported length to least 
width to 15. (2) In building construction, if special fire-proofing is not pro- 
vided a certain thickness of the concrete must be considered as protective 
covering and omitted in the strength’ calculations. This allowance should 
be at least 134 in on all sides. (3) Bars composing longitudinal reinforcement _ 
should be straight and have sufficient lateral support to be securely held in 
place until the concrete has set. (4) Where bands or hoops are used, the ~ 
total amount of such reinforcement should be not less than 1% of the yolume 
-of the columns enclosed. The clear spacing of such bands or hoops should — 
be. not greater than one-fourth the diameter of the enclosed column. Ade+— 
quate means must be provided to hold bands or hoops in place so as to form — 
a column, the core of which will be straight and well centered. (5) Bending — 
stresses due to eccentric loads must be provided for by increasing the section — 
until the maximum stress does not exceed the values above specified. : : 


The size of bars will depend somewhat on the proportion of reinforcement desired, — 
but — sath range from 14 to1}4in. Great care should be taken in the splicing of 
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rods in columns extending thru several stories. All rods should be spliced at the floor 
level. Rods of %4 in, or larger, should be milled square and butted together in a secure 
manner. At foundations, planed bearing plates should be provided. 

High percentages of reinforcement are undesirable, as the strength of such eolenias! 
is not well determined. If great strength is required an increase in the proportion’ of 
cement is preferable to a high percentage of steel. If large amounts of steel are required, 
‘the riveted column unit has advantages over the separate rod reinforcement, inasmuch as 
the position and arrangement of the steel are secure and certain. 


28. Roofs 


General Design. Reinforced concrete roofs are designed and constructed 
in the same manner as floors. For steep slopes the concrete in the slabs must 
be laid quite dry, or else top forms must be used to retain thé concrete. The 
latter method is slow and expensive. Cinder concrete may frequently be used 
to advantage as the loads are-relatively light. 


Imperviousness. Concrete roofs may be designed merely as the support- 
ing area for a roof covering of other material, or may be designed to be imper- 
vious and complete without such covering. "To secure absolute impervious- 
hess is difficult.. It requires special precautions as noted in Art. 15, and a 
maximum amount of reinforcement against shrinkage cracks (0.5 to 1.0%), 
If designed to support a separate roof covering: the construction is much 
simplified and the design can be made very economical. To support the 
toof covering nailing strips of wood are embedded at suitable intervals. 


Adaptability. “Reinforced concrete is well adapted to roof construction 
where a fire-proof construction is desired. ‘To support the roof, beams may 
be employed for spans up to 40 or 50 feet and trusses for still longer spans, 
The arch type of construction can also be readily carried out in reinforced 
concrete. Domes have been built of reinforced concrete in several instances. 
‘The stresses are resisted chiefly by circumferential tension rods and by the 
compressive stress in the concrete in a radial direction. 

In the construction of domes at the Cincinnati Zoological Gardens forms were dis- 
pensed with by using a stiff framework of small angles and expanded metal and plastering 
first with a coat of hard plaster. ‘This coat on hardening supported the concrete. 

_ Ifa special roof covering is employed the-concrete merely replaces the usual support of 

steel or wood and is adapted to any structure. Used without such covering it is well 

adapted and economical for all structures where absolute imperviousness is not essential, 

such as train sheds, storage sheds, reservoir roofs, coal bins, and “‘out of door™ structures 

in general. It has also been successfully used in other types of structures and a water- 
tight roof secured without separate covering. 

Separately Molded Slabs of reinforced concrete have been used as tile or shingles 
and laid with lap joints. These slabs may readily be made water-tight, 


29. Walls and Partitions 


Concrete or Reinforced Concrete is well adapted to the construction 
of all walls where considerable strength is desired. For walls supporting 
Tight loads, such as curtain walls between the framework of a reinforced 
concrete building, or partitions, the requirements of strength are met by the 
use of very thin walls, but such walls become relatively expensive on account 
of the cost of forms and do not make a dry or warm construction. 


Walls of Double Thickness. Concrete walls are often made of double 
thickness with an air space enclosed, each part being 3 to 4 inches thick. 
he air spaces are formed by core boxes which are drawn up with the out- 
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side forms as the work proceeds. Cheap pipe of thin metal may also be used 
and left in place. ee 

Brick Facing. Walls of single thickness are often finished with a single 
layer of face brick with satisfactory results, both in appearance and dryness. 


Reinforcement of walls should be sufficient to prevent cracks, unless the 
wall is to be faced. A small amount is desirable in any case to insure ade- 
quate strength. 

Partitions may be made'as thin as 2 or 3 inches, if the concrete is sl'ghtly 
reinforced. Hollow concrete tile or metal lath and plaster will, however, 
generally be more economical for partitions than poured concrete. 


Separately Molded Walls have been successfully used in house con- 
struction. A section of the wall for one story is molded on its side in a hori- 
zontal position and after hardening is raised into place. The process simpli- 
fies the construction of forms and has other advantages. 


Walls of Storage Bins and other structures where great strength is 
required are designed in the same manner as floor slabs. The vertical posts 
and floor girders may be used also as beams to support the lateral pressure 
against the wall slab.- 


830. Durability of Reinforced Concrete 


Protection of Steel from Corrosion. A continuous coatng of port- 
land cement has been found by experience to be a practically perfect pro- 
tection of steel against corrosion. The rusting of iron requires the presence 
of moisture and carbon dioxide (CO2). Portland cement not only forms a 
coating which excludes the moisture and COs, but in hardening it absorbs 
CO2, tending to remove any of this gas which may be present. 


Many cases have been cited of steel removed from concrete after the lapse 
of 20 years or more and found to be in perfect condition.- A covering of dense 
concrete of as little as 1 in appedrs to give satisfactory protection against corro- 
sion for concrete exposed to ordinary atmospheric conditions or where constantly 
submerged. Where exposed alternately to the effect of air and water, especially 
where structures are exposed to the action of sea water, more difficulty is experi- 
enced and special pains must be taken to make the protective covering dense 
and thick, ‘ is Erk 


Electro’ 7sis of Steel Reinforcement has occurred in some cases to a serious extent, 
and there is good evidence that concrete is not an adequate protection of steel from 
this action. When’the work is well executed, and the steel well covered by the cement, 
the electrolytic action is greatly retarded but not entirely prevented, as indicated by tests 
in which direct connection has been made with the steel reinforcement. In foundation 
work it is important that where electrolytic action is possible, the steel reinforcement be 
very carefully placed and that it be covered at all points by the concrete. 


Fire-proofing of Steel Reinforcement. The effect of fire upon concrete 
is discussed in Art. 16. The necessary thickness of concrete to furnish adequate 
protection to enclosed steel in reinforced. work depends somewhat upon the 
~ character and importance of the member. Such members as main girders, 
where a failure would involve a considerable portion of the building and where 
the steel is concentrated in a few rods, should be more thoroly protected than 
floor slabs of small span, where a few local failures would be of no importance 
and where additional covering would add largely to expense. ; 

The following are the conclusions of the American Joint Committee on 
Concrete and Reinforced Concrete: (1) It is recommended that the metal in 
girders and columns be protected by a minimum of two inches of concrete; 
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that the metal in beams be protected by a minimum of one and one-half inches 
of concrete, and that the metal in floor slabs shall be protected by a minimum of 
one inch of concrete. (2) It is recommended that the, corners of columns, 
girders, and beams be beveled or rounded, as a sharp corner is more seriously 
affected by fire than a round one. 


While satisfactory protection of the steel can thus be secured, the effect of fire upon the 
concrete itself and its usefulness after more or less calcination, is a question of much 
importance. Where a sufficient allowance has been made for such damaged material it 
would appear that the removal of the soft or loosened portions and replastering by cement 
mortar would generally secure effective repair. 


Reinforcing against Shrinkage and Temperature Stresses. Where 
a rein orced structure i; unrestrained by outside forces the only stresses arising 
from shrinkage and temperature changes are those due to the mutual action 
of steel and concrete. As the two materials have nearly equal rates of ex- 
pansion, temperature changes will cause very little stress. Shrinkage in hard- 
ening will cause more important stresses, but still not unduly large unless the 
steel ratio is very high. When the structure is restrained by outside forces 
so that it is not free to contract or expand, as in the case of a long wall, then 
the resulting stresses are likely to be high. When not reinforced, concrete 
will, under such circumstances, crack at intervals, its maximum deformation 
under stress not being equal to its maximum temperature deformations, 


The size and distribution of the cracks will depend upon the amount of 
steel used and upon the strength of bond furnished by the rods. ‘The size 
and the spacing of the cracks will vary inversely with the bond strength and 
amount of steel per unit of concrete section. For reinforcement against 
shrinkage and temperature stresses, a high elastic limit steel is desirable, and 
in order to distribute the deformation as much as possible a mechanical bond 
is advantageous. The amount of steel necessary for such reinforcement 
depends upon the thickness and exposure of the structure of the walls. For 
thin walls and exposed locations 0.4 to 0.5% is required, while under very 
favorable conditions as little as 0.1% has been found to be sufficient. The 
reinforcement for this purpose should be placed close to the exposed faces of 
the concrete. In floor slabs longitudinal bars of 14 in to % in diameter, 
spaced about 2 ft apart, is customary. 


$1. Forms for Reinforced Concrete 


General Requirements. Forms should be as simple in design as possible, 
and this requirement should be well considered in the design of the structure 
itself. They should be durable and designed to be easily removed and re- 
erected. They-.should be so arranged as to permit the removal first of the 
column forms, then the sides of the beams and the floor forms and, lastly, the 
bottoms of the beam forms. Forms should be designed to sustain a live load 
of 50 to 75 lb per sq ft in addition to the weight of the concrete. Rigidity 
is as important as strength, and deflections of forms should be limited to very 
small amounts. 

Column Forms should be made of.2-in plank and well clamped together 
to resist the heavy pressures involved. They are conveniently held together 
by wooden blocks connected by bolts and adjusted by wedges as shown in 
Fig. 46. Care must be taken to See that the bottoms of column forms are’ 
thoroly clean before pouring concrete. To render this easy and certain it is 
advantageous to arrange a small removable panel at the base of the form. 


we 
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Beam Forms are preferably made of 2-in stuff. The bottoms should be 
well supported and the sides held together by wedges or clamps. Wedges 
are also conveniently used at top or bottom of the supporting struts. 


Slab Forms are made of 1-in or 2-in stuff. If the former is used it should 
be supported on joists spaced not more than 2 ft apart. Joists are con- 
veniently supported on 2-in strips fastened to the sides of the beam forms 


or may be independently supported. Fig. 47 shows a typical arrangement 
of beam and slab forms, ; ’ 
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Fig. 46. Form for Column ’ Fig. 47. Form for Beam 


Adhesion of Concrete to the forms can be prevented by oiling the forms 
with crude oil, soap or other greasy material. ‘This aids also in preventing 
warping. If not oiled the forms should .be thoroly wet before placing the~ 
concrete. This is especially 
necessary in hot dry weather. 

Wall Forms. Forms for 
thin walls are generally made 
to be supported by the con- 
crete already in place. « Fig. 48 
shows a common arrangement. 
The bolts and slotted holes 
enable the sections to be raised 
conveniently as the work pro- 
ceeds. ; 

Removal of Forms should 
be done only under expert supervision. In warm weather column forms can 
be removed in 2 to 4 days, slab forms in 10 to 15 days, and beam forms in 
2 to 3 weeks. Low temperatures require much more time for hardening. 
Forms should be removed very carefully and gradually and the concrete 
examined before general removal is ordered. 


Fig. 48. Form for Wall 


32. Cost 


The Cost of Reinforced Concrete per unit of volume depends greatly 


upon the cost of forms. The cost of forms depends chiefly upon the area 


supported and not upon the volume, altho total cost is commonly estimated _ 


per unit of volume of concrete. Forms will generally cost from 8 to 15 cents 
per square foot of, surface, depending upon the simplicity of the design. 
.ConcrETE will vary from $6.00 to $10.00 per yard in place, depending upon 


the massiveness of the walls. PLarIn STEEL RODS cost 3 to 4 cents per lb, — 
deformed bars about 0.2 to 0.3 cent additional. The cost of placing will 


generally range from 14 to % cent per lb. ; 
Total Cost per Cubic Foot. The amount of reinforcement is generally 


“in 
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i 
from 1 to 144%. With this amount of reinforcement and an average thick- , 
iness of concfete of 6 in the total cost per cu ft will be from 50 cents to 80 cents. 

Cost of Various Structures. The following table gives minimum, maximum and 
average costs (not including profit) for a large number of structures as given by L. C. 
Wasati. (BEng. Record, Jan. 16, 1909.) 


Cost of Reinforced Concrete 


Cost of Forms, Cost of Concrete, 
cts per sq ft cis per cu ft 


Max. | Average in. ax. | Average 


13.0 b y 30.1 

11.6 P 35-4 

II.t ri : 31-5 
Slabs between steel earns 9.5 FT 2 35-9 
Building walls.........- rs 12.8 u 2 30.1 
Foundation walls . = 3 10.3 % iS 26.9 
Footings and mass founda- 


9.3 : 7 22.9 


The cost of handling steel reinforcement for 21 structures ranged from 0.13 cent 
. to 0.82 cent per Ib, averaging 0.426 cent. 


~ BRIDGES AND OTHER STRUCTURES 


. 33. Foundations 


Reinforced Concrete is especially well suited for the.construction of footings 
for walls and columns and the foundations of any structure where the bearing 
area must be considerably larger than the superstructure resting thereon, 
such as towers, chimneys, lighthouses, arches, and, frequently, bridge piers 
and abutments. To secure the necessary bearing area by the use of plain” 
concrete or other masonry requires great depth of foundation, increasing the 
expense and, often, in the case of buildings, occupying much valuable space. 
Grillage foundations, consisting of steel I beams protected by concrete, are 
more expensive than slabs of reinforced concrete, as they do not utilize the 
compressive resistance of the concrete; generally, therefore, the reinforced slab 
is to be preferred. Reinforced concrete is also used extensively for bearing 

_ piles and also for sheet piling, caissons, and other forms of foundation work. 

Footings. The problem of the design of reinforced concrete footings is in 
general the same as that of floors. For single footings of ordinary size a single 
square slab is most convenient. For larger footings and for footings carry- 
ing more than one column, a combination of beam and slab, similar to floor’ 
construction, is often most economical. For very i 
soft soils this may need to spread as a floor over 

_ the entire: foundation area, forming a monolithic 
structure. 


_ For a souare staB (Fig. 49) the pressures 

should be. carried as directly as possible from the ~ 

) extremities to the center. Two sets of main rein- 

. forcing rods, aa’ and bb’ should be used, as shown 

in the figure. The reinforcing of the remaining 
_ corners can best be done by sets of diagonal rods dd’. 

_ Ifthese do not cover the area, then a few short 
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crdss-rods may be used. Reinforced in this way the aks pressure on the area 
ABCD may. be assumed to be carried to the line BC, where the bending 
moment and shear will be a maximum. Figured asa a fcne cantilever the re- 
sulting stresses will be higher than actually exist. If the entire square be 
reinforced by rods in two directions only, as ee’, then a considerable part of 
such rods in the corners of the square are ineffective. 

In CANTILEVER BEAMS, used a§ footings, the maximum shearing sbreas is 
near the base of the wall where the moment is large. Shear cracks tend to 
form on the dotted ines a, a, Fig. 50. Bent rods, if used, should be A 
outside the column base, and not at the end of the beam, 
and stirrups must be spaced closely at this point. The 

» beam being short the bond stress may require special 
attention. The shearing stresses in the concrete are 
likely to be high and exceed the limit generally allowed 

' for beams. In this case, since the depth of the beam is 

relatively great, the dangerous Section will be some dis- 
tance from the face of wall. This distance may be taken equal to the effect= 
ive depth of the beam and the rules for maximum shear then applied. 

For large INDIVIDUAL FOOTINGS a beam and slab may be economical. To 
secure the benefit of a T-section and to give a flat upper surface the beam 
may be placed under the slab-as shown in Fig: 51. This arrangement requires 
some attention to the connection of slab to beam, as the upward pressure 
against the slab tends to pull it away from the beam. The use of a horizontal 
rod in the top of the main beam, bonded by stirrups, will give a thoroly good 
anchorage for the transverse rods of the slab. For still larger areas a system 
of girders and beams may be adopted, constituting a floor reversed as to loads. 


eee aa erates 


ZL i i 
“i 


(2) 


Fig. 51. Large Individual Footings 


For WALL FOOTINGS’a simple slab construction with transverse reinforcement 
is suitable. 

Stresses in Footings Eccentrically Loaded. If for any reason (ecceittric 
load, earth pressure, wind pressure, etc.) the resultant. of the forces acting 
above the foundation level intersects that level eccentrically, the pressures 
upon the earth below are not uniform but vary in intensity from a minimum at 
one edge to a maximum at the other. It is customary, and sufficiently accu- 
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fate for the purpose, to assume that in such a case the pressure varies. uni- 
} _formly from one side to the other. In Fig. 52 let e = eccentricity of resultant 
‘pressure, / = length of base, W = total vertical load per lineal foot on 
‘foundation, and iS = pressure per unit area at any point. Then for rectan- 
gular areas, if ¢ is less than 4/, the variation in pressure is as represented in 
Fig. 53. ‘The yalues of the intensity of pressure at A and B are as follows: 


Ww 6 
For edge A, Sa= zi (: + 5) 
ot Lh it ng 
For edge B, S3= Fi (: = =) 


If é is greater than 47 the pressure is distributed as in Fig. 54 over a length ¥, 
equal to 3(#47 —e), and the pressure at A is Sg = 2W/l’= 4W/3 (1—28), 
The bending moments at C and D are then given by the formulas: 


For Fig. 53; Mo = x @+6el = 4ea;)a,? 


and Mp = pis (2-6 el + 4'ea;)a;" 


2 Way? 


For Fig. 54, Mc = 3. Uncaelt 


(91 —18e—2 a) 


ania) eee 3 
and Mp= nee Sy re ae —6¢e) 


Reinforced Concrete Piles are generally advantageous where piles of timber 
would be subject to decay or to destruction by the action of marine worms, 
They are especially advantageous for foundations on land where the per 
manent ground water is at a considerable depth. In such cases if wooden 
pilés are used the excavation must*be carried down sufficiently to-enable ‘the 
piles to be cut off below water level, while with concrete piles this is unneces- 
sary. Another'advantage of the concrete pile ‘is the fact that it’ can be made 
of any desired shape or size and thus made to meet special conditions moré 
satisfactorily than wooden piles: 

(a) Pitrs Motprep iN Peace. Two varieties are widely used, the Simplex pile and 
the Raymond pile. In the formier'a hollow steel 'shell of the desired diameter and made -° 
of $4-in material is driven into the ground to the ‘tiecessary depth. . This»shell is then 

; gradually filled with concrete ani.at the'same time is withdrawn, thus leaving the molded 
- concrete in place. The driving point may be a cast-iron point left in place or a hinged 
cutting edge. which opens as the casing is withdrawn. In very wet soil a permanent casing 
Of thin sheet steel is used to prevent washing or displacement of the concrete. In the 
Raymond pile a thin shell of stéel is driven into the ground by means of a ‘collapsible 
driving core. After dtiving, the latter is témoved and the shell filled with concrete. This 

_ pile is generally made with a large taper, an 8-in point and 20-in butt being common. 
. (b) Pires MotpeD oN THE ‘Surrace may ‘be made of any desired shape or’size. 
_ Lengths up to 60 ft have been‘successfully used. The reinforcement should be sufficient 
to prevent cracking in handling, and, will depend upon the length of pile and other locat 
itions, Well-distribute1 reinforcement. in the form of wire netting or mesh is more 

ctive than large longitudinal rods, A forth of molded pile much used, is made by 
wale up the concrete 2§ a layer spread On'a metal fabric; ‘this avoids the use of forms. 


_ The Strength of Concrete Piles, when driven to solid bottom, is dependent; 

} ‘upon the compressive strength of the material and the end conditions. A 
value of 15 short tons per sq ft, or about 200 Ib per sq in, should not be exceeded 

s the paves are exceptionally favorable. THe safe strength of acon- 
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crete pile is somewhat less than that of a wooden pile of the same size and 
under the same conditions, but experience indicates that 4 Concrete pile is less 
likely to be injured in driving than a Wooden pilé. Where the bearing capa- 
city depends largely upon frictional resistance the strength of the concfete pile 
may be taken the same as that of the wooden pile. Tapered piles appear to 
have a bearing capacity in soft material considerably greater than a ‘straight 
pile of the same average diameter. 

In the construction of piers in sandy beaches mélded piles having an enlarged base 
have been very successfully used. These have been jetted into place. The same form is 
well adapted generally to foundations in sand where the jet process can be used. 

In driving molded piles a driving head is used in which a cushion of sand, rope, or 
somé other convenient material is interposed between a driving block of wood and the con= 
crete, Experience indicates that any injury caused in driving rarely extends more than a 
few inches from the base of the pile. The jet process may often be used as in the case of. 
aooden piles. In this case the end of the pile is preferably made square in order to pro- 

* vide a maximum of bearing surface. Where piles of considerable length are required the 
lower portion may often.be advantageously made of wood and the upper portion of con- 
crete doweled to the wooden pile. A considerabie saving in cost is thus possible. In 
open water a hollow concrete pile driven over a wooden pile and to a firm bearing into the 
ground has given very satisfactory results. 


The cost of concrete piles is generally from two to four times as much as that of 
wooden piles, so that the former are not likely to be economical where the conditions are 
favorable to the life of the wooden pile. 


Sheet: piling may also be made of concrete to advantage wherever it is desirable to 
_ leave it in place as a part of the permanent structure. 


f Repairs to Wooden Pile Structures have been successfully made by enclosing 
the upper portion of the wooden pile within a concrete box constructed of slabs of 1 reine 
forced concrete. 


34, Arch Bridges 


‘Advantages of Reinforcement. In ordinary masonry or concrete arches 
tensile stresses are not permissible. The ring must therefore be designed 
so that the line of pressure will not pass outside the middle third. In rein- 
forced arches this limitation does not exist. The arch rib is a beam, and if 
properly reinforced it may carry heavy bending moments involving tensile 
stresses in the steel. Besides this advantage, reinforcement renders an arch 

'-a much more secure and reliable structure, it greatly aids in preventing cracks 
due to any slight.settlement, and by furnishing a form of construction of greater 
reliability makes possible the use of working stresses in the concrete con- 
siderably higher than is used in plain masonry. Furthermore, in long-span 
arches where the dead load constitutes by far the larger part of the load, any 
increase in average working stress counts.greatly towards economy. It affects 
not only the urch itself but also the abutments and foundations, 


Methods of Reinforcement. Since the arch is a beam subject to aie 
positiv or negativ bending moment it is essential that it should be reinforced - 
on both sides, but the shearing stresses due to beam action are relatively 
small, so that little i is needed it the way of web reinforcement. It is desirable, 
however, that the inner and outer reinforcements be tied together, somewhat 
as in a column, altho in this case the necessity therefor is much less. A large 
proportion of the arches which have been constructed have been built accord- 
ing to some one of the various “‘systems”’ that have been devised. The most 
important of these systems are the Monier and the Melan. 

In the Monier system, invented about 186s, the reinforcement consists of wire netting, 
one net being placed near the intrados and one near the extrados. The longitudinal wires” 


q 
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re made smaller than those following the arch ring, as they serve only toaid inequalizing ~ 
ie load and in preventing cracks. A large number of bridges have been built in Europe. 

Tn the Melan type, invented about 1899, the steel is in the form of ribs of rolled I-sec- 
ons, or of built-up lattice girders, which are spaced two or three feet apart, The flanges 
ynstitute the principal reinforcement, but the web enables the steel frame to be self~ 
\pporting and to carry shearing stresses, and in the open lattice type it furnishes a good 
od with the concrete. The Melan arch has been built extensively in this country, 
rgely under the direction of Edwin Thatcher. 

Many arches have also been constructed in which reinforcing bars of any satisfactory 
rm are employed without reference to any particular system, being used in accordance 
ith the requirements of the case. 

Calculation of Reinforcement. In the design of a reinforced arch the 
oments, stresses, shears and thrusts are found in the same manner as. for 
ny form of solid arch as described in Section 7. The elastic theory is 
referable in this case. In the application of this theory the value of the 
oment of inertia to employ is that for the combination of concrete and steel. 
_I-= moment of inertia of the concrete at a given section and J; = moment 
‘inertia of the steel reinforcement, then the total moment of inertia is 


l=I-+ nls : 


here 7 is the ratio of the moduli of elasticity, commonly taken at 15. In 
e calculation of an arch it is necessary to assume a design by the use of some 
npirical formula and then to calculate the stresses in this arch. The design 
then adjusted to bring the stresses close to the specified values. The cal. 
lations are then repeated if necessary. - 

‘The amount of steel used is very variable and may, indeed, be varied at will? 
or short spans, the steel is serviceable mainly for the purpose of making the 
ch more secure against cracking. Where foundations are excellent it is 
udly needed at all, and no economy is secured by its use. For long spans, 


‘Expansion Joint 


Reinforced Concrete 
Arch Bridge 


Fig. 55. 


here the dead load becomes relatively large, the use of steel becomes econom, 
al, as it enables a large saving to be made in weight by concentrating the arch 
aterial into separate deep ribs of high resistance. In practise the amount 
: reinforcement along extrados and intrados thus varies from 14% to 4 or 5%. 

Details of Design. Advantage is generally taken of the adaptability of reinforced 
merete in the various details of the arch. The roadway is generally supported by 
andrel arches, or by beam and slab construction resting on piers or cross walls, ‘which 


\ 
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in turn rest upon the main arch or arch ribs. The design of these parts is carried out as 
for other beam and column designs. The various parts should be especially well bonded 
together to resist temperature changes. The abutments can generally be made hollow 
with economy, the roadway being carried on a reinforced concrete floor. This relieves 
the spandrel walls of lateral pressure and enables them to be made of minimum thickness 
of 2 to 18 in, All walls should be reinforced both vertically and horizontally with 0.1 
to 0.2% of steel in order to prevent contraction cracks. Spandrel walls should be pro« 
vided with expansion joints above or on each side of the pier, otherwise cracking is very 
likely to occur, due to rise and fall of the crown, Fig. 655 illustrates the principal 
features of design of large arches, ‘ 


35, Girder Bridges, Trestles and Culverts 


Beam or Girder Bridges are designed in the same manner as other heavy 
concrete floors. Spans up to 20 or 30 ft may well be made in the form of a 
simple slab of uniform thickness spanning the opening. For railroad struc- 
tures the loads are relatively so large that shearing stresses will usually require 
careful attention. For longer spans a gain in economy will result by the use 
of main horizontal girders of relatively great depth, with a floor supported by 
“the girders and reinforced transversely. The bridge may be made either a” 
“thru” or “deck” girder according to the requirements of the case, the latter 
being the more economical. The details are arranged in a variety of ways, 
but the calculation and design of the reinforcement to meet the given con- 
ditions require no special consideration. The proper allowance for impact 
is an important point in this connection. Durability is an important factor 
favorable to the use of reinforced concréte for bridge floors. 

As compared to steel construction the cost of reinforced concrete girders compares 
favorably up to spans of 30 to 50 feet, depending upon the loading, larger spans being 
feasible for light loads. A saving in the abutments is effected, as the cover acts asa lateral — 
support, permitting them to be designed as beems. 


Trestles. Where several short spans are required and concrete is used 
for both the girders and the piers, the latter may usually be made of com- 
paratively small cross-section, —much smaller than possible if ordinary 
masonry be used. The structure then approaches the ordinary floor and col- 
umn construction in the relation of its parts. The piers may. generally con- 
sist of two or more columns connected by a suitable portal. Where the piers 
are small, as here assumed, they must be built rigidly in connection with the 
girders of one or more spans, as are the columns in a building. The girders _ 
must be designed with proper reference to their.continuity, and the piers 
must be reinforced somewhat near the top to enable them to resist a part of 
the bending moment due to the continuity of beams and piers. 

Expansion joints should be provided at intervals not exceeding 75 to roo ft, otherwise 
the movement due to contraction and expansion will be concentrated at the ends of the 
structure, resulting in severe stresses in the end columns. Fig. 56 illustrates the general 


Expansion Joint 


Fig. 56. Concrete Trestle 
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arrangement of a large concrete trestle. Low trestles may be made without longitudinal 
' bracing, the bending resistance of the columns giving the necessary stability, The end 

piers or abutments must be designed to act also as retaining walls. 

Pile Trestles, in which reinforced concrete piles are used, are advanta- 
geous in many locations. They are somewhat more expensive than wooden 
trestles, but are durable and are well adapted to ballast floor construction. 
Tn their construction the concrete piles are driven into place and then caps 
of reinforced concrete molded about the heads of the piles. On the caps are 
then placed slabs, forming the supporting floor for ballast. 

Pipe and Box Culverts. For small openings the monolithic pipe or. 
box form is very advantageous. Considerable settlement, as a whole, may be 
permissible, and hence solid foundations may not be needed. The cross- 
section may be circular, elliptical or rectangular. Theoretically, the ellipti- 
cal form is the best, as it corresponds more nearly to the requirements for 
resisting the earth pressure, The circular is practically as good for small 
openings, while for large openings the rectangular form will often be the 
best on account of its simplicity and the smaller head-room required. Where 
the culvert is manufactured at a shop and transported to the site, the circular 
or the elliptical form will usually be the most advantageous, 

The loads coming uron such structures cannot be very closely estimated, but except for 
small spans and high embankments the entire weight of filling and live load is usually 
assumed to act directly upon the structure. The stresses may be calculated on the 
assumption that this load acts vertically and is uniformly distributed over the width or 
diameter of the culvert. The lateral pressure should not be considered ‘as an aid in 
supporting the vertical load. On this basis the maximum bending moment in a circular 
culvert is given by M =zebt, where Mf = bending moment at crown and at center of 
base for a unit length of culvert, p = load per unit area and d = diameter of culvert. 
For rectangular culverts the bending moments may be taken as for ‘a simply supported 
beam, and in the vertical walls the moments may be calculated fora lateral pressure equal 
to $8 the vertical load. 

Reinforcement of Culverts. In the circular form a wire mesh-is con- 
venient, especially for small diameters. A single mesh is sufficient, placed 

near the extrados at the sides 
and crossing the central axis at 
about the quarter point. In 
the rectangular form, if rein- 
forcement for negativ moments 
at the corners is omitted, then 
the four sides will act as simple 
beams. F 

Longitudinal reinforcement 
should be provided to some extent, Where 
foundations are good a very small amount will 
be sufficient, but if settlement is likely to occur 
the longitudinal reinforcement becomes of im- 
portance. The entire culvert will act as a beam 
subjected mainly to positiv bending moments. 
Most of the reinforcement should therefore be 
placed along the bottom of the culvert. Fig, 57 
is a standard design for a rectangular box 
railroad culvert. 

Tests of reinforced culvert pipe by A. N, Talbot 
showed that under concentrated loads the actual 
strength was fully equal to the theoretical strength; 
and that under a load distributed by means of a sand 
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box the actual effective strength was relatively somewhat greater than for concentrated 
loads. Complete failure in the latter tests was generally prevented by lateral support 
from the sand box. 


« 


36. Retaining Walls 


Forms of Walls built of reinforced concrete are made such that advan- 
tage is taken of the weight of the material supported to increase the stability 
of the wall against overturning. Fig. 58 represents in-out- 
line the usual type of reinforced wall. It consists of a ver- 
tical wall AE attached to a floor DC. For low walls the 

upright part AE may act simply as a cantilever; and like- 

wise the parts HC and ED. For higher walls the part AE 
is tied to EC at intervals by back walls, AEC, in the form 
of narrow transverse walls with tension reinforcement. 
The projecting portion ED may still act as a cantilever, 
or it, also, may be connected to the vertical wall AE by 
means of buttresses. In either case the earth pressures 
act in essentially the same manner, and the necessary .p, 
width of base is found in the same way. The first type 
is adapted to heights of 12 to 18 ft. For higher walls the 
second type will be more economical. 

Stability of Wall. The stability of a retaining wall is usually determined 
with reference to its overturning. For safety in this regard the common 
requirement is that the resultant line of pressure shall intersect the base within 
the middle third. This gives a distribution of pressure such that there is 
some compression over the entire section.. Besides stability against overturn- 
ing, the pressure on the foundation must be investigated and if found excessive 
the footings must be extended until the pressures are reduced to safe values. 

In Fig. 58 let k = height of wall, 7 = width of base, « = distance:from toe 
to back, of wall AE, k = x/l, P = total horizontal pressure of earth against 
the vertical section GC, w = weight of earth filling per cubic foot, W, = weight 
of masonry per lineal foot, W,= weight per lineal foot of earth above the 
floor EC, a = lever arm of W, about point F, the edge of the middle third. 
Then in order that the resultant pressure shall cut the outer edge of the middle 
third the value of / is given by 


a / 2Ph — 6W,a 
wh (1 + 2k — 3k?) 

If the moment of the masonry, W,a, be neglected the value of & which will 
give a minimum value of /is 44. Using this value of & and taking w= 100 lbs _ 
per cu ft the value of / becomes / = 1% VP in which 7 is to be exprest | in 
feet and P in pounds. < 

For other values of x/I, or k, the width of base must be increased over that required 

_ for k = ¥% by the following percentages: 
For x/l=k=o.5 0.25 0.15 0.10 °.0 
Percent increase = 2 2- 4 6 1s 
Compared to masonry walls the reinforced wall with 7/h= 44 to 4% has about the same 
stability as a solid masonry wall of the same width of base, and of the common type 
in which the outer face is battered 1 to 2 in per {t. Under ordinary conditions a width of 
0.4 to o.5 the height will be required. 

Foundation Pressures. If the pressures on the foundalfaies need to be 
considered the value of these pressures is obtained as described for footings, 
after first determining where the resultant of W,, W, and P cuts the base. 


. 
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This feature of the design is too often neglected and most of the failures 
of retaining walls have been due to excessive pressures at the outer toe. The 
pressure can be reduced to safe limits by widening the foundation or the foun- 
dation may be strengthened by means of piles. 


Stresses in the Wall. Form (a), Fig. 59. The bending moment at the 
base of the upright portion AE is Ph/3. At any other section, F, it is P’h’ /3, 
where P’ is the pressure for depth h’. 

Only a portion of the reinforcing rods need be carried up the full height. 
At the base the vertical rods have an insufficient length below the point of 
maximum moment to develop their full strength, and there- 
fore they should be anchored in a substantial manner. | This 
may be done by screw-ends and nuts, or by looping the rods 
around anchor bars near the bottom of the floor DC. 


The cantilever DE must be treated in the same manner 
as the upright cantilever. The pressures will be much 
heavier and the shear and bond’stress may need attention. 
‘The cantilever EC is acted upon by an upward and a down- 
ward force as shown in the figure. The maximum moment 
will be at E and will be negativ. It is provided for by 
reinforcement asshown. ‘The bending momentsin DE and 
EC, due to upward earth pressure, can be readily found by 
means of the moment formulas given under the subject of 
footings for foundations. Fig. 59 


Form (6), Fig. 60. The external pressures are practically the same as in 
the case previously considered. The pressure against the longitudinal wall 
AE is carried laterally for the. most part and given over to the inclined back 
walls. The wall AE must therefore be designed as a slab supported along the 
lines AE, A’E’, and EE,’ Fig. (6). 

The floor EC is supported by the back wall AEC and is therefore reinforced 
longitudinally as a floor slab in accordance with the resultant pressure at any. 
point. The back wall ACE acts as a cantilever beam anchored to the floor. 
It is also a T beam, the flange being the longitudinal wall AZ. The tension 
along the edge AC is carried by rods near this edge, whose stress at any point 
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Fig. 60. Retaining Walls 
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~ is found with sufficient accuracy by an equation of moments taken about the 
center of the front wall... Phe maximum stress will be at the bottom. The 
main tension reds in AC should be well anchored to the reinforcing reds of 
the floor EC. ‘A few additional vertical, rods should also be . 
put in to insure, thoro bonding of floor to wall. 


. A horizontal beam may be made of the coping at A, ade 
giving some support to the wall AB along its upper edge. A 
downward projection may be necessary at the toe D, or at 
some other point in the base, in order to increase the resistange 
against forward sliding.’ 

To prevent unsightly cracks, long walls Pearce be provided wit 
pansion joints at intervals of 50 to 75 ft, or must be reinforced long- 
itudinally by 0.1 too.2%of steel, Long walls have thus been success- 
fully built without expansion joints. 
es The form of retaining wall shown in Fig. 60 was extensively tsed on 

Fig. 6 the’Great Northern R.R. at Seattle, Wash. (Eng. News, Vol. 53, 1905). 

An estimate by C. F, Graff of the amounts of material per lineal foot 

required i fin reinforced and plain concrete walls, made in-connection with this design, gave 

the following results, the steel being included by adding its concrete equivalent. 
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“Comparison of Plain and Reinforced Walls 


| Amount of Concrete, Cubic | Percent ‘of 
Feet per Lineal Foot of Wall} saving by 
SSS Se i ee | Ree 


ri Reinforced ‘ 
Plain Wall Wall Wall 


396.4 218 45 

226 127.8 43-3 
110 69.9 36.4 
44 34-9 20.4 


Suites -Abutments. The second type of retaining wall haya described is ral 
modified to serve as an abutment for a steel superstructure as shown in Fig. 61. ° . 
37. Dams 2 : 
Two Types of Reinforced Concrete Dams are shown in Figs. 62 and 63. 
The first is suitable for locations where little or-no water passes oyer the crest, 
the second is designed to act aS a spillway. In both cases the dam consists 
of a water-tight reinforced floor on the upstream side, supported, by solid 
buttresses placed ro to 15 feet apart and 12 to 24 inches thick. The ‘upper wall: 
may be supported directly on the cross walls and reinforced with longitudinal 
rods, or longitudinal beams may be used as shown and the slab supported on ¢ 
these. The pressure on ihe foundation is determined by considering the 4 


; 
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resultant of water pressure and weight of dam.’ The buttresses or cross walls 
are subjected to compressive stresses only. Ample longitudinal reinforcement, , 
should be provided to thoroly bind the structure together. 

Where the foundation is solid rock the buttresses may rest directly upon it, but where 
# pile foundation is required a continuous floor should be provided under the entire struc- 
ture and. covering the heads of the piles. If we!l bonded together a reinforced concrete 
dam is exceedingly strong and stable and must fail as a unit if at all. Great care must be 
exercised in securing a thoro connection between the foundation and dam by means of a 
deep concrete connection at the upper toe. When founded on piles all seepage of water 
underneath the dam must be cut off by a line of sheet piling at the upper toe. This 
piling should be well covered by the concrete. To prevent upward pressure on the floor, 
or upon the lower face, drain openings should be provided connecting the interior with 
the tail-water level. 


38. Dock and Harbor Walls. Breakwaters 


Forces to be Considered. Dock and harbor walls not subjected to 
wave action are designed as retaining walls subjected to the earth pressure 
on the land side with surcharge due to loads on docks or quays. The action 
of heavy ice may require consideration, both with respect to its pressure and 
its wearing effect. In the case of outer protecting works, such as breakwaters, 
piers or jetties, the action of the waves is the principal force to be considered. 


Force of Waves. The pressure or force exerted by waves depends upon 
the velocity of the impinging water and its depth... The former depends upon 
the exposure, wind yelocity, depth of water and shape of bottom. The 
velocity in shallow water is approximately proportional to the square root of 
the height of wave and the depth of water. The pressure due to impact is 
proportional to the square of the velocity and therefore is also approximately 
proportional to the height of wave and depth of water. 


Pressures due to impact of high waves have been measured in several cases. 
For waves ro ft high, pressures of 1809 to 3000 lbs per sq ft have been observed, 
while for extremely high waves of 25 to 30 ft, pressures of 6000 to 7000 Ibs per 
sq ft have been noted. In exposed locations large blocks of concrete weigh- 
ing 3000. tons have been moved, requiring an estimated average pressure of 
vver 2 tons per sq ft, The maximum intensity occurs at about the mean 
water level, is zero at the crest and gradually diminishes towards the bottom. 
The impact of waves on either vertical or sloping walls causes large masses 
of water to be thrown upward which, on falling, strikes severe blows upon the 
upper surface of the wall or breakwater, tending to rupture it. 


Fig. 64 


_ Breaktwaters are constructed in various ways. Timber rit filled with 
stone are suitable for moderate wave action. The same construction, capped 
With concrete, as shown in Fig. 64, forms a strong combination,’ The stryuc- 
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ture is built to above low-water level by the use of large concrete blocks. The 
whole is then capped with mass concrete. Fig. 65 illustrates the same general 


Fig. 66, Reinforced Concrete Caisson 


type in which the base is built of mass concrete deposited under water within 
temporary frames. Separate concrete blocks are often dovetailed or clamped 
together to give additional stability. fe 

Foundations for Breakwaters, not located on solid rock, are commonly 
prepared by first depositing a broad layer of rubble stone at a flat slope and 


leveling up the top by the aid of careful soundings or by means of divers.- 


Piles are also used, which are cut off below water level and protected by heavy 
riprap. Bags of cement have also been frequently employed for the purpose. 

The Reinforced Concrete Caisson furnishes perhaps the most satis- 
factory method of construction yet devised. Fig. 66 illustrates such a form 
used by W. V. Judson on Lake Michigan. The caisson is built at shore and 
towed to place. iv is then sunk by filling one or more compartments with 
stone, and the whole is capped with concrete, sufficiently reinforced to pre- 
serye the monolithic character of the structure. Similar caissons have been 
. employed for quay walls and breakwaters in European works. At Rotter- 
dam, caissons were employed of dimensions 131 ft x 32 ft x 43 ft high. 
These were built in dry docks, towed to place and brought into alinement 
by means of a tongue-and-proove joint. Some cells were filled with concrete, 
others with sand or rock. Reinforced concrete possesses great advantages for 
construction of this sort over ordinary masonry or concrete consteuctian by 
reason of its monolithic character. 


Fig. 67. ‘Galveston Sea Wall 
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Concrete sheet piling, fitted with tongue and groove, has been used success- 
fully for breakwaters. Two rows of such piling are driven, after which the 
intervening space is filled with sand and the whole capped with a super- 
structure of reinforced concrete. . 

Sea Wall. Fig. 67 illustrates the Galveston sea wall. It is founded on piles and con- 
structed of mass concrete, but this is reinforced near the front face, as shown. © 

Dock and Harbor Walls are built, in the main, like ordinary retaining 
walls. Frequently a pile foundation is necessary. If the piles are driven in 


Fig. 69. An Anchored Wall Fig. 70. Canal Lock 


soft material, one or more rows should be driven at a considerable inclination in 
order to resist the horizontal component of the pressure. The walls are com- 
monly constructed of concrete, either in loose blocks or of mass concrete, plain 
or reinforced. Where the wear from ice is heavy a concrete wall may well be 
faced with granite or with other hard stone. Reinforced concrete possesses the 
same advantages in this type of wall as for ordinary retaining walls and is 
built of the same general form. Fig. 68 shows the essential features. 

_- Anchored walls of reinforced concrete are often advantageous, especially in the con- 
struction of new walls along a river front where anchorage is readily secured. Fig. 69 
illustrates such a construction as carried out at Berne, Switzerland. The wall consists of 
a series of anchored beams connected by slab construction. The stability of the wall is 
mieasured by the stability of the entire mass between the wall and the anchorage. P 

‘Dry. Docks and Canal Licks. In this construction reinforced concrete is of ad- 
-yantage, not only in the construction of the walls, but also in the floors, enabling them 
to be readily designed against upward pressure and in one piece with the walls. Fig. 70 
is a-s*ction thru the lock on the Charles River, Boston, showing this feature, _ 


39. Reservoirs, Tanks, Bins 


For Covered Reservoirs reinforced concrete is very well adapted. The 
rectangular form with flat cover is usually the most convenient; its design 
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involves the same ‘features as building design with the additional one of im- 
perviousness. Fig. 71 illustrates a typical design of ‘this kind. for Indianapolis. 
(Eng. News, Oct. 15; 1908.) Especial care is required in such structures to 
prevent contraction cracks by the use of.a libecal amount of reinforcement 
Imperviousness may be secured by methods described in Art. 15. 

Fig. 72 illustrates the general form of construction used in a large elevator 
at Baltimore. The walls of the 
bins are 8 in thick and are re- 
inforcéd with vertical rods of 14-in 
round steel, spaced 3 ft apart, and 
with horizontal bars %in by 1 
to 134, in, spaced 12 in apart. 

_ The hopper bottoms, the tunnels 

for the conveying machinery and 
the foundation floor resting upon 
the piles are all of reinforced 
concrete. (Eng. Record, Feb. 20, 
1909.) 
_ Elevated towers and tanks may 
also be made of concrete, but 
high pressures are difficult to deal 
with, Bins and coal pockets are 
structures for which concrete is 
well adapted. For the storage of 
coal bins of unprotected steel are 
not durable, but reinforced con- 
crete furnishes an almost ideal 
material, lending itself readily to 
the necessary form for strength and furnishing the desired durability, 

Reinforced concrete is advantageously used in other minor forms of 
structures and structural elements. Noteworthy among such uses is its 


employment for fence posts and poles for various purposes. In building - 


construction it is found that sills, lintels, steps and staircases are usually 
cheaper in reinforced concrete than in stone or metal. 4 ; 


40. Conduits, Sewers, Pipes 


For Conduits not under pressure, large sewers and the like, reinforced 
concrete lends itself to convenient and economical construction, As to the 
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analysis and design, these structures are only special cases of the monolithic » 


pipe or box which was discust in Art. 35, The character of the foundation 
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and conyenience in construction will lead to various modifications of design 
Fig. 73 is a typical cross-section of a large sewer for Hatrisburg, Pa. A mesh 
of expanded metal is used for reinforcement, arranged to resist positiy mo- 
ments excepting at bottom and corners. Fig. 74 illustrates a design of a 
circular pipe or conduit molded in place. 

Reinforced concrete has also been used to some extent for pipes under pressure, but it is 
very difficult to secure imperviousness under heads of considerable magnitude. In pres- 


sure pipes the tensile stress is entirely taken by the steel, the concrete furnishing merely 
the impervious layer and resisting bending due to earth loading. 


Pipes of reinforced concrete separately molded in sections have been successfully used 
for moderate pressures with a considerable economy over metal. The joining of such pipes 
is accomplished by overlapping of the reinforcement. One method of doing this is 
llustrated in Fig. 75. 


41, Chimneys 


General Design. A reinforced concrete chimney consists of the’ outer 
main shell, the inner shell or lining, and the base. The outer shell is made 
1 to 6 in thick at the top and 8 to 12 in at the bottom, 
Jepending upon the height and diameter. The inner 
shell is generally made 4 in in thickness, and of concrete 
or fire brick, the latter being preferable for high tempera- 
tures. ‘The amount of reinforcement required is small, 
1s the load is purely vertical and of small amount. Half- 
nch rods spaced 1 to 2 ft apart are ample. The lining is 
yenerally carried up about one-third the height, but the 
arge amount of cracking which has occurred in some_ 
chimneys just above the lining indicates the desirability 
»f more extensive linings. The outer shell is designed 
© resist wind pressure and also with some reference to the temperature 
stresses. The base must be of such an area that the maximum earth pressure 
jue to vertical load and wind pressure will not exceed safe limits. The thick- 
ness is then determined with reference to the bending and shearing stresses 
which are caused by these pressures. 


Wind Stresses. The stresses at any given section, distance # below the 
top, will be determined. ‘The notation is as follows: 


A = area of chimney section under consideration, As = total area of steel sections, 
W = weight of superincumbent portion of chimney, 
P = wind pressure on that portion, M = bending moment at the section, 
_¢ = distance from the center 1 the section to where the resultant of the weight and 
wind pressure cuts the section (‘‘ eccentric distance ’’), 
Sc = unit stress in concrete adjacent to the steel at lee side, 
S¢/= unit stress in concrete adjacent to steel at windward side, 
k = distance from top to section considered, r = mean radius of section, 
Ss= unit stress in steel at the windward side, = steel ratio, As/A, 
m =a coeflicient such that Sc = mW /A,. m’ =a coefficient such that Se’ = m’ W/A, 
n = ratio of modulus of elasticity of steel to that of concrete, taken at 15. 


phe value of ¢ is first to be determined by the formulas: 
M=%Ph e= M/W =Ph/2w 


Lf eis greater than about 44 r there will be tension on the withiceriade side. In 
this €ase it is assumed that the:steel will carry all the tension. If the tensile 
stress is small, however, the concrete will not be overstrest and it may be 
desirable to calculate its stress on this assumption. Two cases will therefore 
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Fig. 76. Diagram for Reinforced Concrete Chimneys 


be considered: (r) ‘Where the stresses are all compressive, or the tension on 
the windward side is small (less than 50 lbs per sq in, gay), and (2) where 
there are large stresses on the windward side and the concrete is neglected. - 
Case 1. Having found e as above described the unit stresses are found by 
I+ 2e/r W 1—2e/r W 
ee Peg Ta 
Fo ombhap A’ peed og r+p A 
Case 2. Practical formulas for this case cannot be stated, but the curved 
lines in Fig. 76 give values of m for different values of e/r and of p. Then 
Sc = mW/A. The straight lines give the ratio of S/S; for the given value of 
¢/r and ; from this ratio the value of Sy is determined. ony , 
The maximum concrete stress is slightly greater than the values calculated 
by the above formulas, as these give the stresses adjacent to the steel. The 
results are, however, sufficiently accurate. 5 


The Wind Pressure commonly assumed is 25 to so Ibs per sq ft on the 
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projected area, but this is: probably higher than necessary. Experiments 
made at the Eiffel Tower and at the National Physical Laboratory of England 
show that the pressure per sq ft on square, flat surfaces, from 10 to 100 square 
feet in extent, is 0,0032 times the square of the wind velocity in miles per 
hour. ‘Taking the velocity at 100 miles per hour and the pressure on a cylin- 
drical surface at 34 that on the projected plane, a value of 20 lbs per sq ft is 
deduced, which should be ample. : 


Temperature Stresses. Both theoretical considerations and evidence from 
practice indicate that, temperature stresses are likely to be high, especially 
near the top of the lining. ‘They occur.in directions both vertically and cir- 
cumferentially and are due to the high temperature of the interior as com- 
pared to the exterior. Both vertical and horizontal cracks of the exterior are 
of frequent occurrence and are doubtless due to this cause. Assuming the 
coefficient of expansion to be the same at all temperatures, a theoretical 
analysis indicates that for 1% of. circumferential reinforcement the com- 
pressive stress in the concrete on the interior is as much as 350 lbs per sq in 
for each roo° difference in temperature between exterior and interior surfaces; 
the corresponding stress in 
the steel is about 5000 lbs Bie 
per sq in, Approximately 1 
the same stresses are caused 
in the vertical reinforcement. — 
The stresses in the concrete 
increase somewhat with in- 
crease in reinforcement, but 
decrease in the steel; they 
are proportional to the differ- [| 
ences in temperature of outer enn Sst 
and inner surfaces. A differ- 0.15 * 0.2 0,25 
ence in temperature of 200° Values of Ya 
will therefore bring the com- Fig. 77 
pressive stress well up to safe 
limit. So far as temperature stresses are concerned it is advantageous to 
use a small amount of steel. 

Bases. The bases of chimneys are designed in the same manner as column footings. 
In this case, however, the earth pressures must be determined with reference to the effect 
of wind pressures and vertical load combined. The resultant of the wind pressure, the 
weight of chimney, the earth filling above the base and the base itself is to be first deter- 
mined. Suppose the resultant cuts the base at a distance e from the center. Let W= 
total vertical load, M =wind moment at bottom of base, A =area of base, d=maximum 
diameter of rectangular base, or diameter of circular base, and p=maximum pressure 
on foundation per unit area. Then e=M/W. The values of p are as follows: 

For rectangular bases, wind acting in the direction of the diagonal, and for values of 
e less than d/12, p=W/A+12 M/Ad. For circular bases, and values of ¢ less than 
a/8, p=W/A+8 M/Ad. For either rectangular ‘or circular bases, and values af ¢ 
greater than the limits above given, p=mW /A, in which m is to be taken from Fig. 77. 
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42. Lighthouses 


The Forces to be Considered in lighthouse con- 

- struction which are of special importance are wind 
and wave pressures. The wind pressures assumed 
should be a maximum, as lighthouses are com- 
monly exposed to severe gales. Wind velocities 
reaching 130 to r50 miles per hour have been meas- 
ured in the hurricanes which are not uncommon 
along certain coasts. The corresponding pressures 
will probably reach 60 to 80 lbs per sq ft. Where 
located off shore, lighthouses must be constructed to 
resist wave actionin the same manner as breakwaters. 
The relative importance of such structures requires, 
however, a somewhat more ample margin of safety. 
The Foundations are builtsimilar to those of break- 
waters. A heavy rubble foundation surmounted by 
a crib or caisson is a common arrangement. . The 
reinforced concrete caisson is well adapted to this 
work. In any case the upper mass of the foundation 


& should be of such a character as to enable the super- 


structure fo be readily anchored thereto, and of 
sufficient weight and size to give ample stability to 
the entire structure. 

The Superstructure in exposed locations is gener- 
ally built of stone or concrete masonry. ‘The neces- 
sity of securing a monolithic structure, especially in 
the lower portion, makes reinforced concrete a par- 
ticularly satisfactory material for this work. When 
stone masonry is used the desired result must be 
secured by the use of dovetail joints and iron clamps. ~ 
When designed in reinforced concrete the necessary 
anchorage to the foundation and the reinforcement 
of the superstructure are readily calculated in a 
manner similar to that employed in chimhey design. 

_ Fig. 78 illustrates the reinforced concrete lighthouse 
constructed at Maniguin Island, P.I. (Trans, Am. Soe. C. E., 
Vol. 58, 1937.) This is built on shore and is anchored to 
solid rock by. the vertical reinforcing bars. The vertical rein 
forcement consists of 84-in bars spaced 6 inches apart up 
to the floor of the watch room and 12 inches apart above, 


Circular reinforcement is also provided of 45-in bars spaced 12 inches apart. All floors 
and stairways are also of reinforced concrete, as well as door and window trimmings. 
The factor of safety against wind pressure is estimated to be 7. 
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STONE QUARRYING AND CUTTING 


1. Building Stone 


Classification. Building stones may be classified according to thei 
geological position, physical structure, or chemical composition. Geologi 
cally rocks are divided into igneous, metamorphic, and sedimentary. Basalt 
diorite, and granite are examples of igneous rocks; gneiss, marble, and slate 
of metamorphic; and sandstone, limestone, and shale, of sedimentary. Th 
geological position of a rock has but little connection with its properties a 
a building matecial, altho as a rule the more ancient rocks are the stronge 
and more durable. Physically rocks are divided into stratified and unstrati 
fied. Most of the limestones and sandstones are examples of the first class 
and granite, trap, basalt, and lava are examples of the second. Chemically 
stones are divided into siliceous, argillaceous, and calcareous. Siliceous 
stones are those in which silica is the predominating constituent. Usually) 
the structure is crystalline granular; and the strength and durability of the 
stone is dependent upon that of the material which cements the grains to- 
gether. Argillaceous or clayey stones are those in which alumina gives the 
stone its characteristic properties, slate being the best example; as a rul 
they are not durable. Calcareous stones are those in which carbonate o: 
lime predominates. The durability of stones of this class depends upor 
their compactness, the more porous being acted upon by the acids in th 
atmosphere and by rain-water, and are disintegrated by freezing. 

Trap is the strongest of building stones, and is exceedingly durable; bu 
it is little used, owing to the great difficulty with which it is quarried anc 
wrought. It is exceedingly tough rock; and, being generally without cleav- 
age or bedding, is especially intractable under the hammer or chisel, ; 

Granite is the strongest and most durable of all the stones in common 

use. It generally breaks with regularity, and may be quarried in simple 
shapes with facility; but it is extremely hard and tough, and therefore can be 
wrought into elaborate forms only with a great expenditure of labor. 
- Limestone is widely distributed and is the most common. building stone 
There are many varieties which differ in color, composition, and value fo. 
engineering and building purposes, owing to the differences in the characte 
of the deposits and chemical combinations entering into them. Large quan: 
tities of limestones and dolomites are quarried in nearly all of the Westerr 
States. These are mostly of a dull grayish color, and their uses are chiefly 
local. The light-colored oolitic limestone of Bedford, Indiana, is, however 
an exception to this rule. Not only are the lasting qualities fair and the 
color pleasing, but its fine even grain and softness render it admirably adapted 
for carved work. 

Sandstones vary greatly in color and fitness for building purposes, bu 
they include some of the most beautiful, durable, and highly valued mate- 
rials used in construction. Whatever their differences, they have this in 
common, that they are chiefly composed of grains of quartz which are to < 
greater or less degree cemented and consolidated. The durability of sand 
stones varies with both their physical and chemical composition. Sandstone: 
composed of nearly pure silica which is well cemented are as resistant t 
weather as granite, and are very much less affected by the action of fire 
Taken as a whole, they may be regarded as among the most durable of build- 
‘ing materials. When first taken from the quarry and saturated with quarry 
water, they are frequently very soft, but on exposure become much harde! 
by the precipitation of the soluble silica contained in them. 


t 
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As a general rule, the densest, hardest, and most uniform stone will most nearly meet 
the requisites for a good building stone. The fitness of stone for structural purposes 
can be determined approximately by examining a fresh fracture. It should be bright, 
clean, and sharp, without loose grains, and free from any dull, earthy appearance. The 
stone should contain no “drys,” that is, seams containing material not thoroly ce-— 
mented together, nor “crow-foots,”’ that is, veins containing dark-colored, uncemented 
material. . 


2. Tests for Building Stone 


Weight or Density is an important property, since upon it depends to a 
large extent the strength and durability of the stone. To find the exact weight 
per cubic foot of a given stone, it is generally easier to find its specific gravity 
first, and then multiply by 62.4, the weight, in pounds, of a cubic foot of 
water. This method obviates, on the one hand, the expense of dressing a 
sample to regular dimensions, or, on the other hand, the inaccuracy of deter- 
mining the volume of a rough, irregular piece. Notice, however, that this 
method determines the weight of a cubic foot of the solid material, which 
will be a little more than the weight of a cubic foot of the stone as used for 
structural purposes. In finding the specific gravity there.is some difficulty 
in getting the correct displacement of porous stones, and all stones are more 
or less porous. The following method is most frequently used. All loose 
grains and sharp corners having been removed from the sample and its weight 
taken, it is immersed in water and weighed there after all bubbling has ceased. 
It is then taken out of the water, and, after being comprest lightly in bibu~ 
lous paper to absorb the water on its surface, is weighed again. The specific 
gravity is found by dividing the weight of the dry stone by the difference 
between the weight of the saturated stone in air and in water. 


Average values for weights of building stones. are as follows, in pounds 
per cubic foot: 167 for granites, 158 for limestones, 170 for marbles, 139 for 
sandstones, 174 for slates. 


Crushing Strength is determined by applying measured force to prisms 
until they fail. The test specimen is usually a cube, altho theoretically 
it should be a prism having a height one and a half to two times the least 
lateral dimension, so as to allow free shearing action in the crushing. The 
strength of a cube is about 9 or.1o percent stronger than a prism one and a 
half times as high as broad. The strength of a cube per square inch of bed 
area is independent of the size, considerable literature to the contrary not- 
withstanding. 


The position of the test specimen witt reference to the bedding planes of the rock in 
its native position has a very important relation to the strength of the stone. The direc- 
tion in which a stone splits most easily is called the rift, and the next easiest the grain, 
while the direction in which the resistance to splitting is the greatest is called the head. 
The test specimen will be the strongest, if the pressure is applied perpendicular to the 
rift. In most cases the rift is horizontal, i.e., is parallel to the natural bed; but in some 
cases the rift makes an angle with the natural bed. Horizontally bedded stones are 
quarried by blasting or wedging along the natural lines of cleavage, or by channeling 
and wedging along the laminations; but if the rift is not horizontal, it is common prac- 
tise to cut out blocks without reference to the natural seams, since the quarrying machines 
Tun most easily upon horizontal tracks, and since ic is desirable to maintain a level quarry 
floor. In the last case, then, there is a difference between the rift and the “natural bed”; 
and in preparing test specimens care should be taken to have two sides of the cubes par- 
allel to the rift, which should be marked so that the pressure may be applied on these’ 
faces. It is not sufficient to have the faces of the cubes parallel and perpendicular to 
the broadest face of the original block, for the latter may not have been cut out with ref- 
erence to the rift. The rift can be determined by a careful examination of the block. 
The failure to apply the pressure perpendicular to the rift doubtless accounts for part 
= the large difference in strength of different specimens found by most experimenters. 
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Tf the specimen is drest by hand, the concussion of the tool greatly affects its in- 
ternal conditions, particularly with test specimens of small dimensions, With @-inch 
cubes, the tool-drest specimen usually shows only about 60% of the strength of the . 
sawed sample, The sawed sample most nearly represents the conditions of actual prac 
tise. The disintegrating effect of the tool in dressing is greater with small than with 
large specimens, 

Tests of the Crushing Strength of blocks of stone are useful only in 
comparing different stones, and give no idea of the strength of structures 
built of such stone or of the crushing strength of stone in large masses in its 
native bed. Then, since it is not possible to have the stone under the same 
conditions while being tested that it is in the actual structure, it is best to 
test the stone under conditions that can be accurately described and readily 
duplicated. Therefore it is rapidly coming to be the custom to test the stone 
between metal pressing surfaces. To obtain definite and precise results, 
these surfaces should be rubbed or ground perfectly smooth; but as this is 
tedious and expensive, it is quite common to reduce the bed-surfaces to 
planes by plastering them with a thin coat of plaster of paris, and inverting 
the cube on a sheet of plate glass or allowing the plaster to set under a small 
pressure between the metal pressing surfaces of the testing machine, With 
the stronger stones, specimens with plastered beds will show less strength 
than those having rubbed beds, and this difference will vary also with the 
length of time the plaster is allowed.to harden, With a stone having a strength 
of 5000 to 6000 lb per sq in, allowing the plaster to attain its maximum 
strength, this difference varied from 5 to 20 percent, the mean for ten trials 
being almost 10 percent of the strength of the specimen with rubbed beds. 


Compressive Strength of Stones 
Cubes set in plaster of paris 


Crushing strength, Ib per sq in 


Quarries Tests Stone 


Min. Mean Max, 
10 37 Granite 2045 19379 | 27738 
1) * 35 Limestone 3634 9 438 24 121 
10 ar Marble 6872 12 709 17 780 


24 Slate 9 333 1g 163 - 


The above table shows the average compressive strength in pounds per square inch 
for all the stones tested at thé. Watertown Arsenal from 1883 to 1925, except two stones 
noted below. The quantities in the columns headed Min. represent the strength of the 
weakest stone of each particular kind, and are the mean of three or more tests; and simi- 
larly for the quantities in the columns headed Max. The results in the. table are for 
test specimens prepared in the usual way; but the results for two test specimens which 
were prepared with special care are not iucluded in the table. The test specimens of one 
of these stones, granite from Sajisbury, N.C., were drest out to 2% inches on a side 
and then reduced on a rubbing bed to 2 inches; and the mean crushing strength of six 
cubes was 49 457 |b per sq in, the maximum for a single cube being 51 g00. ‘The results 

* for this stone are the highest known to hae been obtained for the crushing strength of 
any stone or br ck, and are probably largely due to the manner of dressing the speci- 
mens and also to unusual care in selecting the sample, in bedding the cubes, and in plae- 
ing them in the testing machine; and hence are not to be taken as representative, For 
similar reasons the argillaceous limestone from which Rosendale natural cement is made 
gave a crushing strength of 40 875 lb per sq in. 


3. Durability of Building Stone 


By Two Methods a judgment can be formed as to the durability of a 
building stone, which may be distinguished as the natural and the artificial. 
The former is the better, since it involves the exact agencies concerned in 
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the attack on the stone and also long periods of time. The NATURAL METHOD 
of studying durability is to examine the surfaces of old buildings, bridge piers, 
monuments, tombstones, etc., which have been exposed to atmospheric 
influences for years. ~A durable stone will retain for a long time the tool 
marks made in working it, and preserve its edges and corners sharp and 

_ true. The ARTIVICIAL METHOD of testing durability is based upon the assump- 
tion that the relative durability of stones is proportional to’ their crushing 
strength, their absorptive power, their resistance to freezing, and their solu- 
bility in acids; but in making the tests each element acts by itself, while in 
the structure the stone is exposed to the combined action of all these methods 
of attack, and their action may be, and frequently is, different from tat 
when acting separately. The principal tests made to determine the dur- 
ability of a stone are the absorptive power, the solubility in sulfuric and 
hydrochloric acids separately and combined, the resistance to fire, the loss due 
‘to freezing and thawing, and the artificial freezing test, which consists in 
soaking the sample in a solution of sulfate of soda and then hanging it 
up to dry, the crystallizing of the salt in the pores of the stone having an 
effect somewhat similar to that of freezing of water. None of these tests 
give wholly satisfactory results. ; 


INCREASE IN DuRABILITY may be secured by proper seasoning and by 
finishing the surface in a suitable manner. All stones, and especially lime- 
stones and sandstones, when first quarried contain considerable quarry sap; 
and when full of sap the stone works considerably easier under the tool than 
when well seasoned. If a stone freezes while full of quarry sap, it is nearly 
certain to crack; but if it is first allowed to season, it is not likely to be appre- 
ciably damaged by a single freezing.. The hardening by seasoning also adds 
materially to the weathering qualities of the.stone. .'The increased strength 
and durability caused by seasoning are due to the fact that the sap holds in 
solution a small amount of calcareous or siliceous matter, and by the process 
of seasoning this material is drawn to the surface and is deposited in the 
pores of the stone by the evaporation of the sap, the matter in solution thus 
becoming an additional cementing material and binding the grains more firmly 
together. It is surprising that an otherwise inappreciable amount of liquid 
can produce such a marked effect. ‘The method of dressing a stone has an 
important bearing upon its durability. If the surface is finished with a tool 
similar to the bush hammer or the patent hammer, the heavy blows break 
the giains and produce minute fiszures and render it much more suscep- 
tible to the action of frost. Granite and other compact crystalline rocks are 
most durable with a rock-face finish, that is, a surface untouched by chisel 
or hammer; while the softer and more absorbent stones are usually most 
durable when finished with a sawed or rubbed surface, 

Many methods have been devised for preventing or checking the action of the weather 
upon building stones; but none of them are satisfactory or yery efficient. These pre- 
servatives consist of somé liquid into which the stone may be dip! or which may be 
applied with a brush to its outer surface, to fill the pores and prevent the access of mois- 
ture. Paint, coal tar, linseed oil, paraffin, and numerous chemical preparations have 
been used. T’o resist the effects of both pressure and weathering a stone should be 
‘placed on its natural bed, which precaution adds ponsideceoy) to the durability of a 
laminated stone. 


4. Methods of Quarrying 


Hand Tools. When the, stone is thin-bedded, it may be Acne’ by 
hand tools alone. The principal tools are pick, crowbar, drill, hammer, 
wedge, and plug and feathers. The plug is a narrow wedge with plane 
faces, and the feathers are wedges flat on one side and rounded on the other. 
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When a plug is placed between two feathers, the three will slip into a cylin- 
drical hole; and if the plug is then driven, it exerts a great force. If these 
plugs and feathers are placed a few inches apart in a row, and all driven at 
the same time, the stone will be cracked along the line of the holes, even tho 
it be comparatively thick. The drill ordinarily used to cut the holes for the 
plug and feathers is a bar of steel furnished with a wide edge sharpened to 
a blunt angle and hardened. It is operated by one man, who holds the drill — 
with one hand and drives it with a hammer in the other, rotating the drill 
between blows. The holes are usually from 3% to 34 of an inch in diameter. 
Sandstones and limestones occurring in layers thin enough to be quarried as 
above are usually of inferior quality, suitable only for slope walls, paving, 
riprap, and concrete. 

‘When the stone is hard a pneumatic drill is sometimes used to make the holes for the 
plug and feathers. It is handled by one man, and the power may be furnished by a fixt 
comprest-air plant or a portable gasoline-driven compressor. - 


Channeling and Wedging. Channeling consists in cutting long narrow 


Fic. 1. Single-swivel Channeler with Boiler. 


channels in the rock to free the sides of large blocks of stone. A channeling 
machine consists of an engine running on a track on the floor of the quarry 
and operating a drill bit which cuts ‘the channel as the machine is run back 
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and forth along the track (see Figs. 1 and 2). The drill is sometimes 
a rotary steel or diamond bit, but is usually a percussion bit. The percussion 
channeler is ordinarily eniployed for marble, massive limestone, and thick- 
bedded sandstones; and the diamond drill for the harder stones. With the per- 
cussion channeler, the channels are 1 to 3 inches wide according to depth, and 
may be 10 to 14 feet deep, different lengths of drill rods being used as the depth 
of the channel increases. The diamond channeler first bores a series of holes’ 
close together, and then bores out the partitions between the holes; and can 


\' Fie. 2. Percussion Rock Drill. 


operate at any angle with the vertical, even kadireatal: “If the rock fs not in 
| layers, after the necessary channels have been cut around the block, it is neces- 
sary to undercut the block in order to release it. This is accomplished by 

‘drilling a series of holes along the bottom, called “ gadding ” by quarry-men. 
| The block is then split from its bed-by means of wedges or plug and feathers. 


Quarrying with Explosives. In this method drill-holes are put down 
to the depth to which the rock is to be split, and the requisite amount of 
powder or other explosive put in, covered with sand, and fired by a fuse. 
Sometimes numerous charges in a line of drill-holes are fired simultaneously 
_ by means of electricity. Coarse gunpowder is the explosive ordinarily used, 
since the auick-acting explosives, like nitroglycerine and dynamite, have a 
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tendency to shatter the stone and break it in many directions. For quarry- 
ing each class of rock there is a characteristic method employed, which is, 
however, varied in detail in different quarries. The minor details of quarry 
methods are’as various as the differences existing in the textures, structures, 
and modes of occurrences of the rucks quarried. Even such an apparently 
unimportant matter as the form of the bottom of the drill-hole into which the 
explosive is put has a very marked effect. If bored with a hand-drill, the 
hole is generally triangular at the bottom,-and a blast in such a hole will break 
the rock in three directions. In some quarries the lines of fracture are made 
to follow predetermined directions by putting the charge of powder into can- 
isters of special forms. 


Drills are of three forms. The yuMPER is a drill similar to that used for 
drilling holes for plugs and feathers, except that it is larger and longer. It 
is usually held by one man, who rotates it between the alternating blows from 
hammers in the hands of two other men. CHURN-DRILLS are long, heavy 
drills, usually 6 to 8 feet in length. They are raised by the workmen, let 
fall, caught on the rebound, raised 
and rotated a little, and then 
dropt again, thus cutting a hole 
without being driven by the ham- 
mer. They are more economical 
than jumpers, especially-for deep 
holes, as they cut faster and make 
larger holes than hand-drills. 
MACHINE ROCK-DRILLS bore much 
“more rapidly than hand-drills, 
and also more economically, pro- 
vided the work is of sufficient 
magnitude to justify the pre- 
liminary outlay. They drill in. 
any direction, and can often be 
used in boring holes so located — 
that they could not be bored by 
hand. They are-worked either 
by steam directly, or usually by 
air comprest by steam, electric or 
water power. ; . 


Rock-drilling machines use either 
percussion or rotary drills. The 
method of action of the PERCUSSION- 
DRILL is the same as that of the 
‘“s churn-drill already described. The 
usual form is that of a cylinder, in 
= which a piston is moved by steam or 

comprest air, and the drill is attached 
to this piston so as to make a stroke 
with every complete movement of the _ 
piston. An automatic uevice causes 
it to rotate slightly at each stroke. 

Fig. 3. Percussion Rock Drill. Fig. 3 shows one of the best-known | 

: : air-driven percussion rock-drills. This 

machine is often called a tripod drill. Fig. 4 shows a section of the drill and also an 
electric motor for compressing the air. This form is usually called an electric air-drill. — 


Of the ROTARY DRILLs there are two forms, one in which the cutting is done by teeth 
on the end of a hardened steel tube and the other by diamonds. In either case the drill 


ae 
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fod is a long tube, revolving about its axis, fept in contact with the rock, and by its 
rotation cuts in it a cylindrical hole, generally with a solid core in the center. The 
drill-rod is fed forward, or into the hole, as the drilling proceeds. The débris is removed 
from the hole by a constant stream of water which is forced to the bottom of the hole 
‘thru the hollow drill-rod, and which carries the débris up thru the narrow space between 
the outside of the drill-rod and the sides of the hole. The pIAMOND DRILL is the only 
form of rotary rock-drill extensively used in America. The tube has a head at its lower 
“end, in which are set a number of carbons or black diamonds. The diamonds usually 
project slightly beyond the circumference of the head, which is perforated to permit 
the ingress, and egress ‘of the water used in removing the débris from the hole and at the 
same time prevent the head from binding in the hole. When it is desirable to know 
the precise nature and stratification of the rock penetrated, the cutting points are so 
arranged as to cut an annular groove in the rock, leaving a solid core, which is broken 


Fic. 4. Electric-air Percussion Rock,Drill. 


off and lifted out whenever the head:is brought up. Where it is not desined to preserve 
___ the core intact, a solid boring-bit is used instead of the core bit. They are made of any 
_ size up to 15 inches in diameter. . 
_* Dynamite is the name given to any explosive which contains nitroglycerine 
_mixt with a granular absorbent. If the absorbent is inert, the mixture is 
_ called true dynamite; if the absorbent itself contains explosive substances, 
_ the mixture is called false dynamite. Dynamite is exploded by means of 
F ‘sharp percussion, which is applied by means of a cap and fuse. The cap is 


a ‘copper ‘cylinder, about 14 inch in diameter and an inch-or two in 

__ length, containing a cement composed of fulminate of mercury and some inert 
I _ substance. The cap is called single-force, double-force, etc., according to the 

_ amount of explosive it contains. TRUE DYNAMITES must contain at least ” 
| i 50% of nitroglycerine, otherwise the latter will be too completely cushioned 
| "by the absorbent, and the powder will be too difficult to explode. Farse pyna- 
{[TES, on the contrary, may contain as small a percentage of nitroglycerine 
_ 4s may be desired, some containing as little as 15%. The added explosive 

tances in the false dynamites ‘generally contain large quantities of oxygen, . 
_ Which are liberated upon explosion, and aid in effecting the complete com- 

oe - . ee . . 

| - bustion of any noxious gases arising from the nitroglycerine. The false are 
enerally inferior to the true dynamites, since the bulk of the former is increased 
na higher ratio than its power; and.as the cost of the work is largely depend- 
“Upon the size of the drill-holes, there iis no economic gain. High-power 
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dynamites are required for hard and refractory rock, but for the softec rock 
a low-power is better. In quarrying, 40% dynamite is ordinarily used. 


Gunpowder is sold in kegs of 25 lbs, costing about $2.00 to $2.25 per keg, exclusive of 
freight, which is very high, owing to the risk. Dynamite is sold in cylindrical, paper- 
covered cartridges, from 7% of an inch to 2 inches in diameter and 6 to 8 inches long, 
or longer, which are packed ir boxes containing 25 or 50 pounds each. They are fur- 
nished, to order, of any required size. The price per pound ranges from 15 cents for 
15% nitroglycerine to 20 cents for 75 % nitroglycerine. 


5. Tools for Stonecutting 


A knowledge of the tools used in stonecutting is necessary for an intelli- 
gent understanding of the methods of preparing stones and is also necessary 
for a recognition of the names of the various kinds of drest surfaces. The 
following names. and descriptions of tools were first proposed in 1877 by a 
committee of the American Society of Civil Engineers and have been widely 
adopted and used: 


The DousiE-Facre Hammer (Fig. 5) is a heavy tool weighing from 20 to 30 pounds, 
used for roughly shaping stones as they come from the quarry and for knocking off pro- 
jections. This is used only for the. roughest work. 


aes 


Fig. 5. Double-Face‘ Hammer Fig. 6. Face Hammer 


~~ 


The Fack Hammer (Fig. 6) has one blunt and one cutting end, and is used for the 
same purpose as the double-facé hammer where less weight is required. The cutting 
end is used for roughly squaring stones, preparatory to the use of finer tools. 

The Cavin (Fig. 7) has one blunt and one pyramidal, or pointed, end, and weighs from 
~ 15 to 20 pounds. It is used in quarries for roughly shaping stone for transportation. 


10° 


Fig. 7. -Cavil ’ Fig. 8. Pick 


The Pick (Fig. 8) somewhat resembles the pick used in digging, and is used for rough — 
- dressing, mostly on limestone and sandstone. Its length varies from 15 to 24 inches, 
the thickness at the eye being about 2 inches. 


The Ax or Pren Hammer (Fig. 9) has two opposite cutung edges. It is used for 
making drafts around the airis, or edge, of stones, and in reducing faces, and some- 
times joints, toa level. Its length is about ro inches, and the cutting edge about 4 inches 
It is used after the point and before the patent hammer. o 
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The Toorr Ax (Fig. 10) is like the ax, except that its cutting edges are divided into 
teeth, the number of which varies with the kind of work required. This tool is not used 
on granite and gneiss. 


Fig. 9. Ax or Peen Hammer. Fig. 10. Tooth Ax 


The Bush Hammer is a square prism of steel whose ends are cut into a number of 
pyramidal points. The length of the hammer is from 4 to 8 inches, and the cutting face 
from 2 to 4 inches square. The points vary in number and in size with the work to be 
done. One end is sometimes made with a cutting edge like that of the ax. 


The Cranpa t, Fig. 11, is a malleable-iron bar about two feet long, slightly flattened at 
one end. In this end is a slot 3 inches long and 3% inch wide. Thru this slot are 
passed ten double-headed points of 14 inch square steel, 5 inches long, which are held in 
place by a key. 


Fig. 11. Crandall Fig. 12. Patent Hammer 


The Parent Hammer (Fig. 12) is a double-headed tool so formed as to hold at each 
end a set of wide thin chisels. The tool is in two parts, which are held together by the 
bolts which hold. the chisels. Lateral 


motion is prevented by four guards : 
on one of the pieces. The tool with- ——— 

_ out the teeth is 514 by 234 by 14 3 
inches. The teeth are 234 inches SS ee 
wide. Their thickness varies from Fig. 14 : 


1'/j2 to 1% of an inch. This tool is 
used for giving a finish to the surface 


of stones. See 
The Pitcuinc Cutset (Fig. 13) : 

is usually of 114 -inch octagonal é eS 

* steel, spread on the cutting edge to Fig. 13, 
a rectangle of 14 by 224 inches. It Pitching Chisel Fig. 15. Chisel 
is used to make a well-defined edge 4 
to the face of a stone, a line being marked on the joint surface to which the chisel ig 
applied and the portion of the stone outside of the line broken off by a blow with the 
hand hammer on the head of the chisel. 


rf The Porn (Fig. 14) is made of round or octagonal rods of steel, trem Y4 inch to x 
inch in diameter. It is made about 12 inches long, with one end brought to a point. 
It is used until its length is reduced te about 5 inches. It is employed for dressing off 
the irregular surface of stones, either for a permanent finish or preparatory to the use 
of the ax. According to the hardness of the stone, either the hand hammer or the 
mallet is used with it. 

~The Cursex (Fig. 15) of round steel of 14 to 34 inch in diameter and about 10 inches 

_ long, with one end brought to a cutting edge from }4 inch to 2 inches wide is used for 
- cutting drafts or margins on the face of stones. _ 


Point 
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The Toorn CatsEt (Fig. 16) is the same as the chisel, except that the cutting edge is 
divided into teeth. It is used only on marbles and sandstones. , i 

The Sprirrine CuIsex (Fig. 17) 

is used chiefly on the softer 

stratified. stones, and sometimes 

y\ on fine architectural carvings in 

granite. ‘ ‘ 

The Piuc, a truncated wedge 

‘of steel, and the FEATHERS of 

-half-round malleable iron (Fig. 

18), are used for splitting un- 

stratified stone. A row of holes 

is made with the Dritr (Fig. 19) 

Fig. 17. Splitting Chisel Plug and Feather. on the line on which the fracture 

is to be made, in each of these 


(Se eet, 


Fig..19. Drill 


holes two feathers are inserted, and the plugs are lightly driven in between them. The 
plugs are then gradually driven home by light blows of the hand hammer on each in 
succession until the’stone splits. . 


6. Dressing the Surface 


Building stones are divided into three classes according to the finish of the 
surface, viz.: unsquared stone, squared stone, and cut stone. 


Unsquared Stones include all stones which are used as they come from 
the quarry without other preparation than the removal of very acute angles 
and excessive projections from the general figure.. The term “ backing,” which 
is frequently applied to this class of stone, is inappropriate, as it properly 
designates material used in a certain relative position in a wall, whereas stones 
of this kind may be used in any position. 

Squared Stones include all stones that are roughly drest on beds and 
joints. The dressing is usually done with the face hammer or ax, or in soft 
stones with the tooth hammer. In gneiss it may sometimes be necessary to 
use the point. The distinction between this class and the third lies in the degree 
of closeness of the joints. Where the dressing on the joints is sech that the 
distance between the general planes of the surfaces of adjoining stones is one- 
half inch or more, the stones properly belong to this class. Three subdivisions 
of this class may be made, depending on the character of the face of the stones: — 
QUARRY-FACED SToN=s are those whose faces are left untouched as they come 
from the quarry. Prrca-racep Stones are those on which the arris is clearly” 
defined by a line beyond which the rock is cut away by the pitching chisel, so 
as to give edges that are approximately true. Drarrep Srones are those on 
which the face is surrounded by a chisel draft, the space inside the draft being 
left rough. Ordinarily, however, this is done only on stones in which the cut- 
ting of the joints is such as to exclude them from this class. In ordering stones. 
of this class the specifications should state the width of the bed and end joints — 

* which are expected, and also how far the surface of the face may project beyond — 
‘the plane of the edge. In practise, the projection varies between 1 inch and 6 
‘inches. It should also be specified whether or not the faces are to be drafted. 


Cut Stones include those with smoothly drest beds and joints. As a 
tule, all the edges of cut stones are drafted, and between the drafts the stone 
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is smoothly drest. The face, however, is often left rough where the con 
struction is massive. In architecture there are a great many ways in which 
the faces of cut stone may be drest, but the following are those that will usually 
be met in engineering work. 


When it is necessary to remove an inch or more from the face of a stone, it is done by 

. the pick or heavy point until the projections vary from 14 inch tor inch. The stone is 
then said to be rough-pointed (ig. 20). In dressing limestone and granite, this opera- 
tion precedes all others. If a smoother finish is desired, rough pointing is followed’ by 
fine pointing, which is done witha fine point. Fine pointing (Fig. 21) is used only where 


. Fig. 20. Rough-Pointed E Fig. 21. Fine-Pointed 


the finish made by it is to be final, and never as a preparation for a final finish by another 
tool. Crandaling is a speedy method of pointing, the effect heing the same as fine point- 
ing, except that the dots on the stone are more regular. The variations of level are about 
¥ inch, and the rows are made parallel. When other rows at right angles to the first 
are introduced. the stone is said to be cross crandaled. Fig. 22 shows a crandaled 
and also a cross-crandaled surface. These two vary only in the degree of smoothness 
of the surface which is produced (Fig. 22). The number of blades in a patent ham- 
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Fig. 22. Crandaled. Fig. 23. Axed. 


_ mer varies from 6 to 12 to the inch; and in precise specifications the number of cuts to 
the inch must be stated, as 6-cut, 8-cut, ro-cut, or r2-cut. The effect of axing istocover _ 
the surface with chisel ‘marks, which are made parallel as far as Bigastabie. Axing is 
a final finish (Fig. 23). 


The tooth-ax is practically a number of points, and it leaves the surface of a stone in 
the same condition as fine pointing. It is usually, however, only a preparation for bab 
hammering, and the work is then done with- 
out regard to appearance so long as the sur- 
face of the stone is sufficiently leveled. The 
roughnesses of a stone are pounded off by the 
bush hammer, and the stone is then said to be 
bushed (Fig. 24). This kind of finish is dan- 
ferous on sandstone or other soft stone, as 
experience has shown that stone thus treated : 
is likely to scale off. In dressing limestone Fig. 24, Bush-Hammered. 
which is to have a bush-hammered finish, 
the usual sequence of operations is (x) rough-pointing, (2) tooth-axing, and (3) bush- 
hammering. 
~ In dressing sandstone and marble, it is very common to give the stone a plane surface 
‘at once by tag tise of the stone-saw. Any roughnesses left by the saw are removed by 
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rubbing with grit or sandstone. Such stones, therefore, have no margins. They are fre- 
quently used in architecture for string courses, lintels, door jambs, etc.; and they are also 
well adapted for use in facing the walls of lock chambers and in other localities where a 
stone surface is liable to be rubbed by vessels or other moving bodies. Sometimes the 
space between the margins is sunk immediately adjoining them and then rises gradually 
until the four planes form an apex at the middle of the panel. In general, such panels 
are called diamond panels, and the one just described is called a sunk diamond panel. 
When the surface of the stone rises gradually from the inner lines of the margins to the 
middle of thé panel, it is called a raised diamond panel. Both kinds of finish are common 
on bridge quoins and similar work. The details of this method should be given in the 
specifications. 


Forming the Surface. The surfaces most frequently required in stone- 
cutting are plane and cylindrical; but sometimes warped, conical, spherical, 
and irregular surfaces are required. 


To secure a PLANE SURFACE, the stonecutter draws a line with iron ore or black 
lead, on the edges of the stone, to indicate.as nearly as possible the required plane sur- 
face. Then with-the hammer and the pitching-tool he pitches off all waste material 

above the lines, thereby reducing the surface approximately 
toa plane. With a chisel he then cuts a draft around the 
edges of this surface, that is, he forms narrow plane surfaces 
along the edgesof the stone. To tell when the drafts are in 
the same plane, he uses two straight-edges having parallel 
sides and equal widths (Fig. 25). The projections on the 
Fig: 25. Plane Surfaces surface are then removed by the pitching chisel or the point, 
until the straight-edge will just touch the drafts and the 
intermediate surface when applied across the stone in any direction. The surface is 
usually left a little slack or concave, to allow room for the mortar, 


To form a second plane surface at right ingles to the first one, the workman draws a 
line on the cut face to form the intersection of the two planes; he also draws a line on 
the ends of the stone approximately in the required plane. With the ax or the chisel 
he then cuts a draft at each end of the stone until a steel square fits the angle. He next’ 
joins these drafts by two others at right angles to them, and brings the whole surface to 
the same plane. The other faces may be formed in the same way. If the surfaces are 
not at right angles to each other, a bevel is used instead of a square, the same general 
method being pursued. 


To form a CYLINDRICAL suRFACE, the stone is first reduced to a parallelopipedon, 
after which the curved surface is produced in either of two ways: (1) by cutting a circular 
draft on the two ends and applying a straight-edge along the rectilinear elements (Fig. 26); 
or (2) by cutting a draft along-the line of intersection of the plane and cylindrical sur- 
face, and applying a curved’ templet perpendicular to the axis (Fig. 27). 


Fig. 26. Cylindrical Fig. 27. Cylindrical Fig. 28. Warped 
Surfaces. Surfaces. Surfaces, 


Warped Surfaces include what the stonecutter calls twisted surfaces, as well as 
the general warped surface. The former is seldom used: in masonry, and the latter 
almost never. The method of forming a surface equally twisted right and left is shown 
in Fig. 28. Two twist rules are required, the angle between the upper and lower edges 
being half of the required twist. Drafts are then cut in the ends of the stone until t 
tops of the twist rules, when applied as in Fig. 28, are in plane. The remainder of 
the projecting, face is removed, until a straight-edge, when applied parallel to the edge 
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of the stone, will just touch the end drafts and the intermediate surface. If the surface 
is to be twisted at only one end, a parellel rule and a twist rule are used. 


7. Dry Stonework 


Riprap is stone laid, without mortar, about the base of bridge piers and 
abutments tg prevent scour, and sometimes on banks to prevent wash, altho 
the latter are usually protected by stone paving. Often riprap is dumped 
in promiscuously, the size of the stone depending upon the material at hand 
and the velocity of the current, in extreme cases stones of 15 to 20 cu ft being 
used. In the most careful work, the stones are placed by hand so as to fill 
up the greater cavities and secure a tighter and more stable mass. 


Slope Wall is a stone-block pavement laid upon the sloping earth bank of 
a river, canal or reservoir to protect it from the erosive action of the current 
and waves. It is usually made of thin-bedded stones 6 to 12 inches wide set 
on edge in a bed of fine gravel or coarse sand.. The gravel or sand is neces- 
sary to prevent the finer native soil from being displaced by the action of the 
water. The thickness of the bed of gravel will depend upon the regularity of 
the width of the stones, but usually a thickness of 4 to 8 inches is sufficient. 
The stones should break joints horizontally so that if a stone is displaced 
those above will bridge over the opening and prevent the raveling of the 
whole wall. The joints should be made reasonably close to prevent the wash- 
ing out of the building material, but ordinarily a width of 1 or 11% inches is 
sufficient. The Jength and width of the face of the stone are unimportant, 
and will depend upon the way the stone quarries out. Ordinarily a slope 
wall can be built cheaper and better of stones that one man can lift readily, 
than of two-men stones or of those that must be placed with a derrick. The 


paving should be laid approximately to a plane and in fairly regular courses. 


Sometimes a slope wall is made of cobble stones or rounded boulders, but 
such stones are more troublesome to place, and do not make as desirable or 
stable a wall as stratified stones. 


STONE AND BRICK MASOMRY 


8. Kinds ot Stone Masonry 


Classifications of stone masonry are: (1) according to the finish of the 
face of the stones, (2) according to whether the horizontal joints are more or 
less continuous, (3) according to the care which is employed in dressing the 
beds and joints. 

(x) Quarry-faced Masonry is that in which the face of the stone is left 
as it comes from the quarry (Fig. 29). PircH-racep Masonry is that in 
which the face edges of the veds are pitched to 
aright line (Fig 30). The outer edge of a 
horizontal joint of pitch-faced masonry is straight, 
while in quarry-faced it is not. CutT-sTonr 
Masonry is that in which the face of the stone 
is finished by any one of the methods described in 
Art. 6, as rough-pointed fine-pointed, crandaled, 


Quarry Faced 
Pitch Faced 


Yi 
MW WG 
axed, bush-hammered, rubbed. Fig. 29 Fig, 30 
(2) Range Masonry is that in which a course : r 
is the same thickness thruout its length (Fig. 31). Broken RANGE is that in 
which the course is of uniform thickness for only parts of its length (Fig. 
32). Ranpom Masonry is that which is not laid in courses at all (Fig. 33); 


We 
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it is sometimes designated as one-against-two or two-against-three, the first 
term indicating that there is one stone on one side of a vertical joint and two 
on the other, and similarly for the second term. 


Fig. 81. Range Fig. 32. Broken Range Fig. 33. Random 


(3) Ashlar Masonry is composed of any of the kinds of cut-stones (Art. 6). 
It is usually held that when the dressing of the joints is such that the distance 
lvetween the general planes of the surfaces of adjoining stones is one-half inch 
or less, the masonry belongs to this class. From its derivation ashlar appat- 
ently means large, square blocks; but, practise Seems to have made it synony- 
mous with cut stone, and this secondary meaning has been retained for 
convenience. The coursing of ashlar is described by prefixing range, broken 
range, or random; and the finish of the facé is described by prefixing a maine 
to designate the finish of the face of the stone of which the masonry is com- 
posed, as for example fine-pointed aShlar,. rubbed ashlar. Dritension STONE 
Masonry is that composed of cut-stones all of whose dimensions have been 
fixt in advance. Ordinarily the specifications of ashlar are so written as to 
prescribe the dimensions of the stones to. be used, and heiice it is seldom or 
' never necessary to make a new Class of masonty composed of dimension stones. 

Squared-Stone Masonry is that in which the stones are roughly squared and roughly 
‘drest on beds and joints. The distinction between squared-stone masonry and ashlar 
‘lies in the degree of closeness of the joints, ‘When the dressing on the joints is such that. 
the distance between the general planes of the surface of adjoining stones is one-half inch 
or more, the stones properly 

belong to this class.” 

Rubble Masofiry is com- 
posed of unsquared stones, 
and it may be coursed or 
wncoursec. Coursep Ruw- 
BLE is masonry composed 
of unsquared stone which 
* is leveled off at specified 
heights to an approximate- , ‘ 
ly horizontal surface (Fig. Fig. 34. Uncoursed Rubble Tig. 35, Cowrsed Rubble 
35). Uncoursep Russie 
is masonry composed of unsquaréd stones laid without any attempt at regular courses 
Fig. 34). . The specifications for rubble may fequire that the ‘stones shall be roughly 
shaped with the hammer. Rubble is sometimes designated as one-man or two-man — 
rubble, according to the number of men required to handle a stone. f i 

General Rules. The following general principles apply to all classes 
stone masonry: (1) The largest stones should be used in the foundation to ~ 
give the greatest strength and lessen the danger of unequal settlement. (2) A 
stone should be laid upon its broadest face, since then there is better oppor 
tunity to fill the spaces between the stones. (3) For the sake of appearance, — 
the larger stones should be placed in the lower courses, the thickness of the 
courses decreasing gradually toward the top of the wall. (4) Stratified stones 
should be laid upon their natural bed, i.e. with the strata perpendicular to 
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the pressure, sitce they are then stronger per moré durable. (s) The. 
masonry should be built in courses perpendicular to the pressure it is to bear. 
(6) To bind the wall together Jaterally, a Stone in any coursé should break 
joints with or overlap the stone in the course below; that is, the joints parallel 
to the pressure in two adjoining courses should not be too nearly in the same 
line. This is briefly comprehended by saying that the wall should have _ 
sufficient lateral bond. (7) To bind*the wall together transversely, there 
should be a considerable number of headers extending from the front to the 
back of thin walls or from the outside to the interior of thick walls; that jis, 
the wall should have sufficient transverse bond. (8) The'surface of all porous 
stones should be moistened before being bedded, to prevent thé stone froin’ 
absorbing the moisture from the mortar and thereby causing it to become cy 
friable mass. (g) The spaces between the back ends of adjoining stones 
should be as small as possible, and these spaces and the joints between the 
stones should be filled with mortar. (xo) If it is necessary to move a stone 
after it has been placed upon the mortar bed, it should be lifted clear and be 
reset, as attempting to slide it is likely to loosén stones already laid and destroy 
the adhesion, and thereby injure the strength of the wall. 


9. Ashlar Masonry 


Ashlar is the best quality of stone masonry, and is employed in all impor- 
tant structures. It is used for piers, abutments, arches, and parapets of 
bridges; for hydraulic works; for facing quoins, and string courses; for the 
coping of inferior kinds of masonry and of brickwork; and, in general, for 
work in which great strength and stability are fequired. The dimensions of 
the blocks should vary with the character of the stone employed. With thé 
weaker sandstone and granular limestones the length of any stone should 
not be greater than three times its depth, as otherwise it is likely to be broken 
across; but with the stronger stones the length may be four or five times the 
depth. With the weaker stonés the breadth may range from one and a half 
+6 two times the depth; and for the stronger stones it may rage from three 
to four tities the depth. 

_ Dressing. The dressing consists in cutting the side and ‘bed joints to 
plane surfacés, usually at right angles to ach other. The accurate dressing 

of the bed joints to a.plane surface is exceedingly important. If any part of 

the surface projects beyond the plane of the chisel draft, that projecting part 

bib have to bear an undue share of the pressure, the joint will open at the 

, and the whole will be wanting in Stability. On the other hand, if the 

i ate of the bed is ‘concave, having been drest down below the plane of 
the chisel draft, the pressure is concentrated on the edges of the stone, ‘to the 
risk of splitting them off. Such joints are said’ to be flushed. They are 

more difficult of detection, after the masonry has been built, than open joints; — 

and are often executed by design, in order to give a neat appearance to the 

face of the building. Their occurrence must therefore be guarded against 

by careful inspection during the progress of the stone-cutting. 

Great smoothness is not desirable in the joints of ashlar masonry intended for strength 
a“ Stability, for a moderate degrée of roughness adds at once to the resistance to dis- 

ent by sliding and to the adhésion ‘of the mortar. When the 'stoné has been 

So that all the small ridges and projecting points on fits surface ‘aré reduced nearly 

Pr plane, the pressiiré is distiibuted nearly Wniformly, for the niortar serves 10 transmit 

the pressure to the small depressions. Each stone should first be fitted into its place 

dey, in order that any inaccuracy of figure-may be discovered and corrected by the 'stone- 
cutter before it is finally laid in mortar and settled in its bed. 

‘The entire bed area of a stone should be drest to a plane; but, unless the wall is so 
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thin that the stones extend clear through, it is not necessary to dress the entire area of 
the ends of the stones; and it is not necessary to dress any portion of the back side of the 
stones. The specifications should state the distance back from the face of the stone that 
the end is to be drest to a plane surface. This distance is sometimes stated in inches 
and sometimes as a fractional part of the thickness of the course. Sometimes specifica- 
tions permit the vertical joints to be wider than the bed joints, This decreases the cost 
of cutting, and may not materially reduce the strength of the masonry; but may slightly- 
affect the durability and the architectural appearance. 

The thickness of mortar in the joints of the very best ashlar masonry is about 1 inch; 
in first-class railroad masonry the joints are from %4 to % inch. A chisel draft 114 or 2 
inches wide is usually cut at each exterior corner. In the best work, as fine cut-stone 
buildings, all projecting courses, as window sills, water tables, cornices, etc., have grooves 
or “drips,” cut in the under surface a little way back from the face, so as to cause rain- 
water to drop from the outer edge instead of running down over the face of the wall and 
disfiguring it. 

Bond. The bond is the arrangement or overlapping of the stones to tie 
the wall together longitudinally and transversely, and is of great importance 
to the strength of the wall. No joint of any course should be directly above 
a joint in the course below; but the stones should overlap, or break joint, 
from one to one and one-half times the depth of the course, both along the 
face of the wall and also from the front to the back. The effect is that each 
stone is supported by at least two stones of the course below, and assists in 
supporting at least two stones of the course above. The object is twofold: 
first, to distribute the pressure, so that inequalities of load on the upper part 
of the structure (or of resistance at the foundation) may be transmitted to 
and spread over an increasing area of bed in proceeding downwards (or 
upwards); and second, to tie the building together, both lengthwise and from 
face to back. 

The strongest bond is that in which each course at the face of the structure contains 
a header and a stretcher alternately, the outer end of each header resting on the middle 
of a stretcher of the course below, so that rather more than one-third of the area of the 
face consists of ends of headers. This proportion may be deviated from wher circum- 
stances require it, but in every case it is advisable that the ends of headers should not form 
less than one-fourth of the whole afea of the face of the structure. A header should be 
over the middle of the stretcher in the course below. In a thin ‘wall a header should 
extend entirely thru the wall. 

Where very great resistance to displacement of the masonry is required Gat in the upper 
courses of bridge piers, or over openings, or where new masonry is joined to old, or where 
‘here is danger of unequal settlement), the bond is strengthened by OS or by cramp, 
ons of, say 1%4-inch round iron set with cement mortar. 


Backing. Ashlar is usually backed with rubble masonry which in such 
cases is specified as coursed rubble. Special care should be taken to secure 
a good bond between the rubble backing and the ashlar facing. “Iwo stretch- 
ers of the ashlar facing having the same width should not be placed one im-~ 
‘mediately above the other. The proportion and the length of the headers in 
the rubble backing should be the same as in the ashlar facing. The “‘tails” 
of the headers, or the parts which extend into the rubble backing, may be 
left rough at the back and sides; but their upper and lower beds should be 
drest to the general plane of the bed of the course. These tails may taper 
slightly in breadth, but should not taper in depth. The backing should be 
carried up at the same time with the face-work, and in courses of the same 
depth; and the bed of each course should be carefully built to the same plane 
with that of the ashlar facing. The rear face of the backing should be lined 
toa fair surface. 

Pointing. In laying masonry of any character, whether with lime or — 
cement mortar, the exposed edges of the joints will naturally be deficient in 
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density and hardness. The mortar in the joints near the surface is especially 
subject to dislodgment, since the contraction and expansion of the masonry 
are liable either to separate the stone from the masonry or to crack the mortar 
in the joint, thus permitting the entrance of rain-water, which upon freezing 
forces the mortar from the joint. Therefore, it is usual, after the masonry 
is laid, to refill the joints as compactly as possible, to the depth of at least an 
inch, with mortar prepared especially for this purpose. This operation is 
called pointing. 2 

The very best cement mortar should be used for pointing, a8 the best becomes dis- 
lodged all too soon, Clear portland-cement mortar is the best, altho x volume of 
cement to x of sand is frequently used in first-class work. The mortar, when ready for 

» use, should be rather incoherent and quite deficient in plasticity. 

Before applying the pointing, all mortar in the joint should be dug out to a depth 
of at least x inch; or, better, in setting the stones, the mortar should be kept back an inch 
or more from the face, and thus save the labor of digging out the joints preparatory te 
pointing. For the bed joints this may be accomplished by keeping the mortar back 
from the face of the wall about 3 inches, and then when the stone is put into place the 
mortar will probably be forced out to about 1 or 14% inches from the face of the joint, and 
consequently little or no labor will be required to dig out the mortar. Frequently ‘in 
laying a stone the mortar is spread to the very edge of the joint; and then when the point- 
ing is done, it is so difficult to dig out the mortar that the joint is cleared only about half 
an inch deep, which depth does not give the pointing sufficient hold, and consequently it 
soon drops out. The difficulty or digging out the mortar from the vertical joints may be 
obviated by bending a strip of tin or thin steel to the form of a U having one leg consid- 
erably longer than the other, and nailing the long leg to the side of a light strip of wood 
s> that the closed end of the U will project beyond the edge of the wood a distance equal 
to the depth of the pointing, and then inserting the closed end of the U in the vertical 
joint before it is filled with mortar. 

When the surplus mortar has been removed, the joint should be cleansed by scraping 
and brushing out all Joose material. and then it should be well moistened. The mortar is 
applied with a mason’s trowel, and should be well “set in’”’ with a calking iron and ham- 
mer. .The joint should be rubbed smooth and finished even with the pitch line or with 
the face of the stone. In the very best work, the joint is also rubbed smooth with a steel 
polishing tool.: Walls should not be allowed to dry too rapidly after pointing; and there- 
tore pointing in hot weather should be avoided. 


There are four general forms of finishing the edges of the horizontal joints of cut-stone 
masonry, whether or not they are formally pointed as above described. Fig. 36 shows 
these four forms. When the horizontal joints are finished as in either of the first two 
examples in Fig. 36 it is customary to finish the vertical joints by the first method; but 
when either of the last two 
methods is employed, it is used 
for both the vertical and the 
horizontal joints. Occasionally 
in cuf-stone masonry, and fre 
quently in brick masonry, the 
weather joint is improperly 
made to slope in the opposite 


Wiehe Joint direction, due to the fact that 
" Sie. the mason stands at the back of 
Fig. 36. Finish of Horizontal Joints the wall and “strikes” the joint 


by reaching down and resting the edge of the trowel on the stone below the joint. If 
_ the mason stands behind the wall, it is not comfortable to make the weather joint as 
shown in Fig. 36 at the time the masonry is laid. The grooved joint is frequently 

ca'led a tuck-pointed joint, and is sometimes made with a V-like face. The beaded 
joint is not very durable, since the projecting partion soon becomes detached. In mak- 
ing the beaded joint, the beading tool is sometimes guided by a straight-edge, called a 
“rod,” and the joint is then said to be “rodded.” 


- ‘The Amount of Mortar required for ashlar masonry varies with the size 
of the blocks, and also with the closeness of the dressing. With 3¢- to 14-inch 


2, 
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joints and 12- to 20-inch courses, there will be about 2 cubic feet of morta1 
per cubic yard; with larger blocks and closer joints, i.e., in the best masonry, 
there will be about 1 cubic foot of mortar per yard of masonry. Laid in x to 
2 mortar, the former will require 4 to 4% of a barrel of cement per cubic 
yard of masonry exclusive of the rubble backing, and the latter about half as 
much, . 
10. Squared-Stone and Rubble Masonry 


Squared-Stone Masonry. Squared-stone masonry is distinguished from 
ashlar in having less accurately drest beds and joints; and from rubble in 
being more carefully constructed. In ordinary practise, the field covered by 
this class is not very definite. The specifications for ‘‘second-class masonry” 
as used on some railroads usually conform to the above description of quarry- 
faced range squared-stone masonry; but sometimes this grade of masonry is 
designated “superior rubble.”” Squared-stone masonry is employed for the 
piers and abutments of highway bridges, for small arches, for box culverts 
for basement walls, etc. The quoins and the sides of openings are usually 
reduced to a rough-smooth surface with the face-hammer, the ordinary ax 
or the tooth-ax. This work is a necessity where door or window frames aré 
inserted; and it greatly improves the. general effect of the wall, if used wher- 
ever a corner is turned. 

The remarks concerning size of stones and backing under ashlar above apply sub. 
Stantially also to squared-stone masonry, As the joints of squared-stone masonry are 
thicker than those of ashlar. the pointing should be done proportionally more carefully 
while as a rule it is done much more carelessly. The mortar is often thrown into the 
joint with a trowel, and then trimmed top and bottom to give the appearance of a thinne: 
joint. Such work is called ribbon pointing. Trimming the pointing adds to the appear: 
ance but not to the durability. When the pointing is not trimmed, it is called dash pointing 

Rubble Masonry. This is the lowest grade laid with mortar; and i: 
built of stones as they come from the quarry without other preparation thar 
the removal of very acute angles and excessive projections from the genera 
figure. The stone used for rubble masonry is prepared by simply knocking 
off all the weak angles of the block. It should be cleansed from dust, etc. 
and moistened, before being placed on its bed. This bed is prepared by 
spreading over the top of the lower course an ample quantity of good, ordi. 
nary-tempered mortar inwhich the stone 1s firmly embedded. The vertica 
joints should be carefully filled with mortar. The interstices between the 
larger masses of stone are filled by thrusting small fragments or chippings o 
stone into the mortar. Careful attention should be given to bonding the wal 
laterally and transversely. It is frequently specified that one-fourth or one 
fifth of the mass shall be headers, ‘The corners and jambs should be lait 
with hammer-dressed or cut stones. ; 


A very stable wall can be built of rubble masonry without any dressing, except a draf 
on the quoins by which to plumb the corners and carry them up neatly, and a few stroke 
of the hammer to spall off any projections or surplus stone. This style ot work is no 
generally advisable, as very few mechanics can be relied upon to take thé proper amoun 
of care in leveling up the beds and filling the joints; and as a consequence, one smal 
stone may jar loose and fall out, resulting probably in the downiall ot a considerabl 
part of the wall. Some of the naturally bedded stones are so smooth and uniform as t 
need no dressing or spalling up; and a wall of such stones is very economical, since ther 
is no expense of cutting and no time is lost in hunting for the right stone and yet strong 

- massive work is assured. However, many of the naturally bedded stones have inequali 
ties on their surfaces, and in order to keep them level in the course it becomes necessar 
to raise one corner by placing spalls or chips of stone under the bed, and to fill the yacar 
spaces well and full with mortar, and here the disadvantage of this a of work become 
apparent, 
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When carefully executed with good mortar, rubble possesses all the strength and dura- 
lity required in structures of an ordinary character, and is much less expensive than 
ther ashlar or squared-stone masonry. But it is difficult’ to get rubble well executed, 
‘he most common defects are (1) not bringing the stones to an even bearing; (2) leaving 
rge unfilled vertical openings between the several stones; (3) laying up a considerable 
eight of the wall dry, with only a little mortar on the face and back, and then pouring 
ortar on the top of the wall; (4) using insufficient cement, or that of a poor quality. The 
nly way to prevent the first defect is to have an inspector on the job all the time... The 
cond and third defects can be detected by probing the wall with a small pointed steel 
od. To prevent the fourth defect it is customary tor the owner to furnish the cement 
) the contractor. Apparently it is commonly believed that the rougher the stones and 
1 poorer the grade of masonry, the poorer the cement or the Jeaner the mortar should 
e. The principal object of the mortar is to equalize the pressure; and the more nearly 
1e stones are reduced to closely fitting surfaces, the less important is the mortar. Con- 
sequently, when a substantial rubble is required, it would not be amiss fo use a first-clas 
sment mortar, particularly if the stones are comparatively small. 


The Amount of Mortar required for rubble masonry varies greatly with 
he character of the surfaces with which the stone quarries out. If the stone 
; stratified sandstone or limestone yielding flat-bedded stones with good end 
urfaces, the rubble may not require much if any more mortar than ashlar 
uilt of the more refractory stones; but if the rubble is built of stone that 
uarries out in irregular chunks and is difficult to dress, a very large percent 
£ mortar may be required. The amount of mortar required can be consid- 
rably reduced by packing spalls into the vertical spaces between the stones, 

proceeding that is always economical since spalls are always much 
heaper than cement mortar. However, when the cement is furnished by 
he owner, the mason is apt to fill the joints entirely with mortar since it 
equires less time. 

If rubble masonry is composed of small and irregularly shaped stones, 
bout one-third of the mass will consist of mortar; and if laid in 1 : 2 mortar 
vill require about 1 barrel of portland cement per cubic yard, and if laid in 

+3 about 0.8 barrel. If the stones are large and regular in form, one-fifth 
0 one-quarter of the mass will be mortar; and the rubble will require about 
.7 barrel per cubic yard for x : 2 mortar and 0.6 barrel for 1 : 3. 

Rubble Concrete is ordinary concrete in which large irregular stones, sometimes 
alled plums, are embedded. This form of masonry is adapted to moderately massive — 
onstruction. The plums decrease the cost of crushing the stone and also decrease the 
mount of cement required, and increase the density of the mass. The plums are usually 
imited to about 40% of the entire volume, to insure that they shall be surrounded by 
oncrete. If the concr¢te is wet, there is little or no trouble in getting the large stones 
horoly bedded, and consequently this form of masonry is as good as or better than 
rdinary concrete. 

Cyclopean Masonry. Sometimes in building large structures, as dams, the rubble 
s made of very large irregular rocks and wet concrete is used instead of mortar. The 
ifge stones are placed in the wall by means of a derrick, and concrete is deposited from 
_bottom-dump bucket. This form of construction was first used about 1900, and is spe- 
ially applicable in building a dam, in which the faces are laid in ashlar, squared-stone, 
r rubble, and serve as forms in which to place the rock and concrete. The term con- 
rete-rubble is sometimes used for this kind of filling. . 


11, Safe Pressures for Stone Masonry 


“Strength of Stone Masonry is a subject about which there is almost.no 
lefinite information. The strength of a mass of stone masonry depends 
ipon the strength of the stone, the accuracy of the dressing, the proportion 
f headers to stretchers, the amount and the strength of the mortar. A 
ariation in any one of these items may greatly change the strength of the 
masonry, For example, if the mortar is of insufficient strength, it will be 


594 . Stone and Brick Masonry Sect. 6 


squeezed out laterally and cause the stone to fail by tension, or improper 
bedding of the stone may cause it to fail by flexure, for neither of which 
methods of failure is the stone as strong as in compression. 


No experiments have ever been made upon the strength of stone masonry under the 
conditions actually occurring in masonry structures, owing to the lack of a testing machine 
of sufficient strength. Experiments made upon brick piers 12 inches square and from 
2 to ro feet high, laid in mortar composed of 1 volume portland cement and 2 sand, show 
that the strength per square inch of the masonry is only about one-sixth of the strength of 
the brick. An increase of 50% in the strength of the brick produced no appreciable 
effect on the strength of the masonry; but the substitution of cement mortar (x portland 
and 2 sand) for lime mortar (zx lime and 3 sand) increased the strength of the masonry 
70%. The method of failure of these piers indicates that the mortar squeezed out of 
the joints and caused the brick to fail by tension. Since the mortar is the weakest ele- 
ment, the less mortar used the stronger the wall; therefore the thinner the joints and the 
larger the blocks; the stronger the masonry, provided the surfaces of the stones do not 
come in contact. 

The only practicable way of determining the actual strength of masonry is to note the 


loads carried by existing structures. Howeyer, this method of investigation will give - 


only the load which does not crush the masonry, since probably no structure ever failed 
owing to the crushing of the masonry. 

Pressure Allowed. Early builders used much more massive masonry, pro- 
portional to the load to be carried, than is customary at present. Experience 
and experiments have shown that such great strength is unnecessary. The load 
on the monolithic piers supporting the large churches in Europe does not usually 
exceed 30 tons per sq ft (420 lb per sq in), or about one-thirtieth of the ulti- 


mate strength of the stone alone, altho the columns of the Church of All Saints ° 


at Angers, France, is said to sustain 43 tons, per sq ft (600 lb persqin). The 
stone-arch bridge of 140 ft span at Pont-y-Prydd, over the Taff, in Wales, 
erected in 1750, is supposed to have a pressure of 72 tons per sq ft (r000 lb 
per sq in) on hard limestone rubble masonry laid in lime mortar. The 
granite piers of the Saltash bridge sustain a pressure of 9 tons per sq ft (125 Ib 
per sq in). The maximum pressure on the granite masonry of the towers of 
the Brooklyn bridge is about 2814 tons per sq ft (about 400 lb per sq in), 
The maximum pressure on the limestone masonry of this bridge is about 
ro tons per sq ft (125 lb per sq in). The face stones ranged in cubical con- 
tents from 144 to 5 cu yd; the stones of the granite backing averaged about 


14% cu yd, and of the limestone about 114 cu yd per piece. The mortar was - 


xr volume of Rosendale natural cement and 2 of sand. The stones were 
rough-axed or pointed to 44-inch bed-joints and Ye inch vertical face-joints. 
These towers are very fine examples of the mason’s art. 

In the Rookery Building, Chicago, granite columns about 3 faa square sustain 30 tons 
per sq ft (415 lb per sq in) without any signs of weakness. In the Washington Monu- 
ment, Washington, D. C., the normal pressure on the lower joint of the walls of the shaft 
is 20.2 tons per sq ft (280 lb per sq in), and the maximum pressure brought upon any 
joint under the action of the wind is 25.4 tons per sq ft (350 Ib per sq in). The pressure 
on the limestone piers of the Eads bridge, St. Louis, Mo., was, before completion, 38 
tons per sq ft (527 Ib per sq in); and after completion the pressure was 19 tons per sq ft 
(273 lb per sq in) on the piers and rs tons per sq ft (198 lb per sq in) on the abutments. 
.. The limestone masonry in the towers of the Niagara suspension bridge failed under 36 
tons per sq ft, and were taken down; however, the masonry was not well executed. At 
the South Street bridge, Philadelphia, the pressure on the limestone rubble masonry in the 
pneuntatic piles is 15.7 tons per sq ft (220 lb per sq in) at the bottom and 12 tons per sq 
ft at the top. The maximum pressure on the rubble masonry (laid in cement mortar) of 
some of the large masonry dams is from 11 to 14 tons per sq ft (154 to 195 lb per sq in). 
The new Croton dam was designed for a maximum pressure of 1678 tons per sq ft (230 
Ib per sq in) on massive rubble masonry in best hydraulic cement mortar. 

Safe Pressures. In the light of the preceding examples it may be assumed that the 
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safe load for the different classes of masonry is about as follows, provided each is the 
best of its class: , 
Net tons per sq ft Lb per sq in 


PRMD rset stat hele vets cetensiee Bieare acim to to 15 140 to 200 
Squared-stone... . 15 to 20 200 to 280 
Limestone ashlar. . 20 10 25 280 to 350 
Granite ashlar... . 25 to 30 350 to 400 
Momaretense sees escek essed ee eseasets 30 to 40 400 to 550 


A large committee composed of the leading architects and engineers of Chicago recom 
‘mended, in 1907, the following values for the building laws of that city. 


Kind of Masonry Lb per sq in 
* Rubbie, uncoursed, in lime mortar... ....+....2.+--0se-eeeeee 60 
in portland-cement mortar toa 100 


Rubble, coursed, in lime mortar.......---.+----+- 120 
in portland-cement mortar... 200 

Ashlar, limestone in portland-cement mortar. ... 400 
granite in portland-cement mortar ....... 600 
Concrete, portland cement, x: 2 4, hand! mixt 257.2.2..22-2 = 350: 
1:32:24, machine mixt. 400 

t93136, hand mixt... 23. 250 

epics Bamichine mixt... 300 

Concrete, natural cement, 1:2:5.........-..-- Patoss cocks , ISO 


12. Qualities of Brick 


Good Bricks have the following qualities to recommend them as a building 
material: (1) Bricks are practically indestructible, since they are not acted 
upon by fire, the weather, or the acids in the atmosphere. (2) Bricks may 
be had in most localities of almost any shape, size, or color. (3) Bricks are 
comparatively easy to put into place in the wall. (4) In most localities brick 
masonry is cheaper than stone masonry, even rubble, and under some condi- 
tions is a competitor with concrete. The disadvantages of brick as a build- 
ing material are: (1) Owing to the smallness of the unit, bricks are compara- 
tively expensive to lay, and require considerable skill to secure a strong and 
good-appearing wal]. (2) Ordinarily brick masonry is not durable, since 4 
considerable part of the face of the wall is mortar, which is not as durable as 
the brick; but by making thin joints or using superior mortar in the exterior 
edges of the joints, a reasonably durable wall may be constructed. 


Clay Brick. Until about 1900 the word brick always meant a prism of 
‘burned clay; but at about that date bricks composed of sand and lime were 
put upon the market, and at present many such brick are used annually, 
altho their number is very small in comparison with that of ordinary clay 
brick. Ordinarily the word brick means a burned-clay brick, and a brick 
composed of sand and lime is called a sand-lime brick. Clay brick is made 
by submitting clay which has been prepared properly and molded into shape 
to a temperature which converts it into a semi-vitrified mass. Building brick 
are usually made from surface clay, and paving brick from shale (a fine- 
grained and indurated clay), since the latter gives a tougher, denser, and 
stronger brick. 

The method of molding gives rise to the following terms. 

Sorr-mup Brick: One molded from clay which has been reduced to a soft mud 
by adding water. It may be either hand-molded or machine-molded: Stirr-mup 
Brick: One molded from clay in the condition of stiff mud. It is always machine- 

‘molded. Presr Brick: One molded from dry or semi-dry clay. Rr-pREesT BRICK: 
Usually a stiff-mud brick which has been subjected to an enormous pressure to ren- 
der the form more regular and te increase its strength and density. It is doubtful 

’ whether the re-pressing increases either the strength or the density. Occasionally in the 
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fast, and nore formerly than at present, a soft-mud brick, after being partially dried, is 
re-prest, which process greatly improves the form and also the strength and the density. 
A re-prest brick is sometimes, but inappropriately called a prest brick. Stop Brick: 
In molding brick by hand, the molds are sometimes dip‘ into water just before being 
filled with clay, to prevent the mud from sticking to them. Brick molted by this process 
is known as slop-brick. It is deficient in color, and has a comparatively smooth surface, 
with rownded edges and corners. This kind of brick is now seldom made. SANDED 
Brick: Ordinarily, in making soft-mud brick, sand is sprinkled into the molds to pre- 
yent the clay from sticking; the brick is then called sanded brick. The sand on the sur- 
face is of no serious advantage cr disadvantage. In hand-molding, when sand is used 
for this purpose, it is certain to become mixt with the clay and occurs in streaks in the 
finished. brick, which is very undesirable; and owing to details of the process, which it is 
here unnécessary to explain, every third brick is éspecially bad. MacniNe-MADE BRICK: 
Brick is frequently ‘described ‘as “‘machine-made”’; but this is very indefinite, since all’ 
grades amd kinds are made by machinery. 


When bricks were usually burned in the old-style up-draft kiln, the classification 
according to position was important; but with the new styles of kilns and improved 
methods of burning, the quality is so nearly uniform thruout the kiln that the classi- 
fication is léss important. " Three grades of brick are taken from the old-style kiln: arch 
brick, body brick, and salmon brick. ArcH or CLINKER Bricks: Those which form the 
tops and sides of the arches in which the fire is built. Being overburned and partially 
vitrified, théy are hard, brittle, and weak. Bony, Curerry, oR HARD Bricks: Those 
taken from the interior of the pile. ‘The best bricks in the kiln. SALMON, PALE, OR 
Sort Bricks: Those which form the exterior of the mass. Being underburned, they are 
too soft for ordinary work, unless it be for filling. The terms “salmon” and “pale” 
refér to the color of the brick, and hence are not applicable to a brick made of a‘clay 
that does not burn red. Altho nearly all brick clays burn red, yet the localities where 
the contrary is true are sufficiently numerous to make it desirable to use a different term 
in designating the quality. 

‘The form of the brick gives rise to the following terms. Compass Brick: One haying 
one edge shorter than the other. FEATHER-EDGE Brick: One having one edge thinner 
than the other. Used in arches; and more properly, but less frequently, called ‘voussoir 
‘brick. FAcE Brick: Those which, owing to uniformity of size and color, are ‘suitable 
for the face of the wall of buildings. ‘Sometimes face bricks ate simply the best ordinary 
‘brick; but :generally the term is applied only to ire-prest or prest brick made specially 
for this purpose. Sewer Brick: Ordinary hard brick, smooth, and regular in form. 

" PAVING BRICK: Very ‘hard, otdinary brick. A vitrified clay block, very much Jarger than 
ordinary ‘brick, is sometimes used for paving, and is ‘called a paving brick, but more often 
a brick pavirig-block. Virririep Brick: The introduction of brick for street pavements 
about 1890 led to a new grade, one burned to the point of vitrifaction and then annealed 
‘or totighenéd ‘by slowly cooling. ‘Vitrified ‘brick and paving blocks, though originally 
made for paving ‘purposes, are now much ‘used in building and engineering structures. 

The Size of common brick varies widely with the locality and also with 
the maker, and with the same maker the brick are likely ‘to be larger as the 
working season advances, owing to the wear of the molds or the die. Hard- 
burned bricks are smaller than soft-burned ones, owing to the greater shrink- | 
age in burning; and this difference varies with the different kinds of clays. 
‘The standard sizes adopted by the National Brick Makers’ Assoc. in 1889 are. 
8%, by 4 by 214 inches for common, 8% by 4 by 2% for-paving, 8% by 4 by 29% 
for prest, r2'by 4 by’ 11% for Roman, ahd 12 by 4 by 2% for Norman. InCuba | 
the standard size is r1 by 5% by 25g and in England it is 8% by 49% by 284 in. 


Cost. In xgo5 the average solling price for 1000 bricks at the kiln was 
$6.25 for common, $10.07 for paving, and $13.12 for prest. (Mineral Re- 
sources of the U.S., 1905, p. 957.) The highest prices were nearly double 
‘and ‘the lowest about two-thirds of the average. > 

Form. A good brick should have plane faces, parallel sides, ‘and sharp 

edges and angles. In regularity of form re-prest brick ranks first, dity- 
clay brick next, then stiff-mud brick, and soft-mud brick last. Regularity of 
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form depends largely upon the quality of the clay and the method of burning. 
A good brick should not have depressions or kiln marks on its edges Se A 
by the pressure of the brick above it in the kiln. 


‘Texture. A good brick should have a fine, compact, uniform texture; 
and should contain no fissures, air bubbles, pebbles, or lumps of lime. It 
should give a clear ringing sound when struck a sharp blow with a hammer 
or another brick. A brick which gives a clear ringing sound is strong and 
durable enough for any ordinary work. 


The compactness and uniformity of texture, which greatly influence the durability of 
brick, depend mainly upon the method of molding. As a general rule, hand-molded 
bricks are best in this respect, since the clay in them is more uniformly tempered before 
being molded; but this advantage is partially neutralized by the presence of sand seams. 
Machine-molded soft-mud bricks rank next in compactness and uniformity of texture. 
Then come machine-molded stiff-mud bricks, which vary greatly in durability with the 
kind of machine used in their manufacture. By some of the machines, the brick is mo'ded 
in layers (parallel to any face, according to the kind of machine), which are not thoroly 
cemented, and which separate under the action of frost. In compactness the dry-clay _ 
brick comes last. However, the relative value of the products ‘made by the different 
processes varies with the nature of the clay used, 


Formerly it was believed that the capacity of a building brick to absorb water had an 
important effect upon its ability to resist destruction by frost; but experiments and a m-re 
careful study of experience has shown that this has little or nothing to do with its dura- 
bility. The absorptive capacity varies with the chemical composition of the clay, and 
there seems to be no close relation between the absorptive power and the strength of a 
brick or the loss of strength by freezing. 


The Crushing Strength is valuable only in comparing different brands, 
and gives no idea of the strength of walls built of such bricks. The crushing 
Strength of brick is of relatively less importance than that of stone, since 
owing to the relatively smaller size of the brick and consequently the relatively 
Jarger proportion of mortar, the strength of brick masonry is more dependent 
upon the strength of the mortar than is stone masonry. The strength of the 
brick is of relatively small importance unless the mortar is nearly as strong 
as the brick. 


Soaking a brick in water decreases its compressive strength, apparently because the 
water acts as.a Jubricant on the plane of rupture. In a series of experiments with the 
United States testing machine at Watertown, of thirty tests upon ordinary building brick 
from ten localities, all but two showed a loss of strength due to immersion in water for 
one week; and the wet half of a brick gave an average crushing strength of only 85 % 

of the strength of the dry half. 

Some experiments with the testing machine at the United States Arsenal at Water- 
town, to determine the relative strength of hard-burned face brick tested flatwise, edge- 
_ wise, and endwise, gave averages for four tests each of 11 174) 8978 and 6972 lb per sq 
_ inrespectively. The prest surfaces were set in plaster of paris. 

Brick sent from ten states to the Columbian Exposition at Chicago in 1892 and after- 
wards crusht at the Watertown Arsenal flatwise with the prest surfaces set in plaster of 
paris, gave results varying from 1311 to 22 561 .b per sq in. Illinois brick ranged from 
5828 to 12 269 lb per sq in. 

: Five samples each of fourteen lots of Hudson River brick gave an average crushing 
’ strength of 3943 |b per sq in for half bricks tested flatwise, the range for the averages of 
the several lots being from 2701 to 5416, and the range for the individual brick being 
from 1607 to 8944. (Eng. News, 1905, Vol. 53, p- 384.) ‘The highest known crushing 
strength of any brick is 38 446 lb per sq in. 
_ Sand-lime Brick consist of a mass of sand cemented together with lime. 
There are two classes of sand-lime brick: one in which the binding material 
is carbonate of lime, and the other in which it is silicate of lime. 
& The first is virtually a brick made of ordinary lime mortar, molded as are soft-mud 
clay brick, and hardened in the open air or in an atmosphere rich in carbon dioxide (CO2), 
Pag , . s 
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either with or without pressure. This form may properly be called a lime-mortar brick. 

. It is the older form of sand-lime brick, and was formerly made in a small way where sand 
and lime were cheap and clay and fuel were expensive; but the brick is so.weak and 
friable that it has not given satisfaction, and needs no further consideration here. 

The second kind is made from a mixture of sand and lime which is molded in a press 
and hardened by being subjected to steam under pressure. In this case the binding 
material consists chiefly of hydrosilicate of lime. Probably part of the lime is converte 1 
into carbonate by absorbing carbon dioxide; but the most of the lime combines with the 
silica of the sand and forms hydrosilicate of lime, a stable and comparatively strong 
cementing material. This form is the only one to which the term sand-lime brick is now 
applied; but in consulting the past literature on the subject, a careful distinction should 
be made between the two forms of so-called sand-lime brick. This form of sand-lime 
brick was first manufactured in Germany about 1880, and was introduced into Amer- 
ica about 1900. There are localities where this form of brick is an important factor i in 
building operations. 

Sand-lime brick are made which in appearance and quality are the equal of dry-clay 
(prest) brick; but the ordinary run of sand-lime brick are not as strong as the usual clay 
building brick, and many of them are deficient in resistance to f-ost and weather. 


13. Lime and Lime Mortar 


Lime Mortar, a mixture of lime paste and sand, is genera}ly used for 
brick masonry because of its cheapness and the comparative ease with which 
it is used. . There are two classes of lime on the market, high-calcium lime 
and magnesian or dolomitic lime. The former is made of nearly pure lime- 
stone, and the latter of a limestone containing a considerable quantity of mag- 
nesia; the latter slakes more slowly, evolves less heat, expands less, sets more 
slowly, and makes the stronger mortar.- The former is known.as hot or 
quick lime, and the latter as cool or slow-setting lime. 


The lime must be slaked before being mix with the sand. Lime is usually slaked by 
placing the lumps in a layer 6 or 8 inches deep in either a water-tight box or a basin 
formed in the sand to be used in mixing the mortar, and pouring upon the lumps a quan- 
tity of water 214 to 3 times the volume of the lime. If the quantity of water added is just 
right, the lime will be reduced to a thick paste; but if too much water is used, the lime 
will be reduced to a semi-liquid condition and a considerable part of its binding quality 
will be destroyed. 

With a high-calcium or quick-slaking lime the best results are obtained when all the 
water is added at once; but with a magnesian or slow-slaking lime only a little water 
should be added at first, and then after the lime and water are hot, more water may be 
added gradually so as not to chill the mixture and retard the slaking. The slaking pro- 
ceeds more rapidly and is more complete if the mass is hot. The lime absorbs the water, 
and the chemical action generates heat enough to change part of the absorbed water into 
steam which bursts the lumps of lime apart and thus exposes new surfaces to the action 
of the water; but if cold water is added after the slaking has begun, it chills the mass, 
prevents.the formation of steam and the consequent bursting of the lumps, and hence 
the slaking is not complete, and the amount of paste formed is less than it should be. 
Further, when the slaking has been thus retarded, a thin paste forms on the outside of 
the fragments of the unslaked lime, which excludes the water from the interior or un- 
slaked portion of the lump; and hence it is difficult, if not impossible, to thoroly slake 

* lime that has ever been chilled in the slaking. Partial air slaking is.harmful in much the 
same way, since the slaked lime on the outside of a lump prevents the free access of the 
water to its interior. 

Stirring the lime while slaking chills the mass and thereby retards the slaking; but, on 
the other hand, stirring breaks up the friable lumps and thereby aids the slaking, There- 
fore if the mass is stirred at all, the stirring should be done in such a manner as to cool 
the mass as little as possible. The swelling of the lime in the lower portion of the mass 
frequently lifts some of the lumps out of the water, the heat in the lump causes a column — 
of steam to rise from it, and the lump is said to “burn.” This burning is detrimental, 
since a film of slaked lime is formed on the surface of the unslaked portion which tends 
to prevent complete slaking. ‘Therefore it is important that lumps which are burning 
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should be pushed back into contact with the water. Burning can be pr 
ering the box with boards or a tarpaulin to retain the heat and the moi. 
Lime slakes spontaneously when exposed to the air by absorbing 
atmosphere; and lime that is thoroly air slaked is as good, or eve 
slaked in the usual way, a popular prejudice to the contrary notwithstandim,__ 
lime that is only partially air slaked is undesirable, since it is more difficult to Stem 
the ordinary process than lime that is not partially air slaked. Ty 
Slaked lime is sold under the name of hydrated lime. It is a dry powder, and is usu- — 
ally packed in paper sacks. In certain classes of work, hydrated lime is of decided ad- 
vantage, since it is ready for immediate use without waiting to slake it. Lime is sold in 
bulk and in barrels of about 200 |b net, the price usually being from 50 to 65 cents per 
barrel in bulk, and rs to 20 cents more in barrels. A barrel of high-calcium lime will 
make about 215 bbl of stiff lime paste; and 1 bbl of paste and 3 bbl of good sand will make 
about 3 bbl (0.4 cu yd) of mortar. One barrel of unslaked lime will make about 0.95 
cu yd of 1:3 mortar. 
Mortar. Sand is added to the lime paste for four reasons: (1) to divide 
the paste into thin films and make the mortar more porous, thus allowing the 
penetration of the air and facilitating the absorption of the carbonic acid 
which: causes the setting of the mortar; (2) to prevent excessive cracking of 
the mortar owing to shrinkage due to the evaporation of the water in the lime 
paste; (3) to give greater strength to the mortar against crushing (practically 
the only stress that comes upon mortar), since sand has a greater resistance 
to compression than lime paste either before or after it has set; and (4) to 
reduce the amount of lime necessary to make a given bulk of mortar, thus 
decreasing the cost. See Sect. 5 fur the requisites of good sand, and also for 
cement mortar which is used in brickwork of the highest class. 
After the lime is slaked, the sand is spread evenly over the paste, and the ingredients 
are mix: with a shovel or hoe, a little water being added occasionally if the mortar is too 
stiff. The mixing should be thoro, i.e., it should be continued until the mortar is of a 
uniform color. 
To determine whether the proportion of sand is right, hold the hoe handle nearly hori- 
zontal and lift up a hoeful of mortar. If the mortar will not of it-elf slide from the hoe, 
it does not contain enough sand; and if a hoeful of; mortar cannot be thus lifted up, it 
zontains too much sand. The brick-mason on the wall by a somewhat similar process 
cherks the proportions of the mortar by the way in which it slips from the trowel. If 
there is an excess of sand, the mortar will be “ brash” or “short,”’ and will drop from the 
trowel so abruptly as to make it impossible to “string out the mortar,”’ namely, to spread 
the mortar over several bricks by simply allowing it to flow from the trowel as the latter 
is drawn along. On the other hand, if there is an excess of paste, the mortar will not 
flow from the trowel, at least in sufficient quantity to make the joint: This method of 
proportioning gives a mortar that works well under the trowel, and with reasonably clean 
sand also a mortar of practically maximum streagth. 5 
Tf the sand is very fine and contains a good deal of finely pulverized clay, the abov. 
test may be satisfied when the mortar contains too little lime; but lime paste is so cheap, 
and lime mortar is so weak, that a sand with any considerable amount of clay should not 
be used in lime mortar, since the clay is a source of weakness. 


14. Laying the Brick 


Wetting the Brick. Since most bricks have a great avidity for water, it is 
best to dampen them before laying. If the mortar is stiff and the bricks are 
dry, the latter absorb the water so rapidly that the mortar does not set properly, . 

and will crumble in the fingers when dry. Neglect in this particular is the 
cause of most of the failures of brickwork. Since an excess of water in the 

brick can do no harm, it is best to thoroly drench them with water before 
laying. * Lime mortar is sometimes made very thin, so that the brick will not 
“absorb all the water. This process interferes with the adhesion of the mortar 
to the brick. Watery mortar also contracts excessively in drying, which 
causes undue settlement and, possibly, cracks or distortion. Wetting the 
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Srick before laying will also remove the dust from the surface, which otherwise 
would prevent perfect adhesion. When the very strongest work is desired, as in 
brick sewers, it is customary to require that the brick shall be immersed in wate- 
for 3 to 5 min before being laid. Wetting in the pile is not as effective as immer- 
sion, since in the pile the water is not likely to reach all the surfaces of all of the 
bricks. Masons very much dislike to lay wet brick, since the water softens the skin 
on their fingers and causes it to wear away rapidly. Thesofter the bricks the more 
necessary that they should be thoroly wet when laid. In freezing weather, care 
should be taker that the water does not form a film of ice on the brick. . 
Laying. The bricks should not be merely laid, but every one should be prest down in 
such a manner as to force the mortar into the pores of the brick and produce the maximum 
adhesion, This is more important and also more difficult to accomplish with cement than 
with lime mortar. The increased value of the cement mortar can be attained only by 
bringing the brick and the mortar into close contact; and this is more difficult to do, since 
cement mortar is not as plastic as that made with lime. The mason is apt either (1) to 
butter the edges of the brick, and thus secure a joint that looks well after the brick is” 
laid; or (2) to place insufficient mortar to make a full bed joint of the required thickness, 
run the point of his trowel thru the middle of the mass, making an open channel with a, 
sharp ridge of mortar on each side, and then lay the brick upon the top of these two ridges, 
thus leaving the center of the brick unsupported. The first method is the one employed 
with thin joints, which is a reason why they should not be required; the second method 
. is popular because it requires less exertion and is more rapid than fully bedding the brick. 

If strength or imperviousness is a matter of any moment, cate should be taken to see 
that the vertical joints are filled solidly full of mortar; this is called slushing the joints. 
Unless slushing is insisted upon, masons are apt to butter the end joints, lightly bed the 
brick, throw a little mortar into the top of the vertical joints, and scrape off the excess 
above the top of the brick, thus leaving the major portion of the. vertical joints open; 
and sometimes little or no attempt is made to fill the vertical joint between adjacent tiers 
of stretchers, thus leaving also long and high unfilled vertical spaces. 

For the best work it is specified that the bricl. shall be laid with a “shove joint”; that 
is, that the brick shall first be laid so as to project over the one below, both at the end 
and the side, and be presi into the mortar, and then be shoved into its final position. 
Masons are very reluctant to lay brick with a shove joint, partly because it is hard work 
and partly because many of them have not acquired the art. If brick are not laid with 
a shove joint, it is highly improbable that the lower part of the vertical joints will be filled 
with mortar, and consequently the wall will not be as strong or as impervious to water, 
air and heat as it would otherwise be. 

Pointing. In laying inside walls that are to be plastered, the mortar that 
is forced out when the brick is prest into position is merely cut off with the 
trowel; but for outside walls and also for inside walls that are to be left ex- 

. posed, the joints should be more carefully finished. In laying common brick 
the mortar in the vertical joints is simply prest back with the flat face of 
the trowel; but there are three methods of pointing or finishing the bed joints, 
viz.: (r) flush joints, (2) struck joints, and (3) weather joints. 

Flush pointing consists in pressing the mortar flat with the trowel, thus making the 
édge of the joint flush with the face of the wall (Fig. 37). The struck joint is formed by 
resting the lower edge of the blade of the trowel upon the edge of the brick below the 
joint and drawing the trowel along 
the joint, which smoothes the face 
of the joint and slightly consoli- 
‘dates the mortar, and leaves the 
joint as shown in the center of 
Fig. 37. The weather joint is 
formed, as shown in right-hand 
side of Fig. 37 by pressing the 
mortar back with the upper edge 


of the trowel, This form of finish Fig, 37, Pointing Bed Joints of Common Brickwork - 


is much more durable than the 
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struck joint, since water will not lodge in the Joint and soak into the mortar and on 
freezing dislodge the mortar; but this form of joint is much more difficult to make, since 
the mason stands above and back of the brick he is laying. If the weather joint is desired, 
it must be d'stinctly specified and the inspector must be watchful to sce that it is'secured. 

Brick masonry is usually laid with lime mortar or with lime-cement mortar, the lime 
giving cohesive strength to the mortar so that enough mortar stays in the joint to per- 
mit of its being successfully struck; but when cement mortar or mortar containing but 
little lime is used, the mortar is so lacking in cohesion that enough does not remain in the 
joint to permit of striking it, and hence with cement mortar it is necessary to formally 
point the masonry. 

Pres: brick are usually laid with a mortar mide of one volume of stiff lime paste 
(called lime putty) and one vo!ume of fine sand; an. when this mortar is used, the brick is 
buttered, i.e., a little mortar is spread upon only the edges of the brick before it is laid. 
If the above mortar were spread over the entire surface of the brick, the joint could not 
be made as thin as is usually specified; but some of the better architects specify thicker 
joints for pres: work so that the bricks can be laid otherwise than by being buttered. 
If the mortar is to be spread in the usual way, it should consist of x volume of lime paste 
to about 2 volumes of rather fine ‘sand. Some architects specify 1 volume lime paste, 
x volume natural cement, and 2 volumes of fine sand. Some contractors prefer to substi- 
tute at their own expense a rich natural-cement mortar and lay thicker joints rather than 
lay thin buttered joints, since the brick-mason can lay more brick with the former than 
with the latter. 

The joints of pres!-brick work are finished by grooving or beading (Fig.36, p. 591), 
the former being more common. The grooved joint is preferred to the flush joint, be- 
cause of the variation in light and shade that the former gives to the face of a wall. 

Bond is the arrangement of the bricks in successive courses to tie the wall 
together both longitudinally and transversely. The primary purpose of bond 
is to give strength to the masonry, but architects employ various longitudinal 
bonds to improve the appearance of the wall. Altho numerous bonds are 
employed for artistic effect, in the construction of ordinary brick masonry 
only three bonds are used, the common, the English, and the Flemish.. The 
common bond coasists of four to seven, usually five or six, courses of stretchers 
to one of headers. The proportionate numbers of the courses of headers and 
stretchers should depend on the relative importance of transverse and longi- 


tudinal strength. The proportion of one course of headers to two of stretchers 


is that which gives equal tenacity to the wall lengthwise and crosswise. Eng- 
lish bond consists of alternate courses of stretchers and headers, and Flemish 
bond consists of a header and stretcher alternately in each course so placed 
that the outer end of each header lies on the middle of a stretcher in the 
course below. 


Tf the wall is more than one brick thick, it should be bonded transversely as well as 
longitudinally. The exact arrangement of the transverse bond varies with the thickness 
of the wall, but is easily worked out if a little attention is given to it, The face bond is 
likely to receive more attention than the transverse bond, and it can be readily inspected 
after the completion of the wall; but the transverse bond cannot be examined after a 
course is laid on top of it, and therefore it should be carefully lookt after as the work 
progresses. ; 

15. Brick Masonry 


Crushing Strength. The table below shows the crushing strength of. two 
kinds of brick masonry with three kinds of mortar, as determined with the 


_ testing machine at the United States Arsenal at Watertown, Mass, 


- 


& 


All tests show that brick masonry gives, evidence of distress when the load 
is about half the ultimate strength, hence. the factor of safety should be based 
upon this value rather than upon the load producing complete collapse. The 


nominal pressure that may be safely allowed upon brick masonry depends 


upon (1) the quality of the materials employed; (2) the degree of care with - 
which the work is executed; whether it is for a temporary or permanent, an 


By « 
e ~ . ’ 
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important or unimportant structure; and (3) the care with which the nominal 
maximum load is estimated. 


The pressure at the base of a brick shot-tower in Baltimore, 246 feet high, is estimated 
at 614 short’ tons per sq ft (about 99 Ib per sq in). The pressure at the base of a brick 
chimney at Glasgow, Scotland, 468 ft high, is estimated at 9 tons per sq ft (about 125 Ib 
per sq in); and in heavy gales this is increased to is short tons per sq ft (210 Ib per sq in) 
on the leeward side. In 1890 the leading architects of Chicago were counted as good 
authorities in such matters, and did not consider it safe to allow more than ro tons per 
square foot (139 lb per sq in) on the best brick laid in x : 2 portland-cement mortar; but 
since 1905 this value is frequently greatly exceeded. 


Crushing Strength of B-ick Piers 
Age when tested-6 months, except as noted 


Percent of the Mean Crushing . 


Pounds per Square Inch Strength of the Brick 


t Lime 1 Lime 
Paste 
3 Sand 


Neat x Portland) “p ate Neat 1 Portland 
Portland 3 Sand aisand Portland 3 Sand 


Face Brick 

2410* 1420 31 
2400 1517 26 
1670 1260 28 
Common Brick 

1800* 994 ~ 42 
1800 733 44 
I4it 718 24 
1519 732 23 
1224 465* ||, 20 


1671 1065 


* Strength at one month. - 


A representative committee of leading architects and civil engineers of Chicago In 
1908 recommended the following safe working pressures in pounds per square inch for 
incorporation in the building laws of that city. 


Paving brick in 1: 3 portland-cement MHOC see inc esses s Sees ++ 350 
Prest and sewer brick having a crushing strength of 5000 lb per sq in, in 
-123 portland mortar........... deck tee 23 OPA Pes eocs 250 
Select hard common brick having a strength of 2500 Ib per sq in: 7 
Min’ 33/3 portland-cement mortar. ..0-.-ce-ccssem-ces-c=c nisi 200 
in 1 portland cement, 1 lime paste and 3 sand............ eeeeeiele oa) 275 
Common brick having a strength of 1800 Ib per sq in: ; 
in portland-cement mortar ........- eee 175 
in natural-cement mortar... 150 
125 
100 


Estimates. If the brick be of standard size (8% by 4 by 2%4 inches) and 
laid with 14- to %-inch joints, a cubic yard of masonry will require about 410 
brick; or a thousand brick will lay about 2% cubic yards. If the joints are 
¥, to 3 inch, a cubic yard of masonry will require about 495 brick; or a 
thousand brick will lay about 2 cubic yards. With face brick (8% by 4% by 
2%, inches) and 14-inch joints, a cubic yard of masonry will require about 496 
brick; or a thousand face brick will lay about 2 cubic yards, An allowance — 
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must be made for breakage, and for waste in cutting brick to fit angles, etc. 
"With good brick, in massive work this allowance need not exceed x or 2 
percent; but in buildings 3 to 5 percent is none too much. 


Mortar. With the standard size of brick (814 by 4 by. 2u4, inches), 6 a Cibite 
yard of masonry, laid with ¥4- to -inch joints, will require from 0.35 to 0.40 
cu yd of mortar; or a thousand brick will require 0.80 to o. go cu yd. If the 
joints are 4% to %@ inch, a cubic yard of masonry will require from 0.25 to 
0.30 cu yd of mortar; or a thousand brick will require from 0.45 to 0.55 cu 
yd. If the joints are % of an inch, a cubic yard of masonry will require 
from 0.10 to o.15 cu yd of mortar; or a thousand brick will require from 0.15 
to 0.20 cu yd. Ordinarily 0.75 barrel of unslaked lime or 1 barrel of lime 
paste and 0.75 cu yd of sand will lay a thousand bricks. 


Cost. The number of days’ work required to lay one cubic yard of brick 
masonry was as follows for four large massive jobs: 


High Bridge enlargement, N. Y. City: ; 
Lining wall and flat arches laid with very close joints......... dare of O-7T4 


Washington (D. C.) Aqueduct: 

Circular conduit, 9 feet in diameter with walls 12 inches thick...... 0.439 
St, Louis Waterworks: 

Semicircular conduit, 6 feet in Ginmnetera.. manacticc ater a en ame 0.364 
New York City Storage Reservoir: 

Lining of gate-house walls and arches, rough work..........-+..+45 0.304 


In the United States Government buildings the cost of labor per thousand, 
including tools, etc., is estimated at the wages of mason and helper for 8.75 
hours. é 


The following table shows the cost of the labor for five brick buildings forming part 
of a large manufacturing plant. Buildings No. 1 and 2 were long and low, with about 
equal amounts of 9-inch and 13-inch walls; buildings No. 3 and 4 had large proportion 
of x3 inch walls; building No. 5 contained more brick than any of the others, and had 
13-inch walls, with some 17-inch and 22-inch walls. 


The total average cost per cubic yard of the brick masonry for No. 1 was $7.68, the 
items being as follows: masons $2.08, helpers $0.93, carpenters $0.39, common labor 
$0.58, brick $2.89, cement $0.44, lime $0.20, sand $0.17. 


Cost of Labor per 1000 Brick 


Building No. 
Kind of Labor and Price 


I 


Bricklayers, 60 cts per hour* ...| $5.56 
Helpers, 1714 cts per hour ... | 1-95 
Carpenters, 2114 cts per hour - -70 
Handling materials 


Total for Jabor........ «- | $9.37 
* On Building No. x bricklagers received so cts per hr. 


Efflorescence is a white deposit which frequently disfigures the surface of 
brick masonry, especially ina moistclimate or in damp places. This deposit 
generally originates with the mortar, but frequently spreads over the entire 
face of the wall. The water which is absorbed by the mortar dissolves the 
salts of soda, potash, magnesia, etc., contained in the lime or cement, and 
on evaporating deposits these salts as a white efflorescence on the surface. 
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With lime mortar the deposit is frequently very heavy, particularly on. plaster- 

ing; and, usually, it is heavier with natural than with portland cement. The 

efflorescence sometimes; originates in the brick, particularly if the brick was 

burned with sulfurous coal, or was made from clay containing iron pyrites; 

and when the brick gets wet the water dissolves the ‘sulfates of lime and 

magnesia,-and on evaporating leaves. the crystals of these salts on the surface. 

Frequently the efflorescence on the brick is due to the absorption by the brick 

of the impregnated water from the mortar. This efflorescence is objectionable - 
chiefly because of the unsightly appearance which it often produces, but- 
also because the crystallization of these salts within the pores of the mortar 

and of the brick or stone causes disintegration which is in many respects like 

frost, 

As a palliative, Gillmore recommended the addition of roo Ib of quick- 
lime and 8 to 12 lb of any cheap animal fat to each barrel of cement. The 
lime is simply a vehicle for the fat, and should be thoroly incorporated with 
the cement before slaking. The object of the fat is to saponify the alkaline 
salts. The method is not entirely satisfactory, since the deposit is only made 
less prominent and less effective, and not entirely removed or prevented. 


As a preventive, make the wall as impervious as possible by using a rich 
mortar (preferably of. portland cement), mixing it well, and filling all the 
joints solidly full. If the wall stands in damp ground, one or more of the 
horizontal joints should contain a layer of tarred paper or bituminous felt to 
prevent the wall’s absorbing moisturé from below. Particular care should be 
taken during the erection of the building to see that the roof, cornice, and 

“ gutters are made water-tight; and all ducts that carry water or steam pipes 
should be water-proofed on their inner surfaces. After the building is finished, 
if the efflorescence appears, all leakage of water into the wall must be stopt; 
and if the efflorescence is due to the penetration of rain-water through the 
exterior face of the wall, then the face may be rendered impervious by the 
application of one or more pairs of the Sylvester washes which will not materi- 
ally darken or discolor the bricks. 

. The Sylvester washes consist of an alum sotution made by dissolving 1 pound of alum 
per gallon of water, and a soap solution made by dissolving 2.2 pounds of reasonably pure 
hard soap per gallon of water.. The brick masonry should be clean and dry, and not 
colder than about «0° F, The soap wash should be applied boiling hot, but the alum 
solution may be 60° to 70° F. when applied. One wash should be put on and allowed 
to dry for 24 hours, when the other is applied. The above washes have long been used 
for rendering masonry impervious; but instead of using alum as above, it is better to use 
aluminium sulfate (sometimes, but improperly, called alum). The aluminium sulfate 
is cheaper than alum, and only two-thirds as much is required. }. 

Efflorescence will gradually be blown away by the winds and be washt off by the 
rains, but it can be entirely removed with scrubbing-brushes and hydrochloric acid mixt 
with at least four or five times its volume of water. Before applying the acid, the wall _ 
should be well dampened; and after being scrubbed, the wall should be thoroly washt with 
clear water. 


FOUNDATIONS ON LAND 
16. Examining the Site 


If the nature of the soil has not already been revealed to a considerable depth by ex-. 
cavations, it will be necessary to make an examination of the subsoil preparatory to de- 
ciding upon the details of the method of constructing the foundation. Except for the 
heaviest structures, it will usually be sufficient, after having dug the foundation pits or 
trenches, to examine the soil. by driving a steel rod or boring a hole with a post-auger 
from 3 to 5 feet further, the depth depending upon the nature of the soil and the weight | 
and importance of the intended structure; but for the largest structures it is necessary to 
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ee the soil to greater depths, in which ‘case the following devices may be em- 
ployed. 

In Soft Soil, soundings 20 or 30 feet deep can be made by driving a rod or . 
sections of gas-pipe with a hammer or maul from a temporary scaffold, the 
height of which will of course depend upon the tength of the rod or of the 
sections of the pipe. Good judgment is required in interpreting the results’ 
of such tests, pirticularly if the structure is to be a heavy one or a bridge 
abutment or pier in a stream liable to scour. A layer of compact sand or 
cemented gravel, which may be scoured away, may be mistaken for a ledge 
of rock; but the difference can usually be detected by striking the rod or pipe 
with a hammer, since rock will give a decided rebound, while gravel or sand 
will not. A bowlder may be mistaken for bed rock; but the difference can 
usually be detected by making one or more additional tests, and accurately 
noting the depths at which rock is struck, If samples of the soil are desired, 
use a 2-inch pipe open at the lower end. If much of this kind of work is to 
be done, it is advisable to ft up a hand pile-driving machine, using a block of 
wood for the dropping weight. 

Borings 50 to 100 feet deep can be made very expeditiously in common soil 
or. clay with a common wood-auger turned by men with levers 3 or 4 feet long. 
Or the boring may be made with any one of several earth augers having a 
spoon-like form for bringing up samples of the soil. An auger will bring up 
samples sufficient to determine the nature of the soil, but not its compactness, 
since it will probably be comprest somewhat in being cut off. When the 
testing must be made thru sand or loose soil, it may be necessary to drive 
down a steel tube to prevent the soil from falling into the hole. The sand 
may be removed from the inside of this tube with an bs id or with the ‘‘sand- 
“pump” used in digging artesian. wells, 


* Water Jet. In soft soil or clay that can be washt with a stream of water, 
a hole can be sunk rapidly by driving a pipe, inserting a smaller pipe inside 
of it, and forcing water down the inside pipe, the débris and water flowing up - 
between the two pipes. 

_ Drilling. When the subsoil is composed of’ various strata, particularly if 
there are strata of hard soil or rock, it is necessary to use a percussion drill in 
connection with some form of core drill; and in extreme cases. the diamond 
drill is employed. Great care is needed in interpreting the results of such 
borings. In using the percussion drill, care must be taken that a stratum 
sufficiently hard to serve as a foundation is not past by unnoticed. This 
can be prevented by taking dry cores at frequent intervals. In using a core 
drill care must be taken to discriminate between erratic bowlders and native 
ledge rock. 

17. Bearing Capacity of Soils 


* Test Load. A stick of timber, say a foot square, may be set in a vertical 
position and a platform built around it; then the platform may be loaded and 
tie settlement observed. Or a stout frame or table may be constructed, the 
legs of which are heavy timbers that rest upon foot-plates 1 foot square. In 
interpreting the results the fact should not be overlookt that a smiall area 
‘will bear a larger load per unit of area for a short time than a larger area per- 
petually; and hence the area tested should be as large as practicable and the 
test should continue as long as possible. 

The best method of determining the load a specific soil will bear i is by direct experi- 
ment; but good judg nent and experience, aided by a careful study of the nature of the 
soil, will enable one to determine with reasonable accuracy its probable supporting power. 
‘The terms “bearing power’ and “supporting power” are often used as synonymous 


a. \ 
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with bearing capacity, the numerical measure of each being usually exprest in short 
tons per square foot. 


Rock. The ultimate compressive strength of stone, as determined by 
crushing cubes, ranges from 150 tons per square foot for the softest stone to 
2000 tons per square foot for the hardest. The crushing strength of slabs is 
much greater than that of cubes; and the crushing strength of slabs when the 
pressure is concentrated on only a portion of the upper surface is much greater 
than for a load uniformly distributed over the entire upper surface. Therefore 
it is safe to say that any ordinary rock in its native bed will bear any load 
that can be brought upon it by an artificial structure. 


Clay Soils vary from slate or shale, which will support any load that can 
come upon it, to a soft, wet clay which will squeeze out in every direction 
when a moderately heavy pressure is brought upon it. Foundations on clay 
should be laid at such depths as to be unaffected by the weather, since clay, 
at even considerable depths, will gain and lose considerable water as the 
seasons change. The bearing capacity of clayey soils can be very much im- 
proved by drainage, or by preventing the penetration of water. If the foun- 
dation is laid upon undrained clay, care must be taken that excavations made 
in the immediate vicinity do not allow the clay under pressure to escape by 
oozing away from under the building. When the clay occurs in strata not 
horizontal, great care is necessary to prevent this flow of the soil. When 
coarse sand or gravel is mixt with the clay, its supporting capacity is greatly - 
increased, being greater in proportion as the quantity of these materials is 
greater. When they are present to such an extent that the clay is just suffi- 
cient to bind them together, the combination will bear nearly as heavy loads _ 
as the softer rocks. E ; 


Experiments made on the clay under the piers of the bridge across the Missouri Fiver 
at Bismarck, with surfaces 14% feet square, gave an average ultimate bearing power of 
15 tons per sq ft. Clay in thick compact beds, without any admixture of loam or vege- 
table matter, has carried 10 short tons per sq ft without appreciable settlement. In the 
case of the Congressional Library, Washington, D. C., the ultimate supporting power of 
“yellow clay mix with sand’’ was. 131% short tons per sq ft; and the safe load was assumed 
to be 214 short toas per sq ft. From the experiments made in connection with the con- 
struction of the capitol at Albany, N. Y., the conclusion was drawn that the extreme sup- 
porting power of that soil was less than 6 tons per sq ft, and that the load which might 
be safely imposed upon it was 2 short tons per sq {t. ‘*The soil was blue clay containing 
from 60 to go per cent of alumina, the remainder being fine siliceous sand. The soil 
contains from 27 to 43, usually about 4o, percent of water; and various samples of it 
weighed irom 81 to rox Ib per cu ft.” At Chicago it was formerly the custom to found 
upon the clay, and the load ordinarily put on a thin layer of clay (hard above and soft 
below, resting on a thick stratum of quicksand) was 114 to 2 short tons per sq ft; and the 
settlement, whick usually reached a maximum in a year, was about 2 to 21% inches per 
short ton of load. 


Sandy Soils vary from coarse gravel to fine sand. The former when of 
sufficient thickness forms one of the firmest and best foundations; and the latter 
when saturated with water is practically a liquid. Sand when dry, or wet 
sand when prevented from spreading laterally, forms one of the best beds for 
a foundation. Porous, sandy soils are, as a rule, unaffected by stagnant 
Water, but are easily removed by running water; in the former case they 
present no difficulty, but in the latter they require extreme care at the hands’ 
of the constructor, as will be considered later. 


Compact gravel or clean sand, in beds of considerable thickness, protected from being 
carried away by water, may be loaded with 8 to 10 short tons per sq ft with safety. Inan — 
experiment in France, clean river-sand compacted in a trench supported roo short tons ~ 
per sq ft, Fine sand well cemented with clay and compacted, if protected from water, 
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will safely carry 4 to 6 short tons persq ft. The piers of the Cincinnati Suspension Bridge 
are founded on a bed.of coarse gravel 12 -feet below low water, altho solid limestone 
was only 12 feet deeper; if the friction on the sides of the pier be disregarded, the maxi- 
mum pressure on the gravel is 4 short tons per sq ft. The New York pier of the Brooklyn 
Suspension Bridge is founded 44 feet below the bed of the river, upon a layer of sand 2 
feet thick resting upon bed-rock, the maximum pressure being about 684 short tons per 
sq ft. At Chicago sand and gravel about 15 feet below the surface are successfully loaded 

. with 2 to 21% short tons per sq ft. At Berlin the safe load for sandy soil is generally taken 
at 2 to 21% short tons per sq ft. The Washington Monument, Washington, D. C., rests 
upon a bed of very fine sand two feet thick underlying a bed of gravel and bowlders, the 
ordinary pressure on certain parts of the foundation being not far from 11 short tons per, 
sq ft, which the wind may increase to nearly 14 short’tons per sq ft. 


Semi-Liquid Soils as mud, silt, alluvium, or quicksand, have little or no 
supporting power; and with any one of these soils it is customary (1) to re- 
move it entirely, or (2) to sink piles, tubes, or caissons thru it to a solid 
substratum, or’(3) to consolidate the soil by adding earth, sand, stone, ete. 
The method of performing these operations will bé described later. Soils of 
a soft or semi-liquid character should never be relied upon for a foundation 
when anything better can be obtained; but a heavy superstructure may 5 sbe 
supported by the upward pressure of a semi-liquid soil, in the same bis that 
water bears up a floating body. 


Tt is difficult to give results of the safe bearing power of soils of this class. A consid- 
erable part of the supporting power is derived from the friction on the vertical sides of 
the foundation, and hence the bearing powcr depends to a considerable degree upon the 
area of the side surface in contact with the soil; and with this class of soils it is particu- 
larly important that the area tested should be as large as possible. Furthermore, it is 
difficult to determine the exact supporting power of a plastic soil, since a considerable 
settlement is certain to take place with the lapse of time. 


According to Rankine a building will be supported when the pressure per unit of area 
at its base is wh tan* (45° + 14 @), in which w is the weight of a unit volume of the soil, 
h is the depth of immersion, and @ is the angle of repose of the soil. If @ = 5°, thea 
according to the preceding relation the supporting power of the soil is 1.4 wh per unit of 
area; if @ = 10°, it is 2.0 wh; and if @ = 15°, it is 2.9 wh. The weight of soils of this 
cla’s varies from 100 to 130 lb, per cu ft. Rankine gives this formula as being applicable 
to any soil; but since it takes no account of cohesion, for most soils it is only roughly 
approximate, and gives results too small. The following experiment seems to show that 
‘the error is considerable. ‘‘A 1o-foot square base of concrete resting on mud whose 
anule of repose was 5 to 1 or @ = 1114°, bore 700 lb persq ft.” This is 21% times the result 
by the above formula, using the maximum value of w. Experience at New Orleans 
with alluvial soil and.a few experiments that have been made on quicksand seem to indi. 
cate that with a load of 14 to 1 short ton per sq ft the settlement will not be excessive. 


A Summary of the preceding discussion is presented in the following table 
for convenient reference. It is well to notice that there are some practical 


£ ‘Safe Bearing Capacity of Soils in Short Tons per Square Foot 


Kind of Material. Min. Max, 
Rock, the hardest, in thick layers in native béd.........-...-.-. BOO este 
Rock equal to best ashlar masonry.......--..- 25 30 
Rock equal to best brick masonry... 15 20 
Rock equal to poor brick masonry. . 5 10 
Clay in thick beds, always dry...... 6 8 
Clay in thick beds, moderately dry Oe ee hae a re 6 
EEN ERE RS TS os ciatala nln in'n. a pe sao aie sional nea c [ass Pauw sje aajadio ne ip Wie ps 
Gravel and coarse sand, well cemented: 8 10 
Sand, dry, compact and well: cemented . 4 6 
Sand, clean, dry...-.-..-.. 2 4 
Quicksand, alluvial soils, etc...........22.2-. 6.572 
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considerations that modify the pressure which may safely be put upon a soil. 
For example, the pressure on the foundation of a tall chimney should be con+ 
siderably less than that of the low massive foundation of a fire-proof vault. 
In the former case a slight inequality of bearing power, and consequent un- 
equal settling, might endanger the stability of the structure; while in the latter 
no serious harm would result. The pressure per unit of area should be less 
for a light structure subject to the passage of heavy loads than for a heavy . 
Structure subject only to a quiescent load, since the shock and jar of the mov- 
ing load are far more serious than the heavier quiescent load. 

In foundations for buildings, it may be necessary to provide a safeguard against the 
soil’s escaping by being prest out laterally into excavations in the viciziiy. For example, 
in Chicago some of the largest and finest buildings have settled owing to the flow of the 
plastic clay into foundations opened across the street. In New York City one of the 
largest buildings settled because of the pumping of fine sand from an artesian well on 
the site in getting water for the boilers of the building. 


18. Improvement of Bearing Capacity 


Increasing the- Depth. The simplest method of increasing the bearing - 
capacity is to dig deeper. Ordinary soils will bear more weight the greater 
the depth reached, owing to their becoming more condensed from the super- _ 
incumbent weight. Depth is especially important with clay, since it is then 
Jess liable to be displaced laterally owing to other excavations in the immediaté 
vicinity, and also because at yreater depths the amount of moisture in it will 
not varyso much. However, occasionally the soil grows more moist as the 
depth increases beyond a moderate distance, in which case-increasing the 
depth is undesirable. For example, in Chicago the clay grows softer after 
a depth of about 12 to 14 feet below the sidewalk is reached. In any soil, the 
bed of the foundation should be below the reach of frost. Even a foundation 
on bed-rock should be below the frost line, else water may get under the | 
foundation thru fissures and, freezing, do damage. 


Drainage. Another simple method is to drain the soil. The water may 
find its way to the bed of the foundation down the side of the wall, or by per- 
colation thru the soil, or thru a seam of sand. In most cases the bed can be 
sufficiently drained by surrounding the building with a tile drain laid a little 
below the foundation. In more difficult cases, the expedient is employed of 
covering the site with a layer of gravel, the thickness depending upon the 
plasticity of the soil, the gravel serving the double purpose of distributing 
the concentrated loads of the footings to a larger area of the native soil and 
of improving the drainage of the bed of the foundation. In extreme cases, it 
is necessary to enclose the entire site with a puddle-wall to cut .off drainage 
water from a higher area. 


Adding Sand. The simplest method of improving the bearing capacity of 
a compressible soil is to spread sand or gravel or broken stune over the bed of 
the foundation, and pound it into the soil, thus forming a comparatively com- 
pact stratum upon which to found the structure. This method is not very 
effective, since at best the effect of the blow cannot extend very deep, while the — 
heavy masses of the masonry make themselves felt at great depths. A more 
efficient way is to make an excavation a little larger than the proposed struc- 
ture and cover the bed of the foundation with a layer of sand or gravel. The 
sand should be deposited in successive layers, each of which should be 
thoroly tamped before laying the next. T’he sand should be moist, 80 it will 
pack well. Sand, when used in this way, possesses the valuable property of 
assuming a new position of equilibrium and stability should the soil on which 
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it is laid yield at any of its points; and not only does this take place along the 
base of the sand bed, but also along its edges or sides. The bed of sand or 


gravel must be thick enough to distribute the pressure on its upper surface 


over the entire base of the trench. 


Wood Piles. If the soil is very soft, it can be consolidated to a consider- 
able depth by driving wood piles, for which purpose many small ones are 
preferable to fewer but larger ones. It is customary to employ piles about 
6 feet long and about 6 inches in diameter, since this size can be driven with | 
a hand maul or by dropping a heavy block of wood with a tackle attached to 
any simple frame, or by a hand pile-driver. They may be driven as close 
together as necessary, altho 2 to 4 feet in the clear is usually sufficient. 
Clay is compressible, while sand is not; and hence.this method of consolidat- 
ing soils is not applicable to sand, and is not very efficient in soils largely com- 
posed of it. 

When the piles are driven primarily to compact the soil, it is customary fo load them 
and also the soil between them, either by cutting off the piles near the surface and laying 
a tight platform of timber on top of them, or by depositing a-bed of concrete between and 
over the heads of the piles.. If the soil is very soft or composed largely of sand, this method 
is ineffective; in which case long piles are driven as close together as is necessary, the sup-" 
porting power being derived either from the resting of the piles upon a harder substratum 
or from the buoyancy due to immersion in the semi-liquid soil. 

Sand Piles. Experiments show that in compacting the soil by driving 
wood piles it is better to withdraw them and immediately fill the holes with 
sand, than to allow the wooden piles to remain. This advantage is inde- 
pendent of the question of the durability of the wood. When the wooden 
pile is driven, it compresses the soil an amount nearly or quite equal to the 
volume of the pile, and when the latter is withdrawn this consolidation re- 
mains, at least temporarily. If the hole is immediately filled with sand this 
compression is retained permanently, and the consolidation may be still 

_ farther increased by ramming in the sand in thin layers, owing to the ability 
of the latter to transmit pressure laterally. And further, the sand pile will 
support a greater load than the wooden pile; for, since the sand acts like 
innumerable small arches reachirig from one side of the hole to the other, 
more of the load is transmitted to the soil on the sides of the hole. ‘To secure 
the best results, the sand should. be fine, sharp, clean, and of uniform size. 


The Compressol System has recently been employed to a considerable 
extent in Europe It consists in forming a hole in compressible soil by drop- 
ping a heavy conical iron weight, or ‘‘perforator,’’ from a considerable height, 
and then filling the hole with concrete upon which is to rest a column or beam 
which carries the superstructure. The perforator usually has a base of 214 
to 3 feet, and weighs about 2 tons; and frequently has a fall of 20 to 30 feet. 
Holes have been sunk 50 feet deep by this process. The perforator compresses 
the soil laterally, and thereby greatly i increases its water-tightness; and by drop- 
ping a little lime paste or wet clay into the hole before each fall of the perforator, 
it is usually possible to make the hole absolutely water-tight, since the lime or 
clay is plastered and compacted on the sides of the hole. Sometimes bowlders 
are rammed into the soil at the bottom of the hole, by dropping a pear-shaped 

weight upon them, thus still further consolidating the soil. Finally the hole 
is filled with concrete, the thoro tamping of which enlarges the hole and 
still further consolidates the’ soil, the amount of concrete put into the hole 
frequently being three or four times the original volume of: the hole. 

This method of founding has a number of marked advantages. (x) No excavations 
are required, and therefore there is no danger of disturbing the equilibrium of. the soil. 
(2) It eliminates all danger to men working below the surface of the ground. (3) It is 
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comparatively cheap, since all the operations are performed by machinery. (4) It is 

quite rapid, since a hole from 25 to 30 feet deep can be sunk and filled in 3 or 4 hours, 

(s) It is possible-to sink a hole as deep and as large as required by the desired bearing 

capacity. A 
19. Loads for Designing Foundations 


Spread Foundations are those in which the width is increased until the 
load can be safely carried, and for soft or compressible soils the loads must be 
accurately determined. ‘The structures requiring the most careful consid- 
eration are buildings, since usually they give a greater unit pressure upon the 
soil and are more likely to settle unevenly and crack. The load consists of 
three parts, that of the building itself, the movable loads on the floors, and 
the part of the load that may be transferred from one part of the foundation 
to the other by the wind. 


Dead Load. The weight of the building is ascertained by calculating the 
cubical contents of all the various materials in the structure. If-the weight 
is not equally distributed, care must be taken to ascertain the proportion to 
be carried by each part of the foundation. For example, if one vertical sec- 
tion of the wall is to contain a number of large windows while another will 
consist entirely of solid masonry, it is evident that the pressure on the founda- 
tion under the first section will be less than that under the second, In this 
connection it must be borne in mind that concentrated pressures are not 
transmitted, undiminished, thru a solid mass of masonry in the line of ap- 
plication, but spread out in successively radiating lines; and hence, if any 
considerable distance intervenes between the foundation and the point of 
application of this concentrated load, the pressure will be nearly or quite 
uniformly distributed over the entire area of the base. 

Ordinary lathing and plastering weighs about ro Ib per sq {t. The weight of floors is 
approximately 10 lb per sq ft for dwellings, 25 for public buildings, and 4o or 50 for 
warehouses. The weight of the roof varies with the kind of covering, the span, etc.; 
but a shingle roof may be taken at 10 and a roof covered with slate or corrugated iron at 


25 lb per sq ft. Weights of different kinds of masonry in pounds per cubic foot are as 
follows: 


Brickwork, prest brick, thin joints.............-cssseee Soncicic Sueeas 145 
Brickwork, ordinary quality ....... 125° 
Brickwork, soft brick, thick joints 
Concrete, 1 cement, 3 sand, and 6 broken stone 
Granite, 6 percent more than the corresponding limestone .........--.- -«« 


Limestone, ashlar, largest blocks and thinnest joints........ Sein ie eee - I60. 
Limestone, ashlar, 12- to 20-inch courses and 8- to 14-inch joints...... 155 
Limestone, squared-stone .. Rota soiastal sta tink ate atalate ties aeons einer 150 
Limestone, rubble, best... .. 2 140 
Timestone, rubble, rough ..\sesaeae tt. eee etanas cthkeee sete 135 


Sandstone, 14 percent less than the corresponding limestone .....+. ones 


Live Load, The movable load on the floors depends upon the nature of 
the building. For dwellings, it does not exceed ro Ib per sq ft; for large office 
buildings, it is usually taken at 30 lb per sq ft, but is seldom if ever that high; 
for churches and theaters, the maximum load, a crowd of people, seldom 
reaches 100 lb per sq ft; for stores, warehouses and factories, the load will be, 
from 100 to 400 lb per sq ft, according to the purposes for which they are 
used. These live loads are to be used in determining the strength of the 
floor, and not in designing the footings; for there is no probability that each 
and every square foot of floor will-have its maximum load at the same time. 
The amount of moving load reaching the footings in any particular case is a 
matter of judgment. At Chicago in designing tall steel-skeleton office build- _ 


ee’ 
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ings, hotels, and retail stores, it is the practise to assume that nearly all of the 
maximum live load reaches the girders, that a smaller percent reaches the 
columns of the upper story and a decreasing amount the columns of the suc- 
ceeding stories downward, and that no live load reaches the footings. In 
wholesale stores and warehouses a portion of the total live load is assumed to 
reach the footings, the exact amount being a matter of judgment and varying 
with the circumstances. In many cities the building law specifies the pro- 
portion of live load to. be assumed as reaching the footing. 

_ On a compressible soil it is very important that the live load assumed as reaching the 
footings sha!l be neither oyer- nor under-estimated. The dead load can be estimated 
with sufficient accuracy, and as the load on the footings under the walls is chiefly dead 
load, this part of the foundation is likely to receive the assumed load. But the possible 

- maximum on the footings of interior columns is made up largely of live load, and if the 
live load reaching these footings is taken too large, the footings are likely to be made too 
great and consequently the columns will not settle as much as the walls; and on the other 
hand, if the live load reaching the column-footings is taken too small, the columns will settle 
more than the walls. Experience in Chicago in founding upon a compressib'e soil shows 
that the settlements of the columns and the walls of eight- and ten-story office buildings, 
hotels, and retail stores are almost exactly the same when designed on the assumption 
that no live load reaches the footings. 

Attention must be given to the manner in which the weight of the roof and floors is 
transferred to the walls. For example, if the floor joists of a warehouse run from back 
_ to front, it is evident that the back and front walls alone will carry the weight of the floors 
and of the goods placed upon them, and this will make the pressure upon the foundation 
under them considerably greater than under the other walls. Again, if a stone-front.is to 
be carried on an arch or on a girder having its bearings on piers at each side of the build- 
ing, it is manifest that the weight of the whole superincumbent structure, instead of being 
distributed equally on the foundation under the front, will be concentrated on that part 
of the foundation immediately under*the piers, 


20. Unit Pressure on Foundations 


- Area of Foundation. This is determined by dividing the weight of the 
structure by the pressure which may safely be brought upon the soil. A Then 
having found the area of foundation, the base of the structure must be ex- 
tended by footings of masonry, concrete or timber, so as to cover that area 
and distribute the pressure uniformly over it. The object is not so much to 
secure an absolutely unyielding base as to secure one that will settle as little 
as possible, and uniformly. All soils will yield somewhat under the pressure 
of any building, and even masonry itself is comprest by the weight of the 
load above it. The pressure per square foot should, therefore, be the same 
for all parts of the building, and particularly of the foundation, so that the © 
settlement may be uniform. ‘This can be secured only when the axis of the 
load (a vertical line thru the center of gravity of the weight) passes thru 
the center of the area of the foundation. If the axis of pressure does not coin- 
cide exactly with the axis of the base, the ground will yield most on the side 
which is prest most; and, as the ground yields, the base assumes an_inclined 
position, and carries the lower part of the structure with it, thus producing 
unsightly cracks, if nothing more. ; 

The coincidence of the axis of pressure with the axis of resistance is of the greatest 
importance. The principle is almost self-evident, and yet the neglect to observe it is 
the most frequent cause of failure in the foundations of buildings. Fig, 38 is an example 
of one way in which this principle is violated. The shaded portion represents a heavily 
loaded exterior wall, and the unshaded portion a lightly loaded interior wall. The foun- 
‘dations of the two walls are rigidly connected at their intersection. The center of the 
load is under, the shaded section, and the center of the resisting area is at some point 
farther to the left; consequently the exterior wall is caused to incline outward pro- 
ducing cracks at or near the corners of the building. The two foundations are con- 


\ 
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nected in the belief that an increase of the bearing surface is of advantage; but the 
true principle is that the coincidence of the axis of pressure with the axis of resistance 
is of more importance. 
Fig, 39 is another illus- 
tration of the’ same 
principle. The foun- 
dation is continuous 
under the opening, and 
hence the center of the 
foundation is to the 
left of the center of 
pressure; consequently 
the wall inclines to the 
right, producing cracks, 
‘usually over the open- 
Fig, 38. Fig. 39. ing. 


One conclusion to be drawn from the above examples is that the foundation of a wall 
should never be connected with that.of another wall either much heavier or much lighter 
than itself, as*both are equally objectionable.. A second conclusion is that the axis of 
the load should strike a little inside of the center of the area of 
the base, to make sure that it will not be out ide. Any inward 
inclination of the wall is rendered impossible by the interior walls 
of the building, the floor beams, etc.; while an outward inclination 
can be counteracted only by the bond of the masonry and by 
anchors, A slight deviation of the axis of the load outward from 
the center of the base has a marked effect, and is not easily 
counteracted by anchors. 

The center of the load can be made to fall inside of the center 
of foundation by extending the footings outwards, or by curtailing 
the foundations on the inside. The latter finds exemplification 
in the properly constructed foundation of a wall containing a 
number of openings. For example, in Fig. 40, if the foundation 
is uniform under the entire front, the center of pressure must be 
outside of the center of the base; and consequently the two side ~ 
walls will incline outward, and show cracks over the openings: 
If the width of the foundation under the openings be decreased, Fig. 40 
or if this part of the foundation be’ omitted. entirely, the center e 
of pressure will fall inside of the center of base and the walls will tend to incline inwards, 
and hence be stable. 

An Important Principle derived from the above conclusions is the follow- 
ing: Foundations should be so constr acted as to compress the ground slightly 
concave upwards, rather than convex upwards. On even slightly compress- 
ible soils, a small difference in the pressure on the foundation will be suffi- 
cient to cause the bed to become convex upwards. At Chicago, in buildings 
founded upon soft clay an omission of 1 to 2 percent of the weight (by leav- 
ing openings) usually causes sufficient convexity to produce unsightly cracks, 
With very slight differences of pressure on the foundation, it is sufficient to 
tie the building together by careful bonding, by hoop-iron built in over open- 
ings, and by heavy bars’built in where one wall joins another. 


The art of constructing foundations on a compressible soil was brought to a high 
degree of development by the architects of Chicago between 1870 and 1890, when the 
principal buildings were founded upon a bed of soft clay. The special feature of the 
practice in that city is what is called “the method of independent piers’’; that is, each 
tier of columns, each pier, and each wall has its own independent foundation, the area of 
which is proportioned to the load on that part. The interior walls are fastened to the 
exterior ones by anchors which slide in slo's. i 

The opposite extreme is to rest the structure upon a platform of concrete, timber, or 
steel beams so strong as to resist local settlement. This method is nct ustally success- 
ful; and when it is successful, it is exceedingly expensive and usually needlessly extrava~ 
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gant. The post-office building erected in Chicago in 1875 rested upon a bed of concrete 
3 feet thick over the entire site; but the concrete was insufficient to resist the unequal loading, 
and the building settled so badly and so uneyenly that it was necessary to demolish it after 
it had stood only seventeen years. It is said that some noted buildings in Europe rest 
upon beds of concrete 8 or 10 feet thick. 

’ Effect of Wind. On chimneys and tall structures the action of wind in- 
creases the pressure on one side and decreases it on the other. The maximum 
horizontal pressure of the wind is usually taken as 50 lb per sq ft on a flat 
surface perpendicular to the wind, and on a cylinder at about 3o Ib per sq ft 
of the projection of the surface. In Fig. 41 let ABED represent a vertical 
section of the chimney; @ is a point horizontally opposite the center of the 
surface exposed to the pressure of the wind and vertically above the center of 
gravity of the chimney; C is the position of the center of pressure when there 
is no Wind; WV is the center when the wind is acting. Let H'= the total pres- 
sure of the wind against the exposed surface, W = the weight of the structure 
above the section considered, / = the distance AB, h = the distance aC, 
d =the distance NC found from d = hH/W. When there is no horizontal 
force acting, the load on AB is uniform; but when the wind blows from the 
tigit, the pressure is greatest near A and decreases towards B. The maxi- 
mum pressure at A will be that due to the weight of the chimney plus the com- 
pression due to flexure; and the pressure at B will be the 

compression due to the weight minus the tension due to B 
flexure. For a rectangular base with length / normal to t 

the width 5 the average pressure is W //b, and 


Ye ee 3 WwW d 
Maximum unit-pressure at-A = 77 (: +6 ‘) H 


Ww oye 
Minimum unit-pressure at B = 7 ( 6 r) 4 lyr 


These equations show that when d= NC = 11, the maxi- 4 Ip 
“mum pressure at A Is twice the average, and that the pressure at B NC 
iszero, This is equivalent to what is known, in the’ theory of arches, Fic. 41 
as the principle of the middle-third. It shows that as long as the 18 
center of pressure lies in the middle-third, the maximum pressure is not more than twice 
_ the average pressure, and that there is no tendency to produce tension at B. The aver- 
age pressure per unit on AB is supposed to have been adjusted to the safe bearing power of 
the soil, and if the maximum pressure at A does not exceed the ultimate bearing power, the 
occasional maximum pressute due to the wind will do no harm; but if this maximum 
exceeds or is dangerously near the ultimate strength of the soil, the basé must be widened. 


21. Footings 


The footing is the bottom course or courses of m/sonry, timber, or steel 
beams employed to increase the area of the foundatiyn. Whatever the char- 
acter of the soil, footings should extend beyond the fuce of the wall (1) to add_ 
to the stability of the structure and lessen the danger of the work being 
thrown out of plumb, and (2) to distribute the weight of the structure over a 
larger area and thus decrease the settlement due to the compression of the 
ground. To gerve the first purpose, footings must be securely bonded to the 
body of the wall; and to produce the second effect, they must have sufficient 
strength to resist the transverse strain to which they are exposed, 

In Masonty Footings the portion of the footing that projects beyond the 
oné above it acts as a cantilever beam uniformly loaded. To determine 
the safe offset let P = the pressure in short tons per sq ft at the bottom of the 
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footing course under consideration, R = the modulus of rupture of the mate- 
rial in lb per sq in, 0 = the greatest possible offset or projection of the footing 
course in inches, t = the thickness of the footing course in inches, f = the 


factor of safety. Then with sufficient accuracy, 0 = % t\/RIPF R/Pf. 


The factor of safety will depend upon the care used in computing the loads, in select- 
ing the materials for the footing courses, and in bedding and placing them. If all the 
loads have been allowed for at their probable maximum value, and if the material is to be 
Teasonably uniform in quality and laid with care, then a comparatively small factor is 
sufficient; but if all the loads have not been carefully computed, and if the job is to be 
done by an unknown contractor, and neither the material nor the work is to be carefully 
inspected, then a large factor is necessary. It is wiser to assume, for each particular 
case, a factor of safety in accordance with the attendant conditions of the problem than 
to blindly use the result deduced by the application of some arbitrarily assumed factor. 
The following table shows the results obtained by the above formula, using ro as a factor of 
safety. It gives values of o/t for three valuesof P. For example, if P is 2 tons per sq ft, 
then for granite o/! = 1.6, and hence if ¢ is 12 inches the offset o should be 19 inches. 


: Safe Offset for Masonry Footing Courses 


P in short tons per 
Kind of Stone I sq ft 


Bluestone, North River 
Granite 


SAHGStONEL: -5. <5 cc see eee ae sven ce 

Good building brick in poor 1 : 2 natural-cement 
MIOFtar, ALS GO GAYS. - ie tecccevccusccces cs 

Under-burned building brick in 1:3 portland- 
cement mortar, age 60 days....... 

Vitrified building brick in 1:3 portlandécenient 
mortar, age 60 days 

Concrete, 1: 2: 4 portland, at 1 month. 

Concrete, 1: 2: 4 portland, 6 months 


The above computation when applied to stonr-MaAsonry footings is strictly correct 
only for the lower offset, and then only when the footing is composed of stones whose 
thickness is equal to the thickness of the course and which project less than half their 
length, and which are also well bedded, The resistance of two or more courses to bend- 
ing, if bedded in good cement mortar, probably varies about as the square of their com- 

bined depth, and the bending due to the uniform pressure on the base increases as the 
square of the sum of the projections; and therefore the successive offsets should be pro- 
portional to the thickness of the course; or, in other words, the values as above are appli- 
cable to any of the several projecting courses, provided no stone projects more than half 
its length beyond the end of the top course. ‘The preceding results will be applicable to 
built footing courses only when the pressure above the course is less than the safe crush- 
ing strength of the mortar. The proper projection for rubble masonry lies somewhere 
between the values for stone and for concrete. If the rubble consists of large stones well 
bedded in good strong portland-cement mortar, then the values for this class of masonry 
will be but little less than those given for stone; but if the rubble consists of small irregular 
stones laid with portland-cement mortar, the projection should not much exceed that 
given for concrete. Footing courses should not be laid of small stones in either natural- 
cement or lime mortar. The offsets for BRICKWORK are the combined offsets of one or 
more projections in terms of the total thickness.of the one or more projections. A cON- 
CRETE footing should be built as a monolith for its full depth, since the deeper the beam 
the greater its,strength; but the outer upper corner may be stept to save concrete, pro- 
vided the combined projection in any case does not exceed that given in the table. 


After the safe length of the offset of the footing has been determined, it should be 
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examined to see if itis safe against failure by shearing. Since footings are subject to . 
heavy loads and consequently to great shearing stress, and since the allowable shearing 
stress for stone and brick is only about zo to 12 percent of the crushing strength as deter- 
mined in the usual way, the shearing strength of the footing should be considered. 

Timber Footings may be used where the ground is soft, provided it is 

_always wet. The advantage of timber over masonry is that the former may 
have a greater projection, and therefore will occupy less space in the cellar, 
and will also give less weight on the foundation, which is an-important con- 
sideration with a small bearing power. The safe projection can be computed 
by the equation on the preceding page. For oak or. yellow pine, P = 1000, 
and the above equation gives a safe projection of 7.5 times the thickness of the 
course when the pressure on the soil is o.5 short ton per sq ft, 5.3 times for a 
pressure of 1 short ton, and 3.7 times for a pressure of 2 short tons. The above 
formula is not applicable to two or more courses of timber if one is transverse to 
the other, since the deflection of the timber materially affects the distribution 
of the pressure on the different courses of the footing. ‘Timber footings were 
once much used, but now reinforced concrete (see Sect. 5, Art. 33) would be 
employed instead. 

Steel-Beam Footings are specially useful in the foundations (particularly 
of the columns) of a heavy building supported upon a compressive subsoil: 
The footing consists of a row of steel beams placed side by side and embedded 
in rich concrete; on top of this and at right angles to it is a shorter row; and 
above this, one and sometimes two other rows. The advantages of such foot- 
ings are that they decrease the area of the foundation and at the same time 
decrease the weight of the footing and increase the usable space in the cellar. 
Steel-beam footings were first used in Chicago in 1878; and at first, on account 
of the artificially high price of steel I-beams, railroad rails were used, but later 
T-beams have been employed, as they have a more economical cross-section. 


‘ Reinforced-Concrete Footings are sometimes more economical than 
Steel-beam footings. See Section 5, Art. 33. 

Inverted Arches are sometimes built under and between the bases of 
piers, as shown in Fig. 42. Employed in this way, the arch simply distributes 
the pressure over a greater area; but it is not well 
adapted to this use, for it is nearly impossible 
to prevent the end piers of a series from being 
pushed outward by the thrust of the arch, and & 
it is generally impossible, with inverted arches, 
to make the areas of the different parts of the 
foundation proportional to the load to be supported. The only advantage the 

_ inverted arch has over masonry footings is in the shallower foundations 
obtained: 


Fig. 42 


22. Piles and Pile Driving 


Timber Piles are widely used for foundations, the softer varieties for easy 
driving and the harder varieties for difficult driving. Piles should never be 
less than 6 and preferably not less than 8 inches in diameter at the small end; 
never more than 18 and preferably not more than 14 inches at the large end. 
To prevent bruising and splitting in driving, 2 or 3 inches of the head is usually 
chamfered off. As an additional means of preventing splitting, the head iz 

_ often hooped with a strong iron band, 2 to 3 inches wide and ¥ to x inch thick. 
The expense of removing these bands and of replacing the broken ones, and 
the consequent deiays, led to the introduction of a hood or cap for the pro- 
tection of the head of the pile. The hood consists of a cast-iron block with a 
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_ tapered recess above and below, the chamfered head of the pile fitting into the 
lower recess and a cushion piece of hard wood, upon which the hammer falls, 


fitting into the upper one. 


The hood preserves the head of the pile, adds 


to the effectiveness of the blows, and keeps the pile head in place to receive 


the blows of the hammer. 


A further advantage of the pile hood is that it saves the piles by preventing the brooming 
and consequently the necessity of successively cutting off the pile when the driving is hard. 
Sometimes, particularly in stony ground, the point is protected by an iron shoe, but some 


engineers claim ‘that a shoe is no advantage. 


The shoe may be only two V-shaped loops 


of bar iron placed over the point, in planes at right angles to each other, and spiked to the 
piles; or it may be a wrought- or cast-iron socket, of which there are a number of forms 


on the market. 
Cost. 

burr oak, 6-inch top and 12-inch butt, 20 to 30 ft 

60 ft long, 21 to 25 cents according to length. 


In 1909, in the North Central States, prices were about as follows: White or 


long, 16 to 18 cents per foot; same, 40 ta 
Long-leaf yellow pine, 40 to 60 ft long, 


18 to 23 cents; and short-leaf pine, 14 to 15 cents; other soft woods rx to 2 cents less. 
Concrete Piles are of two types, those molded before driving and those 


molded in place. The first type must be 
and the reinforcement may be any of the 
columns. 
the former case, the pile is provided with a 


vided with a cushioned head to prevent the crushing of the pile. 


Such piles may be driven with a drop hammer or a water jet. 


reinforced to permit of handling, 
forms used for reinforced concrete 
In 
cast-iron point, and the top is pro- 
If the pile 


is to be sunk by a water jet, either an iron pipe is set in the center of the con- 
crete or a hole is there molded. The most common form is the Chenoweth. 
pile which is made by plastering a woven wire-net with cement mortar or 
concrete and then rolling the combination about a mandrel to form a cylinder. 


However, piles molded in place are more common. 
For the Simplex and the Raymond, see Sec: 5, Art. 33. 


three common forms. 


Of the second type there are 


The Pedestal concrete pile is formed by driving a steel casing, dropping 


concrete into it, and ramming the concrete 


out into the soil by driving a steel _ 


core into the casing. Concrete is added and rammed successively. until the pro" 


jecting part has any desired diameter, usually 2 or 3 feet. 


is filled and withdrawn in successive stages. 


Finally the casing 


When exposed to the air or in sea-water infested with marine borers, concrete is sie 


more durable than wood. 


In some cases concrete tops have been placed upon wooden 


piles to prevent the decay of the wood above the water line or to prevent the attack of sea 


worms above the ground line. 


Concrete piles on account of their size wiil support a 


greater load, it being claimed that usually one concrete pile will support as much load as 
two or thre> wooden ones; but it is not always wise or possible to decrease the number of 
piles and proportionally increase the load on each. Concrete piles are superior to wooden 
ones for foundation work in that they need not be cut off below the water’s surface, and 
hence the more expensive masonry structure need not start as low with concrete piles as 


with wooden ones. 


The following shows the actual cost in 1904 of the concrete pile 


foundations for the physics building of the United States Naval Academy at Annapolis, 
Md., and also the estimated cost of an equivalent wood-pile foundation (Eng. Record, 


1905, vol. 51, p. 277). 


Items Concrete Piles Wood Piles 
PHOEBE Osiclotts den ane 855 at $20.00=$17 100.00 2193 at $9.50 =$20 835.50 
Excavation, cu yd..... 1038 at .40= 415.00 4542 at .4o= ‘1 816.80 
Concrete, cu yd....... 986 at 8.00= 7888.00 3250 at 8.00= 26 000.00 
Steel: T-beams) lib.t-tc Mink o-eice aenae nde adhe 5222at .o4= 208.88 
Shoring and pumping........... violas anivnpanery has PUR tS eee eee 4 200.00 
Total x. cya Ne <a sistaca ase czas tate Shae S25 AO3 i QOse scrta-d tale age $52 861.18 


re 


The Drop-hammer Pile Driver consists of a heavy block of iron, called a — 
ram, monkey, or hammer, which is carried by a rope or cable passing over a 
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pulley fixt at the top of an upright frame and aliowed to fall freely on the 
head of the pile. The machine is generally placed upon a car or a scow. The 
frame consists of two uprights, called leaders, from 10 to 60 feet long, placed 
about 2 feet apart, which guide the falling weight in its descent. The leaders | 
are either wooden beams or steel channel-beams, usually the former. The 
hammer is generally a mass of iron weighing from 500 to 4000 pounds 
(usually about 2000), with grooves in its sides to fit the guides and a staple in 
the top by which it is raised. The-rope employed in raising the hammer is 
usually wound up by a steam engine placed on the end of the scow or car, 
opposite the leaders. 


There are two methods of detaching the weight or of letting the hammer fall. The 
NIPPER consists of a block which slides freely hetween the leaders and which carries a 
pair of hooks, or tongs, projecting from its lower side, The tongs are so arranged that 
when lowered onto the top of the hammer they automatically catch in the staple in the 
top of the hammer, and hold it while it is being lifted until they are disengaged by the 
upper ends of the arms striking a.pair of inclined surfaces in another block, the trip, which 
may be placed between the leaders at any elevation, according to the height of fall desircd. 
The FRICTION CLUTCH method consists in attaching the rope permanently to the staple 


"in the top of the hammer, and dropping the hammer by setting free the winding drum by 


the use of a friction clutch. The advantages of this method are that the hammer can be © 
dropt from any height, thus securing a light or heavy blow at pleasure, and that no 
time is lost in waiting for the nipper to descend or in adjusting the trip. 


The Steam-hammer Pile Driver consists essentially of a steam cylinder 
(stroke about 3 feet), the piston-rod of which carries a striking weight of 3000 
to 5000 pounds. The steam cylinder is fastened to and between the tops of 
two I beams 8 to to feet long, the beams being united at the bottom by a piece 
of iron in the shape of a frustum of a cone, which has a hole thru it. The 


- under side of this connecting piece is cut out so as to fit the top of the pile. 


The striking weight, which works up and down between the two I beams as 
guides, has a cylindrical projection on the bottom which passes thru the hole 
in the piece connecting the feet of the guides and strikes the pile. The steam 
to operate the hammer is conveyed from the boiler thru a flexible tube. 


The whole mechanism can be raised and lowered by a rope passing over a pulley in the 
top of the leaders. After a pile has been nlaced in position for driving, the machine is 
lowered upon the top of it and entirely let go, the pile being its only support. Whensteam 
is admitted below the piston, it rises, carrying the striking weight With it, until it strikes a 
trip, which cuts off the steam, and the hammer falls. At the end of the down stroke 
the valves are again automatically reversed, and the stroke repeated. By altering the 
adjustment of this trip-piece, the length of stroke (and thus the force of the blows) can 
be increased or diminished. The admission and escape of steam to and from the cylinder 


_ ean also be controlled directly by the attendant, and the number of blows per minute 


is increased or diminished by regulating the supply of steam. The machine can give 
60 to 80 hlows per minute. 


There are three types of steam pile drivers, the single-acting, the double- 
acting, and the percussion pile hammet. The first has long been in use; but 
the second and third are comparatively recent inventions. In the first the 
steam simply raises the ram or hammer and it falls by its own weight. In the 
second the steam raises the ram and is also applied to drive the ram down. 
The third is somewhat similar to the rock-drill and the pneumatic percussion 
hammer. In a general way the first. usually has a heavier ram, and a longer 
stroke, and makes fewer blows per minute than the second; and the third 
differs from the second in having a lighter ram -and a shorter stroke, and making 
more blows per minute. The greater rapidity of blows in a measure compen- 
sates for the lighter ram. Any of the steam pile drivers may be operated with 
comprest air. , : 
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In Water-jet Pile Driving a jet of water is discharged below the point 
of the pile, thus loosening the soil and allowing the pile to sink by its own 
weight or with very light blows of a drop hammer. The water may be con- 
veyed to*the point thru a hose or pipe loosely tied or stapled to the pile, or, if 
the pile is a concrete one, thru a hole molded in the center for that purpose. 
It makes very little difference, either in the rapidity of the sinking or in the 
accuracy with which the pile preserves its position, whether the nozzle is 


exactly under the middle of the pileornot. The efficiency of the jet is greatest. 


in clear sand, mud or soft clay; and it is almost useless in gravel, or in sand 
containing a large percentage of gravel, or in hard clay, 


Screw Piles are employed chiefly in anchoring buoys and signal stations in 


marine surveying, in founding small lighthouses on a sandy sea-shore, for piers, 


and for supports for light bridges. A screw pile usually consists of a rolled-iron 
shaft of 3 to ro inches diameter, having at its foot one or two turns of a cast- 
iron screw, the blades of which may vary from 114 to 5 ft in diameter. The 
piles ordinarily employed for lighthouses exposed*to moderate seas or to heavy 
fields of ice have a shaft of 3 to 5 inches and blades 3 to 4 ft diameter, the 
screw weighing from 600 to 700 lb. For bridge piers, the shafts are from 6 to 10 
in and the blades from 4 to 5 ft diameter, the screw weighing from 1500 to 
‘4000 Ib. See Eng. News, Vol. 13, p 210, and Vol. 28, p 116, for illustrated 
accounts of the founding of a railroad bridge on screw piles. 


For founding beacons and buoys, the screw pile has the special advantage of not being 
drawn out by the upward force of the waves against the superstructure. Even when all 
cohesion of the ground is destroyed in screwing down a pile, a conical mass, with its apex 
at the bottom of the pile and its base at the surface, would have to be lifted to draw the 
pile out. The supporting capacity also is considerable, owing. to the increased bearing 
surface of the screw blade. Screw piles have, therefore, an advantage in soft soil. They 


could also be used advantageously in situations where the jar of driving ordinary piles” 


might disturb the equilibrium of adjacent structures. 


These piles are usually screwed into the soil by men working with capstan bars. Some- 
times a rope is wound around the shaft and the two ends pulled in opposite directions by 
two capstans; and sometimes the screw is turned by attaching a large cog-wheel to the 
shaft by a friction-clutch, which is rotated by a worm-screw operated by a hand crank. 
Horse-power, steam, and hydraulic power have been used for this purpose. The screw 
will penetrate most soils. It will pass through loose pebbles and stones without much 
difficulty, and push aside bowlders of moderate size. Ordinary clay does not present much 
obstruction; but clean, dry sand gives the most difficulty. The danger of twisting off 
the shaft limits the depth to which they may be sunk. Screw piles with blades 4 ft in 
diameter have been screwed 40 feet into a mixture of clay and sand. The resistance to 
sinking increases very rapidly ‘with the diameter of the screw; but under favorable 
circumstances an ordinary screw pile can be sunk very quickly. Screws 4 ft diameter 


have, in less than two hours, been sunk by hand labor 20 ft in sand and clay, the surface - 


of which was 20 ft below the water. However, for depths of 15 to 20 ft, an average of 
4 to 8 ft per day is good work for wholly hand labor. 


Disk Piles differ but little from screw piles, a flat disk, instead of a screw, 
being keyed or bolted on at the foot of the iron stem. Disk piles are sunk by 
the water-jet, the water being usually forced down the hollow shaft and out 
thru a hole in center of the disk. One of the few cases in which disk piles have 
been used in this country was in founding an ocean pier on Coney Island, near 
New York City. The shafts were wrought iron, lap-welded tubes, 854 inches 
outside diameter, in sections 12 to 20 ft long; disks were 2 ft diameter and 9 inches 
thick, and were fastened to the shaft by set-screws. Many of the piles were 
57 ft long, of which 17 ft were in the sand. For a detailed description of this 
work, see Trans. Am. Soc. C. E., vol. 8 (1879), p. 227-37. i 
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23. Safe Bearing Loads for Piles 


Two cases must be distinguished: that of columnar piles or those whose 
lower end rests‘upon a hard stratum, and that of ordinary bearing piles. In : 
' the first case the load is limited by the strength of the pile considered as a 
column; and in the second place it is carried by the friction of the earth on the 
sides of the pile. 


For a Friction Pile there are two types of formulas i in use: ( 1) ehigoretieal 
formulas, those based wholly upon a theoretical consideration of the principles 
involved; and (2) empirical formulas, those based chiefly upon experience or 
experiments. A number of theoretical or rational formulas have been pro- 
posed, but none are of any considerable value because of the impossibility of 
including therein all of the essential conditions; and most of the empirical 
formulas are unreliable because of the failure to consider important condi- 
tions. The only formulas in anything like general use are known as the Engi- 
neering News formulas. They are: 


For a pile driven with a drop hammer, pied _ 
SHI 
J fs . 7 ; 2Wh 
For a pile driven with a single-acting steam hammer, as 
Ss [ors g 
. i , : y hw 
For a pile driven with a double-acting steam-hammer, P= ee 
= Ss 0.1 


in which P is the safe load in pounds, W the weight of the hammer in pounds, 
h the fall of the hammer in feet, a the effective area of the piston in square 
inches, » the mean effective steam pressure in pounds per square inch, and 
s the penetration or sinking in inches under the last blow, assumed to be sensible 
and at an approximately uniform rate. The sinking s must be measured only 
when there is no visible rebound of the hammer and only when the last blow 
is struck upon practically sound wood. The first two of the above formulas 
have been generally accepted for many years; but the last has only recently 
been proposed (Eng. News, Vol. 75 (1916), p. 33-34, 372-73). The first two 
formulas are supposed to give a factor of safety of six; and are also claimed to 
be safe, for ordinary weights of hammer and the usual height of fall. These 
formulas were deduced for wood piles; but they are the best there are for con- 
crete piles. The following table compares the first of these formulas with nine 
observed cases. 


Comparison of Actual and Computed Safe Loads of Wood Piles 


Load, Ibs 


Character of Soil Locality 


Almost fluid mud Aquia Creek, Va. 
Soft muddy bottom...|East St. Louis, Ill. 
Mud 30 ft deep Perth Amboy, N. J. 
Mud, sand, and clay -.|Proctorsville, La. 

i Buffalo, N. Y. 
Mud 60 ft, fine sand 6 ft; Annapolis, Md. 
Water 12 ft, mud 61 ft.|Annapolis, Md. 
Sand... ..+.----/Annapolis, Md. 
Annapolis, Md. 
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In making the test blow there should be little or no bouncing of the hammer. 
If the hammer bounces to any considerable extent, the fall is too great, or the 
pile has struck a solid obstacle, or the hammer is.too light. Under such cir- 
cumstances, careful trials and discriminating judgment are required to deter- 
mine the cause of the bouncing. Frequently, decreasing the fall will decrease 
the bouncing and also increase the effectiveness of the blow. If the pile has 
struck an impenetrable stratum, and the driving is continued, it is probable 
that there will be a small and continuous apparent penetration due to the’ 
mashing of the foot of the pile. Not infrequently when piles are dug out or 
pulled up, the foot is found badly bruised, and sometimes the body of the pile 
is crusht. Of course, after the point is bruised or the body crusht, further 
driving is useless. In hard driving there is likely to be a little rebound of the 
hammer, owing to the elastic compression of the pile; but in making the test 
vlow there should be only a very little bouncing. 

The penetration to be used in the formula should not be taken unless it has been at a 
-easonably uniform or uniformly decreasing rate. If the penetration is at an uneven rate 
it is probable that the pile is passing bowlders or logs. If the penetration is practically. 
zero, it is probable that the pile is against an impenetrable stratum or is already crusht. 
When the penetration has reached a small amount, say 14 or 14 inch per blow, and the ham- 
mer rebounds considerably, it is safe to conclude that the limit of safe driving of that pile 
has been reached. Of course, the apparent penetration due to the brooming of the head, 
or to the crushing of the body of the pile, or to the bruising of the point should not-be used 
in the formula for computing the bearing power. Care should be taken that the test blow 
is stru-k on sound wood, as otherwise the observed penetration may be much too small 
and consequently the computed Sean power be much too great. 


24. Deep Foundations : 


This is a fethod of supporting the load by extending the foundation to an 
- underlying hard substratum by driving steel pipes or sinking wells which are 
afterward filled with concrete. A pile foundation may be classed as a deep” 
foundation if the piles are driven to a hard substratum; and the compressol 
system (Art. 18) may be employed for a so-called deep foundation by sinking 
a pit under each column footing to a hard underlying stratum. Sometimes a 
building is supported by forcing steel pipes or tubes down to a hard sub- 
stratum either by hydraulic pressure or by the use of the water jet,” with or 
without filling the tube with concrete. 


Concrete Piers. If the soil is a water-tight clay, open wells may be sunk 
to the hard substratum and afterwards be filled with concrete, a column of the 
steel frame of the building resting upon each concrete pier. At Chicago this 
method of putting in foundations has been brought to a high state of develop- 
ment. ‘The shafts are sunk as open wells 3 to 8 feet in diameter, and are 
usually lined with 2- by 6-inch tongue-and-groove planks from 4 to 6 feet long, 
which are supported by two and sometimes three interior iron sectional rings. 

_A section about 6 feet deep is excavated and then lined. The intention is to 
make the excavation only large enough to get the lagging into place, to pre- 
vent settlement of adjoining buildings; and if the excavation is accidentally 
made too large, ‘clay is packed behind the lagging as the latter is put into posi- 
tion. If beds of quicksand or other soft material are encountered, steel sheet 
piles or steel cylinders are used instead of wood lining. The bearing power of 
the concrete column may be increased by belling out the lower end of the well. 
After the excavation is completed, the hole is filled with concrete. The rings — 
are taken out as the concreting progresses, except in soft swelling clay; but 
the lagging is usually left in place. Since about 1890 this method has been — 
employed i in Chicago almost exclusively for all large buildings. The usual 
practise there is - mix the concrete rather dry and put it into wells 60 to 100 


’ 
s 
n 
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feet deep by shoveling it in at the top and allowing it to drop freely, an attempt 
being made to drop it from the shovel in such a manner that the shovelful will 
go down without being broken up. Such columns safely carty 20 to 25 tons 
per square foot of top area, usually the former. 


Hydraulic Caissons. A few deep foundations of buildings i in New York 
City have been sunk to bed-rock by the hydraulic caisson method. This 
consists of sinking steel cylinders without interior excavation by means of 
hydraulic jets. A riveted steel cylinder is attached at its lower end to an 
annular cast-iron cutting edge of hollow triangular cross-section having 
numerous small perforations along its lower edge; and the hollow cast-iron 
cutting section is connected with a force pump by pipes and flexible hose. 
The cylinder is heavily loaded with cast iron, the pump is started, and the 
humerous jets of water issuing from the cutting édge scour away the soil and 
form an annular trench into which the cylinder descends. As the sinking 
progresses, another section of the cylinder is added at the top. When a hard 
substratum is reached, the pump is stopt, the soil in the interior of the cylinder 
is dug or dredged or “ washt” out. If the cutting edge of the eylinder stops 
in clay, probably little or no water will leak into the cylinder; but if it stops 
upon bed-rock which is irregular or not level, it may be eer to seal the 
cylinder by depositing concrete under water. : 

The objection to this method is that in some cases it does not permit an inspection and 
proper preparation of the bed of the foundation. The pneumatic method (Art. 31), which 
is primarily a method of founding under water, is sometimes. employed in sinking the 
foundation of buildings, particularly in New York City since about 1895, because it per- 
mits inspection and proper preparation of the underlying hard stratum. The only ad- 
vantage of the hydraulic caisson over the pneumatic method is that the former is some- 

_ times the cheaper. 


FOUNDATIONS UNDER WATER 
25. Divers and Diving 


Tn laying foundations under water it is sometimes necessary to employ a 
diver to examine the.site, to prepare the bed, or to lay the masonry. A diver 
is also sometimes required in other engineering operations, as in tunneling to 
erect or remove a bulkhead; in water-supply engineering to inspect and repaiz 
a conduit, clear an inlet, or take out pumps; in wrecking operations, etc, 
With the best modern apparatus it is possible for any able-bodied man to prose« 
cute any ordinary kind of work under a moderate head of water without 
_ serious risk of personal injury. No man suffering from chronic disease, alco- 

holic excess, ear or heart troubles, having a sluggish circulation or a great 

excess of fat,'should attempt the work of a diver; and if the work is to be © 

carried on at a greater depth than 35 to 40 feet, the man should undergo a 

‘thoro examination by a physician before attempting diving. 

A Diver’s Outfit consists of a metal helmet or head covering, 4 breast 
plate which rests upon the chest and back, and an ait-tight flexible diving suit 
which enyelops the body from the breast down. The helmet is provided 
with at least one window in front, and usually also one on each side, and some” 
times one above the face; and is also provided with a valve in either the head 
piece or the breast plate for receiving air, and also a safety valve anda regulat- 

-ing valve. ‘The diving suit is closed at the feet, but is open at the hands, which 
are provided with rubber bands that fit closely around the wrists. The helmet 
is connected by a hose to an air pump above the water. A rope, called the 

‘life line, passing around the diver’s waist and’reaching to the surface, is used 

Win: raising and lowering him. ‘To overcome buoyancy weights are hung to the 


* 
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diver’s waist, and his shoes have lead or iron soles. The weights upon the 
feet are more particularly intended to prevent the diver from losing his upright 
position by undue buoyancy of the lower portion of his diving suit, caused by 
an excessive air pressure on the inside. The air pressure in the diving dress 
may be controlled by the diver by means of the regulating valve. To prevent 
the possibility of the diver being blown to the surface by the inflation of the 
lower part of his diving dress, the British navy has introduced a new type of 
dress having the legs tightly laced up, which prevents the air from getting into 
the legs when the diver suddenly stoops over or if he falls down; and conse-’ 
quently if he loses ‘his upright position, he is able to right himself, The air 
pump is always operated by hand power, and may be any one of several forms, 
according to the amount of work or the depth: one, two, or three cylinders; 
single or double acting; lever or fly-wheel type; with or without a water- 
jacketed cylinder. The diver communicates with his attendant by jerks upon 
the life line thru a code of signals, or by a telephone the wires of which are em- 
bedded in the life line or in the air hose. Except in very clear water, the sur- 
face light does not penetrate very deep, and hence the diver usually works in 
the dark, altho sometimes he is provided with an electric light. 

To PREPARE FOR Divine the diver takes off all his own clothing, puts on a heavy 
flannel shirt, a pair of drawers which must be carefully adjusted outside of the shirt and bz 
well secured to prevent slipping down, and then a pair of heavy stockings. If the water is 
cold, he may put on two or more of each of these articles. He also puts on a woolen cap, 
drawing it well down-over his ears. Usually a shoulder pad is put on and tied under the 
arms. ‘The diver then gets into the diving suit and draws it well up to the waist; he next 
puts his arms into the sleeves, and an assistant opens the cuffs, by means of the cuff ex- 
pander provided with the apparatus, so that the diver can push his hand thru the cuff. 
Sometimes the diver wears rubber mittens; and if so, they are next put on by first inserting 
a ring into the cuffs, and then each mitten is fastened in place by a clamp. Canvas 
overalls are usually next put on over the diving suit to preserve it from injury. The diver 
now sits down, and the shoes are put on. Next the inner cape is drawn up around his 
neck and tied loosely with a yarn string. The breast plate is then put on, and the rubber 
collar of the diving suit is put over the projecting screws of the breast plate; and the 
sectional clamping piece, is put over the projecting screws and fastened with the thumb 
nuts. The helmet, with the front plate or window removed, is next put on and screwed 
fast to the breast plate; but before putting the helmet over the diver’s head, the attendant 
should place it over his own head and placc his mouth over the place where the air escapes 
and blow, to see whether the safety valve is in working order. The life line is looped 
around the diver’s waist, brought up in front of the man’s body, and secured with a small 
rope passing around his neck or is fastened to the stud on the helmet. The waist belt is 
then buckled on with the knife pocket at the left. The end of the air hose is past thru 
the ring on the belt on the diver’s left and up .o the inlet valve of the helmet, and secured to 
it. and then the upper part of the hose is made fast by lashing it to the loop on the helmet. 
A ladder or a rope must be provided which reaches from the s_rface to the bottom, for the 
use of the diver in descending and ascending; and must be heavily weighted at the bottom. 
The ladder, usually a rope one, is the better for the inexperienced man altho’an expert 
diver prefers a single rope. The diver steps on the ladder, and weights are hung to his waist 
an fastened in place. Two men take their placesat the pump. When the attendant is sure 
that everything is right and the diver understans the code of signals, he gives orders for 
the pump to start, screws the front plate into place, takes hold of the life line, and gives 
the signal for the diver to descend. While the diver is under water, an attendant should 
give constant attention to air hose and life line, keeping the former free and clear of kinks — 
and the latter just taut enough that any signals by the diver can be easily felt; no talk- 
ing. laughing or distracting noise should be allowed on the surface. 

The diyer should descend slowly, and as soon as his head is under water should stop to. 
see that everything is satisfactory, particularly the escape valve. The valve is kept closed 
by a spring, and the farther the valve is screwed up the less air escapes. If too much air 
escapes, breathing is difficult; and if*too little escapes, the diving dress may become in- 
flated to such an extent that the diver will rise. “The proper adjustment is that which just — 
takes the pressure of the weights from the diver’s shoulders. As he descends, if he feels 
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any pain in his ears, he ahaha shut his mouth and inflate his cheeks, or blow thru his nose, 
or swallow several times, to equalize the pressure on the inside of the drum of hisear. He 
should continue his descent slowly, and not demand too much air. If the pain is not 
relieved or if he feels opprest, he should slowly rise a yard or two, and remain at that 
point a minute or two, and inflate his cheeks or swallow or do both; and if the oppression, 
or the singing"in the’ears, or the headache should continue, he should slowly retura to 
the surface. However, unless there is some serious physical defect a man with a cool*head 
and good judgment is not likely to have any trouble in diving. Arriving at the bottom, 
the diver signals his attendant, usually by one jerk on the life line to indicate ‘‘all right.” 
The diver takes down in his hand a coil of small rope, one end of which is fast to his waist, 
and the other end of which he attaches to the bottom of the ladder or rope dowrf which he 
descended, so that he can always find his way back to the ladder when he wishes to return 
to the surface. 

If the diver has been down some time, particularly in deep water, the liquids and tissues 
of his body have gradually become saturated with comprest air and other gases, and 
consequently when he ascends it should be s!owly to allow time for desaturation. Re- 
maining down too long or ascending too rapidly is likely to cause a form of paralysis, 
which in ‘pneumatic caisson work (Art. 32) is called by the physicians caisson disease _ 

-and by the workmen “bends.’’ It occurs only after returning to the normal atmosphere; 
and in ordinary cases in diving can be prevented by care in ascending. The desaturation 
is more rapid and less harmful if the diver ascends say halfway and then stops for a time 
(the exact time depending upon the depth and the time under pressure), and then con- 
tinues the ascent, again stopping when halfway up. This is what is known in the British 
nayy as stage decompression, and an elaborate scries of tables have been established for- 
that service which give the time to be consumed in the ascent for different depths and for 
various times down. For a depth of 36 ft and unlimited time down, the time of ascent is 
x minute; for a depth of 60 ft, the time of ascent after being down 20 minutes is 2 minutes, 
and after bsing down 2 or 3 hours it is 32 minutes; and for a depth of 120 ft, after being 
down 15 minutes the time of ascent is 15 minutes, and after being down 30 minutes it, is 
33 minutes. 

The Nominal Maximum Depth for a diver is 100 ft, and the ordinary 
maximum tor a strong and expert diver is 150 ft, and the maximum ever reached 
is 202 ft. Strong and experienced divers can stay under 2 hours at roo ft, and 
5 ot.6 hours at go ft, but the maximum depth at which a diver can do any con- 
siderable work is 60 to 80 ft. It must not be forgotten that the work of a 

‘diver is much less efficient than that of a man above water, owing to restraint 
of his diving apparatus, the resistance of the water, the seeming tendency of 
his tools to rise, etc. The usual wages for a diver, his apparatus and one 
attendant is $40 or $50 per day with expenses for himself and attendant. 
There are not many professional divers: for example, there seem to be only 
five in Chicago, a city of 2 000 ooo inhabitants, having numerous deep intake 
eribs and water tunnels, shipbuilding, lake commerce, harbor improvements, 
etc. The catalog price of a diving outfit varies from $300 to $800, the former 
being for an outfit for a brief examination in shallow water and the latter for 
the best apparatus suitable for the deepest work. : 


26. The Coffer-Dam Process 


A coffer-dam is a water-tight wall built to enclose a proposed foundation. 
This method consists in constructing a coffer-dam around the site of the 
proposed foundation, pumping out the water, preparing the bed of the founda- 
tion by driving piles or otherwise, and laying the masonry on the inside of the 
coffer-dam; and is applicable only where the soil at the bottom of the dam is 
nearly impervious, for if there is much of an inflow of water it will be im- 
possible, or at least expensive, to pump it out. The difficulties in the use 
of the coffer-dam method increase rapidly with the depth of the water. 

There are various methods of constructing the coffer-dam. In still, shallow water, a 
well-built bank of clay and gravel is sufficient. If there is a slow current, a wall of bags 
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partly filled with clay and gravel does fairly well, and a row of cement barrels filled with 
gravel and banked up on the outside has also been used. If the water is too deep for any 
of the ab-ve methods, a single or double row of plank may be driven and banked up on 
the outside with a deposit of impervious soil sufficient’to prevent leaking. If ther- is much 
current, the puddle on the outside will be washt away; or, if the water is deep, a large 
quantity of material will be required to form the puddle-wall; and hence the preceding 
simple methods are inapplicable where there is much current or where the water is more 
than’ 3 or 4 ftdeep. The more elaborate coffer-dams may consist of a wall of either wood 
or steel sheet piles, or of two rows of sheet piles with a puddle-wall between them, or of a 
timber crib. 

Puddle-Wall Coffer-Dam. Before the introduction of interlocking steel 
sheet piles, the usual method of constructing a coffer-dam in deep water was 
to drive two lines of wood sheet piles and fill in between them with impervious 
soil, called puddle. The general form of such a dam is shown in Fig. 43. The 
area to be enclosed is first surrounded by two rows of ordinary piles, m, m 
On the outside of the main piles, a little below the top, are bolted two longi- 
tudinal pieces, w, w, called wales; and on the inside are fastened two similar 
pieces, g, g, which serve as guides for the 
sheet piles, s, s, while being driven, A 
rod, 7, connects the top of the opposite 
main piles to prevent spreading when 
the puddle is put in. The timber, #, is 
put on primarily to carry the footway, 
f, and is sometimes notched over, or 
otherwise fastened to, the pieces w, w, 
to prevent the puddle space-from spread- 
ing. band dare braces extending from 
one side of the coffer-dam to the other. 
These braces are put in position succes- 
sively from the top as the water is 
pumped. out; and as the masonry is 
built up, they are removed and the sides . 

Fig, 43. Puddle-Wall Coffer-Dams of the dam braced by short struts Test-. 

ing against the pier. 

The resistance to overturning is derived principally from the main piles, 
m, m. The distance apart and also the depth to-which they should be driven 
depend upon the kind of bottom, the depth of water, and the danger from 
floating ice and logs. The distance between the piles in a row is usually from 
6 to ro ft. The dimensions of the sheet piles will depend upon the depth and 
the number of longitudinal waling pieces used. » Two thicknesses of ordinary 
2-inch plank are generally employed; but sometimes, for the deeper dams, 
the sheet piles are timbers 10 or 12 inches square. 


The thickness of the dam will depend upon (1) the width of gangway required for hn 
workmen and machinery, (2) the thickness required to prevent overturning, and (3) the 
thickness of puddle necessary to prevent leakage thru the wall. The thickness of shallow 
dams will usually be determined by the first consideration; but for deep dams the thick-— 
ness will be governed by the second or third requirement. An old rule for the thickness 
of the puddle-wall, which is frequently quoted, is: ‘‘ For depths of less than ro ft make the 
width ro ft, and for depths over ro ft give an additional thickness of x {t for each additional 
3 ft of wall.” Another rule, also frequently quoted, is: ‘‘ Make the thickness of the puddle- 
wall three-fourths of its height, but in no case is the wall to be Jess than 4 {t thick.” Judged 
by ordinary experience both of the above rules are extravagant,. for numerous coffer- 
dams from 20 to 30 ft deep have been built in which the thickness of the puddle bg 
from 3 to 5 ft, or say one-sixth of the depth. 


The puddle should consist of impervious soil, of which gravelly clay is best. It is a 
common idea that clay alone, or clay and fine sand, is best. With pure clay, if a thread 
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of water ever so small finds a passage under or thru the puddle, it will steadily wear a 
larger opening, On the other hand, with gravelly clay, if the water should wash out the 
clay or sand, the larger particles will fall into the space and intercept first the coarser 
sand, and next the particles of loam which are drifting in the current of water; and thus 
the whole mass puddles itself better than the engineer could do it with his own hands. . 
Before putting in the puddling, all soft mud and loose soil should be removed from be- 
tween the rows of sheet piles, for the most common cause of trouble with ;uddle-wall 
¢coffer-dams is a leak between the natural surface and the puddle. The puddling should 
be deposited in layers, and compacted as much as is possible without causing the sheet 
piles to bulge so much as to open the joints. 


The introduction of interlocking steel sheet-piles has nearly done away with 
the use of the puddle-wall coffer-dam. 


Crib Coffer-Dam. Coffer-dams are sometimes made by building a crib 
and sinking it. For shallow water, the crib is sometimes made of uprights 
framed into caps and sills, and covered on the outside with tongued-and- 
grooved planks. Or the crib may be made of squared timbers laid one on 
top of the other and drift-bolted together. The joints between the timbers 
may be made water-tight by placing cement grout between the timbers during 
the construction of the crib, or by driving oakum into the joints after the crib 
‘is built. The crib is built on land, launched, towed to its final place, and sunk 
by piling stones on top or by throwing them into cells constructed for that” 
purpose. The dam is made water-tight at the bottom either by driving sheet 
piles outside it or by using canvas. The upper edge of the canvas may be 
nailed to the crib near the bottom or above the water; and-the outer edge may 
be spread out upon the river bed and be loaded with stone or sand. The 
chief advantage of the above form of construction is that the area of possible 
leakage is reduced to the space below the crib, where leakage may be prevented 
by the use of sheet piles and clay or of canvas. 


Coffer-Dam on Rock. Sometimes when the bed of he" river is rock, or 
rock covered with but a few feet of mud or loose soil, a coffer-dam only suffi- 
ciently tight to keep out the mud is constructed. The, mud at the bottom of 
the inclosed area is then dredged out, and a bed of concrete deposited under 
the water. Before the concrete has set, another coffer-dam ‘is constructed 
inside of the first one, the latter being made water-tight at the bottom by 
settling it into the concrete or by driving sheet piles into the concrete. ' How- 
ever, under such circumstances it is usually not wise to employ the coffer-dam 
method in laying the foundation. 


- Sheet-Pile Coffer-Dams. Wood Sheet-Piles for a coffer-dam in shallow 
water may be simply planks, and for greater depths either thick tongued-and- 
grooved planks or Wakefield piles. Ordinarily wood sheet-piles are simply 
thick planks, sharpened and driven edge to edge. Sometimes a thinner plank 
is driven outside of the thick one to cover the joint and prevent leakage; and 
sometimes two rows of thick planks are driven. Formerly, when greater strength 
was required than one or two thicknesses of plank, heavy sawed timbers were 
employed as sheet piles, wooden blocks or iron lugs being fastened on the edges 
to assist in guiding them into position, or a tongue and groove was formed by 
nailing two strips on the edges of one side of the pile and one strip in the middle 
of the other edge; but now the Wakefield pile is generally used when greater 
strength is required than that afforded by a single plank. Fig. 44 shows the 
Wakefield pile, the planks being usually ro or 12 in wide and 10 to 16 ft long, 
Wood sheet-piles should be sharpened wholly from one side, and the long 
edge should be placed next to the last pile driven to cause the piles to crowd 
together and make closer joints In hard soil at small depths or in soft soil at 
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moderate depths, the sheeting may be driven by hand with a wooden maul or 
an iron See Je but for any considerable depth a power pile-driver must be 
employed, altho sometimes where only a few piles 
are to be driven a hand pile-driver is rigged up with 
a block of wood for ahammer. ‘The sheeting should 
be driven at least a foot or two below the lowest ex- 
cayation inside of the dam; and in soft soil the sheet _ 
piles should be driven at least 3 or 4 feet below the 
proposed excavation to prevent leakage under oi 
bottom. 


If the sheet piles are to resist a head of more than 4.0r 5 
ft of water or’ a semi-fluid soil, their tops should be sup- 
ported by wales (horizontal timbers on the inside of the 
dam against the top of the sheeting), which in turn are 
braced at their ends by the wales on the adjacent sides of 
the dam or at intermediate points by horizontal timbers 
across the dam; and in deep dams similar wales and cross 
5 braces are inserted at vertical intervals as the excavation 

Fig. 44. progresses. Sometimes, in comparatively shallow water 
Wakefield Sheet-Pile and with a suitable bottom, the waling pieces are supported 
. by ordinary bearing piles driven inside of the dam, thus 
eliminating the braces across the dam, and therefore facilitating the excavation and the 
laying of the masonry. Sometimes the top and the bottom waling pieces are framed 
together, and the upper and lower waling frames are separated from each other by small 
vertical posts placed between them and joined to them. This frame is sunk in the de- 
sired position, and the sheet piles are driven around it. 


The thickness of the sheet piling required in any particular case is usually a matter 
of judgment based upon past experience; but the strength required can be approximated 
by regarding the sheet pile as a beam either fixt at one end and free at the other, or as 
supported at both ends. The amount of the lateral pressure against the pile is one-half 
of the continued product of the weight of a cubic foot of water, the width of the pile in 
feet, and the depth of the water in feet; and the point of application of this pressure 
is two-thirds of the depth of the water from the top. Of course, the weight of liquid 

_mud is moré than that of water; but extreme accuracy is impossible, and hence the 
above method is probably sufficient for the purpose. 


Steel. Sheet-Piles may be divided into two general classes: those built up from 
standard structural shapes, and those consisting of special shapes. Fig. 45 
shows several typical forms. Form a is the first steel sheet-pile ever made, 
being used in Chicago in rg0r. It may be made of any size of channels and I 
beams, altho the 12-inch or the 15-inch are ordinarily used. With this form; 
the space between the channels can be tamped full of clay and thus make-the - 
wall watertight. Form } is made with two weights of 12-inch and also with two 
weights of 15-inch channels. There is another variety of this form in which 
there is an angle on each edge of the intermediate channel to form a calking 
joint, but such a joint is seldom necessary. Form c is made of a 12-inch I beam 
and a 5-in locking piece or a 15-in beam and a-7-in locking piece. Form d 
is made in three sizes, 12-in 4o-lb, 12-in 35-lb, and 6-in 11-lb. With this form 
of pile a half-round wood strip may be driven in the joint, which upon absorbing 
water expands and prevents leakage, but it is seldom required. Form e in 
its essential features is substantially the same asformc. It is claimed that forms 
d and e¢ are deficient in lateral stiffness, and to meet this objection form f was 
devised. 


_ By the use of special corner pieces, a right-angled corner can be turned with any of the 
steel sheet-piling; and some of the regular forms can be used to inclose a comparatively 
small circular area. Steel sheet-piles are ordinarily driven by allowing the pile hammer, 
to strike directly against the end of the pile; but in hard driving a cast-iron or steel hood, 
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into the under side of which fits the top end of the pile, is sometimes used. These hoods 
are furnished by the makers of the piles. __ 

Steel sheet-piles are superior to wooden ones in that they make tighter work, are easier to 
drive, may be used repeatedly, and some forms have nearly their original value as standard 
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e. Lackawanna Straight-Web 


sections when no longer 
required as piles, and 
all forms have value as 
scrap when they can 
no longer be used as 
piles. Steel sheet-piles 
are more easily pulled 
out than wooden ones. 
Steel sheet piles require 
less bracing across the 
coffer-dam than wood-. 
en ones. Steel sheet 
piles may be spliced 
bp driving one section 
on top of another; 
and, by varying the 
length of the mem- 
bers, a stout wall of 
almost any depth may 
be built. Most forms 
of steel sheet pile speed- 
ily become water-tight 
in muddy water; and 


Sf. Lackawanna Arched-Web 
Vig. 45. Typical Forms of Steel Sheet-Piles 


usually all are easily made tight in clear water by throwing sawdust, paper bulp, man- 


ure, etc., near a leak. 
Coffer-Dam on 


Permeable Bottom. 


The ordinary coffer-dam process 


ice., the process in which the floor of the coffer-dam is kept reasonably free from 
“water, is practically limited to impervious soil; but sometimes a modification 
of this process is applied in pervious soil.. The site is dredged, and enclosed 
with a sheet-pile coffer-dam. Before or after driving the sheet piles a group of 
bearing piles are driven upon which the propcsed pier or other structure is to 
rest; and then the bottom of the coffer-dam is sealed by depositing concrete 
under water with a tremie around and over the heads of the piles, after which 
the coffer-dam is pumped out and the structure is completed in the dry. 
Sometimes in this modification of the usual coffer-dam process, the coffer-dam 
-is a reinforced-concrete shell which is molded on shore, floated to place, and 
sunk. The concrete shell may be floated by suspending it between barges or 
by inserting a temporary wooden bottom. For an example of the latter 
method, see Engineering and Contracting, vol. 49 (1918), p. 390-91. 
For a somewhat similar method of procedure, see Art. 29. 


Cost. The introduction of interlocking steel sheet piles has materially 
cheapened the cost of coffer-dams, and has also increased the depth to which 


\ 
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a coffer-dam may be economically sunk, For wood sheet piles it is usually 
claimed that the limiting depth is 30 or 35 feet. Steel sheet piles were intro- 
duced so receritly that practice has not established a corresponding limit, 
but they have been successfully used in coffer-dams at more than twice the 
above depth. However, at such great depths, some other method of con- 
structing the foundation is usually preferable. Estimates for the cost of 
foundations under water are very unreliable, and none are more so than 
those contemplating the use of a coffer-dam. ‘The difficulties are due to ~ 
striking logs or bowlders in driving the sheet piles and to leakage. 

The following (Eng.-Con., May 27, 1909) gives the details of the actual cost, exclusive 
of contrattor’s profits, of a coffer-dam and concrete pier on a pile foundation in 
water avefaging 5 ft deep. The coffer-dam consisted of triple-lap sheet piling of the 
Wakefield pattern, the planks being 2 in thick and giving a ¢offer-dam wall 6 in thick. 
The coffer-dam inclosed an area 14 by 20 ft, giving a clearance of 1 ft all around the base 
of the concrete piet, and a clearance of 2 ft between the coffer-dam and the outer edge of 

_ the nearest pile, The sheet piles were 18 ft long, were driven 11 ft deep into sand, and 
projected 2 ft above the surface of the water. There were twenty-four wood piles, 40 
feet long, driven 33 feet. Upon the heads of the piles rested a concrete base containing 
roo cu. yd. The cost of the work was as follows: 


Coffer-dam: Lumber, 7900°ft B.M., at $20.00.....esereeeee2 $158.00 
Labor, $16.00 per M of lumber ......,..sceesesecess 126.00 


Total, $36.00 per M, exclusive of salvage:...-. $284.00 
Excavation: 58 cu. yd at 57 ct. per cu yd....-. ee 33.00 
Foundation piles: Material, 960 lin ft at ro ct. . ate leeietele +00 

Driving, 81% ct. per lin ft .....-... eased ate ede dees. 80.00 ‘ 
Total, 960 ft at 18% ct. per lin ft.... 176,00 
Forms: Material, 2400 ft B.M. plank at $25.00. $60.00 : 
tooo ft B.M. studding at $20.00 SH 20.00 
Nails, wire, etc........ Ee OBO oe 2.00 
Labor 8 days at $3.00.....-........ SAS AP OAC RES 24.00 
Total, roo cu yd concréte at $1.06 exclusive of Salvage 106,00 


Concrete: Materials at $3.20...-.-..-cekceesseccddvecesass $320.00 
LEGON AE BEA . 20 cere cesemgibintiatucencccensecen NaC Oe 
Total; 200 c-yd at $4.66. c0cccerscdadecccsscscece 466.00 
Plant: Transportation.........0+.+6 C 
Setting up and taking down... 
Rental) 20\days at:$5,. 00%..¢.0<aspoevepudobecceves.s ate 


Total for plant .... sttcctcerreceteeeseesencceeene 190,00 


Total cost, exclusive OMBALVEZO Lg dacs es aisaniclaenn $1255.00 


27. Leakage and Pumping 


Leakage. A serious objection to the use of a coffer-dam is the difficulty ~ 
of preventing leakage thru or uhder it. It is nearly impossible to prevent 
considerable leakage, unless the bottom of the crib rests upon an impervious: 
stratum or the shéet piles are driven into such stratum. Water will find its 
way thru nearly any depth or distance of gravelly or sandy bottom, and 
seams of sand are very troublesome. Logs or stones under the edge of the 
dam are also a cause of considerable annoyance. The object of a coffer 
dam is not to prevent all infiltration, but only so to reduce it that a pi 
amount of pumping will keep the water out of the way. 

The method to be employed in removing the water will vary greatly with the amount 
present, the depth of the excavation, the app‘iances at hand, etc. If the excaVation i§- 
shallow and the amount of water small, it cam be bailed out; but usually some form of 
pump must be employed. The pumps generally used for this kind of work are the direct 
~hand-lift foundation-pump, the diaphrigm pump, the steam siphon, the pulsometer, and 


the centrifugal pump. { 
iio 
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The Direct Hand-lift Foundation-Pump consists of a straight tube 
at the bottom of which is fixt a common flap valve, and in which works a 
piston carrying another flap valve. The tude is either a square wooden box 
or a sheet-iron cylinder, usually the latter,esince it is lighter and more 
durable. The pump is operated by applying the power directly to the upper 
end of the piston-rod, the pump being held in position by wooden stays or ropes, 
The only advantage of the wood-box hand-lift pump is that it may be impro- 
vised on the job; and the disadvantage for foundation work of all pumps 
haying flap valves is the danger that straw, sticks, mud, etc., will interfere 
with the action of the valves. 

The Diaphragm Pump is the usual form of hand pump for foundation 
work. This pump consists:of a short cast-iron cylinder having a rubber hose 
connected to!its lower end, and being divided about midway of its height by a 
flexible horizontal rubber diaphragm. The central portion of the diaphragm 
is connected to a bent-lever handle, and there is a valve in the center of the 
rubber disk. ‘The rise and fall of the center of the disk acts as a piston, ~A 
pump of this form throws a large amount of water, allows sand and gravel to 
pass without choking, is not easily clogged by straw, leaves, ctc., and is easily 
unclogged. It is made in various sizes, the smallest having a capacity of 
25 gallons per minute and usually costing about $20. 

Recently various forms of diaphragm pumps driven by a gasoline-engine 
have been put upon the market. They are much superior to the hand 
pump. 

The Steam Siphon is the simplest of all pumps, since it has no movable 

parts whatever. It consists essentially of a discharge pipe, open at both ends, 
thru the side of which enters a smaller pipe having its end bent up. The 
lower end of the discharge pipe dips into the water; and the small pipe connects. 
with a steam boiler. The steam, in rushing out of the small pipe, carries with 
it the air in the upper end of the discharge pipe, thus tending to form a vacuum 
in the lower end of that pipe; the water then rises in the discharge pipe and is 
carried out with the steam. The steam siphon is limited practically to lift- 
ing water only a few feet; its cheapness and simplicity are recommendations in 
its favor, and its efficiency is not much less than that of other forms of pumps. 
One of the advantages of the steam siphon is that frequently it can be im- 
provised on the work from ordinary pipe and fittings. Several forms and 
sizes are upon the market, ranging in capacity from 5 to 200 gallons per 
minute, and are much better than one made from pipe. A steam siphon, or 
jet pump as it is usually called by the manufacturer, having a capacity of 100 
to 125 gallons per minute can usually be had for $35. 

The Pulsometer is an improved form of the steam siphon. It may be 
properly called a steam pump which dispenses with all movable parts except 
the valves. The height to which it can lift water is practically unlimited, 
and it-is in very common use for pumping out coffer-dams. 

A Centrifugal Pump must be used when very large quantities of water 
must be handed. The distance from the water to the pump is limited by 
the height to which the ordinary pressure of the air will raise the water; but the 
height to which a centrifugal pump can lift the water is limited only by the 
velocity of the outer ends of the revolving blades. Since there are no valves 
in action while the pump is at work, the centrifugal pump will allow sand and 
large gravel to pass. Pumps having a 6-inch to ro-inch discharge pipe are the 
sizes most frequently used in foundation work, 
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28. Crib and Open-Caisson Process 


This method of constructing a foundation consists in building the pier inside 
of a strong, water-tight box, caHed a CAISSON, whose vertical sides and bottom 
are composed of heavy timbers and which sinks as the masonry is added until 
it rests upon the bed prepared for it. Sometimes the bottom of the box con- 
sists of a timber crib-work of such thickness that the masonry will extend oaly 
a foot or two below low water, in which case the timber work below the caisson 
proper is called a crrB. The crib may be sunk before the caisson, or the two 
may be sunk as a single mass. A noteworthy feature of this method is that the 
permanent structure contains a considerable amount of timber. The timber 
is employed chiefly because it is more easily put into place than masonry; and 
{n the past timber has usually been cheaper than masonry. ‘Timber when 
always wet is as durable as masonry. Because of the recent decrease in the - 
cost of concrete and the increase in the cost of timber, the latter is not likely 
to ‘be used for this purpose as much as formerly, altho the essential feature 
of the open caisson method will probably continue in use. 


The Crib is the timber structure below the caisson, which transmits the 
pressure to the bed of the foundation. If the pressure is great, the crib is 
built of successive courses of squared timbers in contact ; but if the pressure is 
small, itis built more or less open. In either case, if the crib is to rest pan a 
soft bottom, a few of the lower courses are built open so that the higher 
portions of the bed may be squeezed into these cells, and thus allow the crib to 
come tc an even bearing. If the crib is to rest upon an uneyen rock bottom,. 
the site is first leveled up by throwing in-broken stone, altho this is a poor 
' methcd. [If the bottom is rough or sloping, the lower courses of the crib are 
sometimes made to conform to the bottom as nearly as possible, as determined 
from soundings; but this method requires care and judgment to prevent the 
crib from sliding off from the inclined bed, and should be used with great 
caution, if at all. 

The crib is usually built‘afloat. Owing to the buoyancy of the water, about one-third 
of a crib made wholly of timber would project above.the water, and would require an 
inconyeniently large weight to sink it; therefore, it is best to incorporate considerable 
stone in the crib-work. If the crib is more or less open, this is done by putting a floor into 
some of the open spaces or pockets, which are then filled with stone. If the crib is to be 
solid, about every third timber is omitted and the space filled with broken stone. Phe 
timbers of each course should be securely drift-bolted to those of the course below to 7 re- 
vent the buoyancy of the upper portion from pulling the crib apart, and also to baa 
any possibility of the upper part’s sliding on the lower. 

The Caisson differs in construction according to the depth of the water: 
The simplest form is made by erecting studding by toe-nailing or tenoning 
them into the top course of the crib and spiking planks on the outside. - For 
a caisson 6 or 8 feet deep, which is about as deep as it is wise to try with this 
simple construction, it is sufficient to use studding 6 inches wide, 3 inches 
thick, and 6 to 8 feet long, spaced 3 feet apart, mortised and tenoned 
into the deck course of the crib. The sides and floor (the upper course 
of the crib) should be thoroly calked with oakum. The sides may be 
braced from the masonry as the sinking proceeds. When the crib is 
grounded and the masonry is above the water, the sides of thay box or 
caisson are knocked off. 


When the depth of water is more than 6 to 8 feet, the caisson is constructed — 
somewhat ‘after the general method shown in Fig. 46. The sides are formed — 
of timbers framed together and a covering of thick planks on the outside. 
The joints are carefully calked to make the caisson watertight, In deep 
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_ caissons, the sides can be built up as the 
masonry progresses, and thus not be in 
the way of the masons. The sides and 
bottom are held together only by the heavy 
vertical rods; and after the caisson has 
come to a bearing upon the soil, and after 
the masonry is above the water, the rods 
are detached and the sides removed, the 
bottom only remaining as a part of the 
permanent structure. 


The caisson should be so contrived that 
it can be grounded, and afterwards raised in 
WWW: ie WI) case the bed is found not to be accurately leveled. 

To effect this, a small sliding gate is sometimes 
placed in the side of the caisson for the purpose 
of filling it with water at pleasure. _By means 
of this gate, the caisson can be filled and grounded; 
and by closing the gate and pumping out the water, it can be set afloat. Since the caisson 
is a heavy, unwieldy mass, it is not possible to control the exact position in which it is 
sunk; and hence it should be larger than the base of the proposed pier, to allow for a 
little adjustment to bring the pier to the desired location. 


~The crib may rest upon a group of piles cut off below the water, altho piles 
and a crib are used together; or the crib may be placed directly upon the bottom, 
or in a hole dredged in the bed of the stream. The excavation may be made 
with any form of dredge; and if the bettom is sand, mud, or silt, the soil may 
be removed by pumping it with the water thru an ordinary centrifugal pump, 
the suction hose of which is kept in contact with the bottom. 


If the stream is shallow, the current swift, and the bottom soft, the site may be excavated 
or scoured out by the river itself. ‘To make the current scour, construct two temporary 
wing-dams, which diverge up-stream from the site of the proposed pier. The wings can be 
made by driving stout stakes or small piles into the bed of the stream, and by nailing 
orditary boards to light uprights, against the piles with their lower edge on the bottoni. 
‘The wings concentrate the current at the location of the pier, increase its velocity, and 
cause it to scour out the bed of the stream. This process requires a little time, usually one 
to-three days, but the cost of construction and operation is comparatively slight. 


When the water is too deep for the last method, it is sometimes possible to suspend the 
caisson a little above the bed of the stream, in which case the current will remove the 
sand, and silt from under it. At the bridge over the Mississippi at Quincy, IIl., a hole ro ft 
deep was thus scoured out. However, if the water is already heavily charged with sedi- 
ment it may drop the sediment on striking the crib and thus fill up instead of scour out. 
Notwithstanding the hole is liable to be filled up by the gradual action of the current 
or by a sudden flood before the crib has been placed in its final position this method is 
frequently more expeditious and less expensive than using a coffer-dam. 

The crib and open caisson was formerly the only process that could be employed on a 
permeable bottom; but the introduction of the interlocking steel sheet-pile and of the 
method of sealing the bottom of a coffer-dam by depositing concrete under water, has 
practically eliminated this method of sinking foundations under water. 


Fig. 46. Open Caisson and Pier 


29. Dredging thru Wells 


This method consists in sinking a timber crib, a cast-iron cylinder, a steel shell, 
a mass of concrete, or a masonry well by excavating the soil thru compartments 
left-for that purpose, thus undermining the crib or shell and causing it to sink. 
As’soil below the caisson is’excavated, the weight of the crib or caisson causes 
it to sink. When the crib or caisson has reached a hard stratum, the working 
chamber and also the shaft leading from it to the surface are filled with concrete. 


Although this method is primarily for sinking a foundation under water, it 
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ay be employed also for dry excavation, The soil, if dry, may be removed 

y loading it by hand into wheelbarrows or buckets and hoisting it out; or, if 
under water, the soil may be removed by a hydraulic mud-pump (see page 638) 
or by an orange-peel, clam-shell or grab-bucket dredge. 


The chief advantage of this method for foundations under water is that it is 


applicable to greater depths than any other method except the freezing process; 
but the disadvantage is that the descent of the crib or cylinder is liable to be 
stopt by logs, bowlders; etc. For shallow depths the method is both economical 
and expeditious, and is applicable to nearly all soil conditions. It is the only 
method employed for depths which much exceed too ft, the limit of the pneu- 
matic process. 


The timber crib was formerly much used. The most noted example is the 
bridge across the Hudson river at Poughkeepsie, N. Y. It was erected in 1886- 
87, and is. remarkable both for the size of the cribs and for the depth of the 
foundations. There are four river piers. The crib for the largest is roo ft 
long, 60 ft wide at.the bottom and 40 ft at the top, and 104 ft high. Its divided 
by one longitudinal and six transverse walls, into fourteen compartments thru 
which the dredge worked. The side and division walls terminate at the bottom 
with a 12 by 12 in oak stick, which served as a cutting edge. The exterior walls 
and the longitudinal division wall were built solid, of triangular cross-section 


for 20 ft above the cutting edge, and above that they were hollow. The gravel ~ 


used to sink the crib was deposited in these hollow walls.. The longitudinal walls 


were securely tied to each other by the end and cross division walls, and each - 


course of timber was fastened to the one below by 450 1-in drift-bolts 30 in long. 
The timber was hemlock, 12 in squace. The fourteen compartments in which 
the clam-shell dredges worked were 10 by 12 ft in the clear. The cribs were 
kept level while sinking by excavating from first one and then the other of the 
compartments. Gravel was added to the pockets as the crib sunk. When 
hard bottom was reached, the dredging pockets were filled with concrete depos- 
ited under water from boxes holding one cubic yard each and opened at the 
bottom by a latch and trip-line. 


After the crib was in position the masonry was started in a floating caisson which 
finally rested upon the top of the crib. Sinking the crib and caisson separately was a 
departure from the ordinary method. Instead of using a floating caisson, it is generally 
considered better to construct a coffer-dam on top of the crib in which to start the masonry. 


If the crib is sunk first the stones which are thrown into the pockets to sink it are likely Z 


to be left projecting above the top of the crib and thus prevent the caisson from coming 
to.a full and fair bearing. The largest crib was sunk thru about 53 ft of water, 20 ft of 
mud, 45 ft of clay'and sand, and 17 ft of sand and gravel. It rests, at £34 ft below high 
water, upon a bed of-gravel 16 ft thick, overlying bed-rock. The timber work is 110 ft 


high, including the floor of the caisson, and extends to 14 ft below high water (7 ft below 


low water), at which point the masonry commences and rises 39 ft. On top of the masonry 
a steel tower 100 ft high is erected. The masonry in plan is 25 by 87 ft, and has nearly 
vertical faces. The lower chord of the channel span is r3o ft and the rail is 2127ft above 
high water, 


Cast-iron cylinders were sunk by this process for the Morgan City. bridge over 


' the Atchafalaya bayou or river, in Louisiana. Two cast-iron cylinders 8 ft in 


diameter braced together form the pier between two 250-ft spans of a railroad 
bridge. The cylinders were sunk 120 ft below high water, from 70 to 115 ft 
below the mud line, by dredging the material from the inside with an sprees 
peel excavator. 


Steel shells were used for the piers of the fines bridge,-in southeastern, 
Australia, which is remarkable for the depth of its foundations. This bridge is 
founded upon elliptical iron caissons 48 by 20 ft at the cutting edge, which rest 
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upon a bed of hard gravel 126 ft below the river bed, 185 ft below high water, 
and 227 ft below the track on the bridge. The soil penetrated was mud. and 
sand. The caissons were sunk by dredging thru three tubes, 8 ft in diameter, 
terminating in bell-mouthed extensions, which met the cutting edge. The 
spaces between the dredging tubes and the outer shell were filled with gravel as 
the sinking progressed. The caissons were filled to low water with concrete, and 
above with cut-stone masonry. As these caissons were to be sunk to an unprece- 
dented depth, it was considered wise to construct them with a flare at the bot- 
tom, that is, fo make the bottom larger than the upper portion, so as to decrease 
the resistance due to friction. Experience showed that making the bottom larger 
was a mistake, since it seriously increased the difficulty of guiding the caisson in 
its descent. 


A Brick Cylinder was sunk 256 ft by this process in Germany for a coal shaft. A 
cylinder 2514 ft in diameter was sunk 76 ft thru sand and gravel, when the frictional 
resistance became so great that it could be sunk no farther. An interior cylinder, rs ft in 
diameter, was then started in the bottom of the larger one, and sunk 180 ft farther thru 
running quicksand. The.soil was removed without exhausting the water. Brick and 
stone masonry cylinders have often been sunk by this process in both dry and water-bear 
ing soils. To lessen the friction a ring of masonry has been built inside of a thin iron shell. 


Reinforced-concrete caissons have recently been substituted for timber cribs 
or metal shells. The mass of concrete used in this method is called a caisson. 
Concrete was first used for this purpose in the construction of the bridge across 
the Mississippi river at Thebes, Illinois, in 1901-07. Vig. 47 and 48 show two 
comparatively shallow reinforced-concrete caissons employed by the Chicago, 
Burlington and Quincy Railroad (L. W. Skov. race Western Soc. of Engrs., 
vol. 23, pp. 383-403). 

Tn this form of construction the bottom of the side walls and interior struts are 
tapered to a width of from 3 to 12 in to form a cutting edge. Where caissons 
are sunk through clay or sand, it is customary to leave the concrete cutting edge 
unprotected; where gravel, rip rap or other hard materials are encountered, the 
cutting edge is protected by steel angles or hardwood timbers. Steel-protected 
cutting edges are not used except where the material penetrated is very hard and 
offers a great resistance, as the hardwood cutting edge is found to give better 
protection to the concrete and on account of its greater width gives a much 
stronger caisson wall near the bottom. Where the excavation is done by hand, 
openings may be left in the interior. walls to allow the passage of men and tools 
from one chamber to the other. Where the material is removed by grab buckets 
or pumps, the interior walls are usually stopped off about 2 ft above the cutting 
edge to allow the water to pass from one compartment to another. In Fig. 47 
the outside of the walls have been tapered off toward the top to reduce the 
skin friction in sinking; but it has been found that the difference in frictional 
resistance between an inclined and vertical surface is not very great, and hence 
the battered wall has been discontinu d on account of the greater cost of forms 
for it. Notice that the side walls in Fig. 47 are only 15 ft high, and are tapered; 
while those of Fig. 48 are 54 ft high, and are not tapered. In the latter case the 
caisson was constructed ’to a height of ro ft, when the forms were removed and 
the sinking was begun, additional sections each 8 to ro ft high being constructed 
as the sinking progressed. The forms were made of wood, and were used five 
or six times. After the caisson is sunk the working chamber and the shaft are 
filled with concrete. Reinforced concrete caissons have been sunk through dry 
soil and also through water and mud. 


The advantages of the concrete caisson over the timber crib are: (1) the con- 
crete caisson is smaller, and hence requires less excavation and offers less fric- 
tional resistance to sinking; (2) the concrete caisson weighs more, and hence 


1 
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does not require less extraneous load to sink it; (3) the cutting edge can be shaped 


to fit the bed-rock bottom; and (4) the entire substructure is an unyielding mass 


of solid concrete. 


When concrete is employed in the construction of the crib or caisson, this 
method has some advantages over the coffer-dam process, viz.: (z) the crib or 
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caisson is smaller than the corresponding coffer dam, and hence less excavatio 
required; (2) the concrete is absolutely watertight, and hence less pumpin 
required; (3) the equipment for driving and pulling sheet-piles is eliminat 
(4) the work is more expeditious and certain; and (5) less timber is required 
making the forms of the concrete caisson than for building coffer-dam. | 

The Fractional Resistance varies greatly with the material of the tube and the « 
acter of the soil. During the construction of the bridge over the Seine at .Oriv 
cast-iron cylinder, standing in an extensive and rather uniform bed of gravel, and ha 
ceased to move for thirty-two hours, gave a frictional resistance of nearly 200 |b per: 
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t a bridge over the Danube near Stadlau, a cast-iron cylinder sunk 18.75 ft into the soil 
he lower 3.75 ft being “solid clay”) gave a frictional resistance of 100 Ib per sq ft. 
ccording to some European experiments, the friction of cast-iron cylinders in sand and 
ver mud was from 400 to 600 lb per sq ft for small depths, and 800 to 1000 for depths 
om 20 to 30 ft. At the first Harlem River bridge, New York City, the frictional resist- 
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ce of a cast-iron pile, while the soil around it was still loose, was 528 lb per sq ft of sur- 
; and later 716 Ib per sq ft did not move it. From these two experiments, McAlpine, 
> engineer in charge, concluded that “ooo lb per sq ft is a safe value for moderately 
e material.” At the Omaha bridge; a cast-iron pile sunk 27 feet in sand with r5 feet 
sand on the inside, could not be withdrawn witha pressure equivalent to 254 lb persq. 
of surface in contact with the soil; and after removal of the sand from the inside, it 
ved with 200 Ib per sq ft. A wrought-iron pile, penetrating x9 ft into coarse sand at 
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the bottom of a river, gave 280 Ib per sq ft; another, in gravel, gave 300 to 335 Ib per sq ft. 
In the silt on the Clyde, the friction on brick and concrete cylinders was about 34 tons per 
sqft. The friction on the brick piers of the Dufferin (India) bridge, thru clay, was 900 lb 
per sq ft. 


30. The Pneumatic Process 


This is a method of constructing a foundation under water by utilizing the 
difference between the pressure of air inside and outside of an air-tight 
chamber. The chamber may be either a tube.or. a box, open below and ait- 
tight elsewhere, the first being a pneumatic pile and the latter a pneumatic 
caisson. Pneumatic piles were once considerably used for bridge piers, but 
have now been superseded for that purpose by pneumatic caissons. Since 
1894 the comprest-air process has been frequently employed in construct- 
ing foundations for tall buildings on Manhattan Island, New York City, and 
in some cases the pneumatic pile has been used, altho it is fre usually called 
a caisson. 


A Pneumatic Caisson is an immense box, open below but air-tight and 
water-tight elsewhere, upon the top of which the masonry pier is built. The 
essential difference between the pneumatic pile and the pneumatic caisson is 
one of degree rather than one of quality. Sometimes the caisson envelops the 
entire masonry of the pier; but in the usual form the masonry envelops the 
iron cylinder and rests upon an enlargement of the lower end of it. The 
pneumatic pile is sunk to the final depth before being filled with concrete or 
masonry; but with the caisson the masonry is built upward while the whole 
pier is being sunk downward, the masonry thus forming the load which forces 
the caisson into the. soil. A pneumatic caisson is, practically, a gigantic 
diving-bell upon the top of which the masonry pier rests. The essential 
principle of the pneumatic caisson is that comprest air is pumped into the work- 
ing chamber and drives out the water and permits men to work therein. 

The New Memphis Bridge (1915) is a recent example of the pneumatic 
process in constructing the’ foundation of a bridge pier under water. The 
bridge carries a steam railroad over the Mississippi river: Ralph Modijeski 
was the designing engineer. Fig. 49 shows the construction of the caisson and 
crib for pier IV, one of the smallest piers, the sheathing being removed in the 
end elevations; © indicates a screw bolt, and X a drift bolt. The construction 
is typical of that of all. the other piers. The bottom portion, the arr-cHAMBER 
and its roof and sides, constitute the carsson. Above the roof of the caisson 
is an open timber cr1s which is filled with concrete as the sinking proceeds. 
The crib extends to a point a little below low water, The construction of the 
caisson for the new (or Harahan) Memphis bridge differs from that usually 
employed previously in that the timber roof of the air chamber is thinner. In 
the large caisson of the Metropolis, Ill., bridge across the Ohio river (designed 
‘in 1916 by Mr. Modjeski) the roof is stiffened by steel trusses embedded in the 
concrete of the crib. Sometimes the roof of the air chamber is reinforced con- 
crete, and sometimes the entire caisson is made of that material, as for example 
in the McKinley bridge over the Mississippi river at St. Louis. 


Usuclly a correr-pAm is constructed on top of the crib to facilitate sinking. 
If the roof of the caisson is not to go very far below low water, the crib is omitted; 
and sometimes it is omitted to decrease the obstruction to the flow of the water. 
Tf the soil is stiff clay and the range of low and high water is not great, the 
coffer-dam is sometimes omitted; but when the coffer-dam is not used, it is 
necessary to regulate the speed of sinking by the speed with which the masonry 
can be had, which-is liable to cause inconvenience and delay, and further it is 
necessary to go on constructing the masonry whether or not the additional 
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Weight is needed in sinking the caisson. The workmen descend to and ascefid 
from the ait-chamber thru an arr-swArr, about mid-height of which is an 
Air-tocK. The air-lock consists of a short steel cylinder, elliptical in horizontal 
cross-section, connecting on one side of the bottom with a steel shaft to the 
air-chamber and on the other side at the top with a similar shaft to the outer 
aif, each shaft being closed by a door opening downward: The suppry-sHarr 
is a steel tube down which concrete is passed in filling the air-chamber. 
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The Air-Lock is often placed at the top of the air-shaft, altho this position 
is objectionable because the men mtist then climb all the way out in comprest 
air, which is exceedingly fatiguing. On the other hand, if the lock is placed at 
the hottom and there is sudden in-rush of water owing to an untsual blow-out 
of air, not an infrequent occurrence, there is danget that thé men in the Working 
chamber may be drowned before they get into the aitlock; while if the lock 
is at the top, they can quickly escape by clinibing wp in the ait-shaft. If the 
airlock is placed part way up, the constriction of the lock is tore expensive, 
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Removal of the Earth is accomplished in several ways. One device 
is the sAND LIFT, which consists of a pipe, reaching from the working chamber 
to the surface, controlled by a valve in the working chamber. The sand is 
heapt up around the lower end of the pipe, the valve opened, and the com- 
prest air in the working chamber forces a continuous stream of air and sand 
up and out. Mud or semi-liquid soil may be removed by this means by im- 
mersing the lower end of the tube and opening the valve; but this method is 
most effective with sand. When used for dry sand, the sand-lift is usually. 
called dry blow-out; and when used for mud, the wet blow-out. Altho the 
sand-lift is efficient there are some objections to it: (1) forcing the sand out by 
the pressure in the caisson decreases the pressure, which causes, particularly 
in pneumatic piles or small caissons, the formation of vapors so thick as to 
prevent the workmen from seeing; (2) the diminished pressure allows the water 
to flow in under the cutting edge; and (3) if there is much leakage, the aic- 
compressors are unable to supply the air fast enough. These objections are 
now satisfactorily overcome by furnishing a liberal supply of comprest air. 


The mMuD PUMP was invented by Eads in sinking the foundations of the steel-arch 
bridge across the Mississippi river at St. Louis, to overcome the above objections to the 
sand lift. It is based upon the principle of the induced current, and this principle is 
utilized by discharging a stream of water with a high velocity on the outside of a small 
pipe, which produces a partial vacuum in the latter, when the pressure of the air on the 
outside forces the mud thru the small pipe and into the current of water by which whe 
mud is carried away. The mud pump is not now much used. 


The CLAY HOIST is a device for hoisting material in a bucket by means of comprest 
air, and is particularly useful when excavating stiff clay, which can not easily he removed 
with either the sand-lift or the mud pump. It was invented by George S. Morison in 

+ sinking the foundations for the bridge across the Mississippi River at Memphis, and con- 
sisted of a cylmder.and piston placed at one side of the top of the material shaft. The 
piston was actuated by air pressure, and was connected to a cable ta which was attached 
a bucket working up and down thru-the material shaft. At the top of the shaft were two 
doors operated by levers from the outside, to facilitate the passage of the buckets. The 
buckets held 61% cu ft; and the device was very effective. 


Moran’s AIR-LOCK consists of a lock at the top of the material shaft, closed at both top 
and bottom by a pair of sliding doors so arranged as to permit of hoisting buckets, of 
material out of the air-chamber by means of a derrick and cable. The doors are moved 
by comprest air, and are interlocked so that one can not be opened until the other is 
closed. On the cable is a stuffing box which fits into a semi-circular groove in the edges 
of the two halves of the upper door, and permits the bucket to be raised or lowered while 
the upper door is closed. This lock is very effective, since in ordinary operations the 
bucket usually passes the lock with only about 5 seconds delay, and can do it in 2 seconds. 

The WATER COLUMN, a device used at the Brooklyn bridge in the early history of the 
pneumatic process, consists of a material shaft, open top and bottom, which projects a 
little below the cutting edge, and is kept full of water, the greater height of water in the - 
column balancing the pressure of the air in the chamber. The workmen simply push the 
material under the edge of the shaft, from whence it is excavated by an orange-peel or 
clam-shell dredge. 


Sinking the Caisson. To guide the caisson in its descent, after it is floated 

’ to the site, it is usually suspended by screws to a framework resting upon piles 
or pontoons. Ina strong current or in deep water, it may be necessary to sup- 
port the caisson partially in order to govern its descent after the cutting edge 
reaches the soil; but ordinarily, the suspension is needed only until the caisson 
is well imbedded in the soil.. The caisson may be protected from the current 
by constructing a breakwater aboye and producing dead water at the pier site. 
After the soil has been reached, the caisson can be kept in its course by removing 
the soil from the cutting edge on one side or the other of the caisson. in case 
the caisson does not settle down after the soil has been removed from under the 
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cutting edge, a reduction of a few pounds in the air pressure in the working 
chamber is usually sufficient to produce the desired result. At the Havre de 
Grace bridge, it was found that by allowing the discharged material to pile 
up against the outside of the caisson, the latter could be moved laterally almost 
at will. The top of the caisson was made 3 feet larger, all round, than the 
lower course of masonry, to allow for deviation in sinking. The deviation of 
the caisson, which was founded go feet below the water, was less than 18 inches, 
even tho neither suspension screws nor guide piles were employed. 

Tn sinking the foundations for the bridge over the Missouri River near Sibley, Mo., it 
Was necessary to move the caisson considerably in a horizontal direction without sinking 
‘it much farther. This was accomplished by placing a number of posts 12 inches square 
in an inclined position between the roof of the working chamber and a temporary timber 
platform resting on the ground below. When these posts had been wedged up to a firm 
bearing, the air pressure was released. The water flowing into the caisson loosened the 
soil on the outside, and the weight of the caisson coming on the inclined posts caused them 
to rotate about their lower ends, which forced the caisson in the desired direction. In 
this way, a lateral movement of 3 or 4 feet was secured while sinking about the same dis- 
tance. 

The Frictional Resistance on the timber sides of the pneumatic caisson at 
Hayre de Grace was 280 to 350 lb per sq ft for depths of 40 to 8o feet, 
the soil being silt, sand, and mud; when bowlders were encountered, the resist- 
ance was greater, and when the air escaped in large quantities the resistance 
wasless. At the bridge over the Missouri River near Blair, Neb., the frictional 
resistance usually ranged between 350 and 450 lb per sq ft, the soil being 
mostly fine sand with some coarse sand and gravel and a little clay. At the - 
Brooklyn bridge, ‘the frictional resistance at times was 600 lb per sq ft. At 
Cairo, in sand and gravel, the normal friction was about 600 lb per sq ft. 
At Memphis, in sand, the friction was 400 lb per sq ft. 


.Rate of Progress. The work in the caisson usually continues day and 
_ night, winterand summer. At the Havre de Grace bridge the average rate of 
progress was 1.37 ft per day; at the Plattsmouth bridge, 2.22 ft; and at the 
Blair bridge 1.75 ft per day. Speeds*of 6 and 8 ft-per 24 hours have been 
maintained for a few consecutive days with large caissons. ‘The above rates 
are for bridge piers, and were greatly exceeded in the case of the small caissons 
for column foundations of tall buildings. -In constructing the Broad Ex- 
change Building, New York City, 88 caissons were sunk an average of 3o ft 
in 47 days, one being sunk 27 ft in 20 hours and 2 ft in 1 hour. 

The Maximum Depth to which the pneumatic process has been applied is 113.0 ft, in 
z9r1 in caisson No. 4 of the Municipal bridge over the Mississippi at St. Louis; and the 
next deepest was at the east abutment of the Eads bridge in St. Louis. At the first Mem- 
phis bridge the depth was 106.4 ft. At the Williamsburg bridge over East River in New 
York City, the maximum depth reached was 107.5 ft, but this depth extended over only 
a yery small area and the maximum pressure was for only a few minutes. Except in these 
instances, the compres'-air process has never been applied at a greater depth than about 

' gofeet. The pneumatic process is limited to depths not much greater than 100 feet owing 
to the deleterious effect of the comprest air upon the workmen. When the caisson has 
reached the required depth, the bottom is leveled off, by blasting if necessary, and the | 
working chamber and shafts are filled with concrete. At the Eads bridge at St. Louis, 
only enough concrete was placed in the bottom to seal the chamber water-tight, and then 
the remaining space was filled with sand, the sand being pumped in from the river with 
the pump previously used for excavating the material from under the caisson. 


31. Pneumatic Foundations for Buildings 


* The pneumatic process was devised for laying foundations of bridges under 
considerable depths of water or water-bearing soil, and for a number of years 
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was used exclusively for that purpose and in tunneling; but since 1894 the pneu- 
matic process has been used extensively in laying foundations for buildings in 
New York City, and has there been carried to a great degree of refinement. 
In addition to the advantages of the pneumatic process for foundations in gen- 
eral, the two conditions which primarily led to the introduction of the pneumatic 
process for building-foundations were; (1) the tall buildings required so great 
a supporting power that it was necessary to carry the.foundation to bed-rock, 
which is from 60 to 80 ft below the street surface, and (2) the necessity of using 


a process of excavating through the water-bearing soil that would not disturb. 


the soil under adjacent buildings, 


In some cases, the so-called caisson was virtually a pneumatic pile made of wood, stone” 


_ masonry, or steel plates ; but in most cases the foundation consists of a pneumatic caisson 


proper made of wood or steel plates surmounted by brick masonry or concrete. ‘The steel 
caisson is usually preferred because the thinner sides give greater space in the working 
chamber, and also because the caisson can be brought to the building ready for sinking. 
The method of operation is the same as in bridge foundations except i three particulars: 
(x) Since the caissons are comparatively small, have vertical sides, and are sunk all the 
way thru earth, the weight of the masonry upon them is insufficient to overcome the 
friction and the upward pressure of the compresi. air, and hence extra weight is usually 
required to sink the caissons. (2) To prevent the soil from escaping from under the 
shallower foundations of adjacent buildings, it is necessary to make the excavation without 
reducing the air pressure. (3) The sinking must -be continuous, as otherwise the soil 
will settle around the caisson and make it impbdssible to start again without releasing the 
air pressure. 

For an account of the pneumatic-foundation work for the Singer Building in New York 
City, see Trans. Am, Soc. C. E., yol. 63 (i909), pp. 1-52. For an account of recent 
improvements in the details of pneumatic foundations for buildings, see Trans. Am. Soc, 
C. E,, Vol, 61 (1908), pps 211-37. The more important of these improvements are: 
(1) the elimination of ie roof of the caisson, (2) the doing away with the coffer-dam, 
(3) the elimination of the shaft-lining, (4) the substitution of cylindrical for rectangular 
caissons, and (5) surrounding the foundation area with a row of PReupatio caissons bleh 
together act as a coffer-dam. 


32. Physiological Effect of Comprest Air 


After entering the air-lock, as the pressure increases, the first sensation 
experienced is one of great heat. As the pressure is still further increased a 
pain is felt in the ear, arising from the abnormal pressure upon the ear-drum, 
The tubes extending from the back of the mouth to the bony cavities over 
which this membrane is’ stretched are so very minute that comprest air 
cannot pass thru them with a rapidity sufficient to keep up the equilib- 
rium of pressure on both‘sides of the drum (for which purpose the tubes 
were designed by nature), and the excess of pressure on the outside causes 
the pain.. These tubes can be distended, thus relieving the pain, (1) by the 
act of swallowing, or (2) by closing the nostrils with the thumb and finger, 
shutting the lips tightly, and inflating the cheeks, or (3) by taking enough 
snuff to cause sneezing. Either action facilitates the passage of the air thru 
these tubes, and establishes the equilibrium desired. The relief is only 
momentary, and the act must be repeated from time to time as the pressure 
‘in the air-lock increases. This pain is felt only while the air in the lock is 
being ‘‘equalized,” and is most severe the first time comprest air is encoun- 


tered, a liftle experjence generally removing all unpleasant sensations. A_ 


drop of oil in each ear is a material help in obstinate cases. The passage thru 
the lock, both going in and coming out, should be slow; that is to say, the 


comprest air should be let in and out gradually, to give the - -pressure time to — 


equalize itself thruout the yarious parts of the body. 


, 
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When the lungs and whole system are filled thoroly with the denser air, the general 
ffect is rather bracing and exhilarating. The increased amount of oxygen breathed in 
omprest air very much accelerates the organic functions of the body, and hence labor 
1 the caisson is more exhaustive than in the open air; and on getting outside again a reac- 
ion with a general feeling of prostration sets in, At moderate depths, however, the labor- 
rs in the caisson, after a little experience, feel no bad effects from the comprest air, either 
thile at work or. afterwards. In passing thru the air-lock:on leaving the air-chamber, the 
rorkman experiences a great loss of heat owing (1) to the expansion of the atmosphere in 
he lock, (2) to.the expansion of the fret gases in the cavities of the body, and (3) to the 
beration of the gases held in solution by the liquids of the body. Hence, on coming out 
he men should be protected from currents of air, should drink a cup of hot strong coffee, 
ress warmily, and lie down for a short time. 


Remaining too long under heavy pressure causes a form of paralysis, called by the 
hysicians caisson disease and by the workmen bends, which is sometimes fatal. The 
ttack occurs only after returning to atmospheric pressure, and particularly after coming 
hru the air-lock quickly; and ordinary cases are cured or greatly relieved by returning 
9 the comprest air and coming out very slowly. With reasonable care, the pneumatic 
rocess can be applied at depths less than 80 or go feet without serious consequences. At 
reat depths the danger can be greatly decreased by observing the following precautions, 
1 addition to those referred to above: (1) in hot weather cool the air before it enters the 
aisson; (2) in cold weather warm the air in the lock when the men come out; (3) raise 
nd lower them by machinery; and (4) pass the men thru the lock slowly, especially 
oming out. For the maximum depth coming thru the lock should consume forty-five 
linutes. To prevent the men from passing thru the lock too rapidly, an automatic 
onstant-rate decompression valve is sometimes used (Trans. Amer. Soc. of C. E., 
ol. 65 (1909), p. 9). If after coming out of the comprest air, a man is attacked by the 
1isson disease, he is placed in a hospital lock (a chamber containing comprest air) for 
sveral hours, after which the pressure is reduced exceedingly slowly. A hospital 
ck is now usually established in connection with all pneumatic work; and is quite 
fective. 4 

On account of the effect of comprest air upon the workmen it is generally held that the 
neumatic process is limited to depths not much exceeding too feet. For a valuable 
rticle on Caisson Disease and its Prevention, see Trans. Amer. Soc. of C. E., vol. 65 
[g0g}, D. 1-37. 


The Working Time in comprest air for depths Jess than 40 or 50 ft is 
sually eight hours per day, with a visit to the open air for lunch at the middle 


f the shift; but when the pressure becomes greater the working time is ma- Y 


erially shortened. At the Eads bridge, at a pressure from 45 to so lh per 
4 in, corresponding to a theoretical depth of 104 to 115 ft, the men were able 
» remain in the comprest air only four hours per day in shifts of two hours 
ach, and even then they worked only part of the time they were in the air- 
hamber. At Memphis the time was: between 80 and go ft depth, two shifts 
f two hours each; and below go ft, three shifts of one hour each. At the 
Villiamsburg bridge across the East River, New York City, the working 
ime was eight hours for less than 55 ft below mean high water, six hours from 
5 to 70 ft, fours hours from 70 to 80 ft, two hours from 80 to go ft, and one hour 
elow go ft. 


33. Cost of Pneumatic Bridge Foundations 


The following table gives the cost of the pneumatic foundation of moderate 
epth for the pivot pier of a swing bridge. The dimensions at the cutting 
dge of the caisson were 30 by 30 ft, the height of the caisson rg ft, the depth 
ank helow water 55 ft, the depth sunk below ground 4s ft, and the displace- 
1ent below ground 1500 cu yd. Two rest piers of the same bridge, which 
ere smaller but were sunk the same distance, cost $10.27 and $12. 50 per 


u yd. . : 


° 


¢ 
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Cost of Pneumatic Bridge Foundation at Moderate Depth * 


Per 


Items Total Cu Ya. 


Plant, proportionate cost $2 525 $1.68 
Platform and derrick, setting up 100 -07 
Pipe left in caisson 130 -09 
Tron left in caisson @ 5 cents per lb.. ; 300 * £20 
Lumber in caisson @ $20 per M 1576 1.05 
Lumber in coffer-dam @ $20 per M 180 12 
Tron in cutting edge @ 41% cents Sc 675 c45 
Rods, drift-bolts, etc., @ 21% cents... 230 -16 
Boat spikes, etc. 172 Pac 
Oakum @ 4 cents per lb 80 -05 
Rubber packing @ 70 cents per lb 7° -05 
Building coffer-dam @ $2.97 per day.... E 235 -16 
Building caisson @ $2.96 per day S L439 =96 
Sinking caisson @ $2.99 per day 5 094 3-39 
Coal @ $3.00 per ton. é 660 244 
Piles @ 10 cents per lin ft 60 04 
Driving piles @ 12 cents per ft.... 72 -05 
Concrete @ $4.25 per cu yd a 2 805 1.93 
Supplies 185 12 
Supt. and office’ expenses 700 -47 
ESEP ety 


$17 288 | $1159 


* Compiled from Engineering-Contracting, 1907, vol. 27, PP. 204-5, 220-21. 


The, following table gives details for a deep foundation and it will be noted 
that the cost per cu yd is practically twice as great as in the one of moderate 
depth. This difference is partly due to higher wages paid in the air chamber 
on account of the greater depth, the wages in the first case being $2.99 for 
8 hours and in the second ranging from $2.50 for 8 hours above 55 ft to $3. 75 
for one hour below roo ft; and part of the difference is due to difference 1 in the 

* material excavated. 


The table on p. 644 gives the cost of the pneumatic foundations and piers | 


of the second (Harahan) bridge across the Mississippi River at Memphis, Tenn., 
constructed in 1913-14, under the direction of Ralph Modjeski. Fig. 49, p. 
637 shows the crib and. caisson of pier IV. The piers above the crib or cais- 
son, except number V, are of granite backed with concrete except that the 


beltfng courses and courses next below are backed wich granite. The copings 


are entirely of granite. The face stones have a rock or quarry face. Pier V 
is built entirely of reinforced concrete. 


Except in very shallow or very deep water, the comprest-air process has almost 
entirely superseded all others. The following are advantages of this method. (z) It is 
reliable, since there is no danger of the caisson’s being stopped before reaching the desired 


depth, by sunken logs; bowlders, etc., or by excessive friction, as in dredging thru tubes — 


or shafts in cribs. (2) It can be used regardless of the kind of soil overlying the rock or 
ultimate foundation. (3) It is comparatively rapid, since the sinking of the caisson and 
the building up of the pier go on at the same time. (4) It is comparatively economical, 
since the weight added in sinking is a part of the foundation and is permanent, and the 
removal of the material by blowing out or by pumping is as uniform and rapid at one depth 
as at another, the cost only being increased somewhat by the greater depth. (5) This 
method allows ample opportunity to examine the ultimate foundation, to level the bottom, 
and té remove any disintegrated rock. (6) Since the rock can be laid bare and be thoroly 

a J . 7 
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Cost of North Pier of Williamsburg Bridge, New York City * 


Items Quantity 


Caissons: 


Timber, yellow pine, ft B.M.. 980 M 
Tron: bolts, rods, etc........-. 9o.5 tons 
Wakum; pitch, paint, tar.i/..-.-.....--.-- 980 Sor 302 
Labor, building, calking, and launching 13-61 13 362 
Plant, rental"and labor.......--...--.- . 2.68 2 617 
General expenses, superintendence, etc... 3-83 3 757 
Total cost of caisson. $41 326 
Per BTOSS GU ce paiesecieice toss a2 Bor yl Beko ssate 
Coffer-dam: 
Timber, yellow pine....:....-.-.+---+---- 3 $4 335 
Tron: Tods, bolts; ete... ~sicceesssicisc sets se Sid 823 
bee OO eee 120 
$779 
oe ee 35 
I 141 
$r2 549 
ED Sec taieeiajeeie(aeietnsinyenja'c $4.73 | $26 935 
- 6.47 3737 
BORO ye SCO 11.73 18 362 
FERS B a BEL DAS RE. MIRE coats =| $49 034 


Sinking: 
Mud, sand, gravel, depth 51-57 feet......... 1714  cuyd $2.35 $4 035 
Fine sand, depth 57-69 feet..............-- 2175 cuyd 2.31 5 o2r 
Clay and stratified clay, depth 69-73 feet...| 866 cuyd 4-50 3 896 
Stratified clay, depth 73-81 feet 7-20 10 752 
Stratified clay, depth 81-90 feet. 9.25 15 002 
Gneiss, sound rock, depth 83-91 feet... 78.40 6 581 
Stratified clay, depth 91-95 feet........ 17.55 12 324 
Gneiss, benching, depth 91-95 feet..... 65.80 16 709 


Stratified clay, depth 95-107.5 feet Tasz II 337 


715 
Beer esc Jae sieiccae acinateoee fe $84 372 
Sears ae ae A $187 281 


* Compiled from Engineering-Contracting, 1906, vol. 26, pp. 33-36, 40-41, 46-48, 
which gives the cost in minute detail. 


+ Maximum depth over only a small area. Only 2 cu yd below 106 ft., and only 
ax cu yd below 104 ft. 


washt, the concrete can be commenced upon a bps tere: clean surface; and hence there 
need be no questior as to the stability of the foundation. 


_ 84. The Freezing Process 


Sethe presence of water has always been the great obstacle in foundation 
work and in shaft-sinking, and it is only comparatively recently that any one 
thought of transforming the liquid soil into a solid wall of ice about the space 
to be excavated. The method of doing this consists in inclosing the site to 
be excavated, by driving into the ground a number of tubes thru which a 
freezing mixture is made to circulate. These consist of a large tube, closed 
at the lower end, inclosing a smaller one, open at the lower end. The freez- 
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Cost of Pneumatic Foundations of Harahan. Bridge Across Missiasings River at 
Memphis, Tenn.* 


For Drawing of Crib and Caisson, see Fig. 49, p. 637 


Pier 
Items 
I II Til IV vo 
Vo.umEs, IN CusBic FEET: “ 

Crib and caisson-cutting edge to masonry .| 189 440) 192 780] 193 725] 147 278] 75 150 
Sinking—cutting edge toriver bed ....... 243 616] 195 642! 281 666| 182 772] 98 088 
Masonry—above top of crib............ Tor 986] 173 632] 180074] 86 282) 19 062 

Cost, per Cusic Yarp: ; ; 
ri @HGEAISSON Pe Fisiciess wigs s aistoicrovete lg cee $ 3.81 |$ 8.37 |$ 5.56 |$ 3.75 | $2.04 
RIKAN CUR Hine tele serie cieiese scciets oatealel sees 12.66 | 20:49 | 17.04 | 13:74 | 13.34 
Foundation, in place.........+...+.0+5- 17.52 | 29.00 | 25.14°] 18.45 | 13.972 
Masonry, above crib. .... 5.0... ce cece ees 21.20 | 19.47 | 20.44 | 24/03 | 10.02 
EDOCAL er av a Prete ate ore its eat crsieis = $18.82 |$24.46 |$22.80 |$20.47 |$15.34 


’ * Compiled from Report of Chief Engineer, p.’9. 
ing mixture is forced down the inner tube, and rises thru the outer one. 
At the top, these tubes connect with a reservoir, a refrigerating machine, 
and a pump. The freezing liquid is.cooled by an ice-making machine, 
and then forced turu the tubes until a wall of earth of sufficient thickness ta 
stand the external pressure is frozen around them, when the excavation can 
proceed as in dry ground. 


This method was invented by F. H. Poetsch, of Aschersleben, Prussia, in 
1883. The process has been used many times in sinking shafts in mining 
operations. ‘‘Shaft Sinking in Difficult Cases,” by J. Reimer, translated 
from the German by J. W. Brough (1907), gives 64 examples, most of which 
are in Germany and France, only one being in the United States. One shaft 
has been sunk by this process 816 ft, and several have been sunk over 300 ft. 
The Transactions of the American Society of Civil Engineets, Vol. 52, pp. 
365-450, give a résumé of the literature of the freezing process to February, 
xg904, and also a discussion of the same. This process seems to have been 
-valuable for sinking shafts thru quicksand and other water-bearing soil under 
difficult circumstances, but has not been applied in foundation work. 


Two methods of applying this process for foundations under water have 
been proposed. One of these consists in combining the pneumatic and freezing 
processes. A pneumatic caisson is to be sunk a short distance into the river 
bed; and then the congealing tubes aré applied, and the entire mass between 
the caisson and the rock is frozen solid. When the freezing is completed, the 
caisson will be practically sealed against the entrance of water, and the air-lock 
can be remoyed and the masonry built up as in the. open air. The other 
method consists in sinking an open caisson to the river bed, and putting the 

_ freezing tubes down thru the water. When the congelation is completed, the 
water can be pumped out and the work conducted in the open air, 

It is cl4imed for this process that it is expeditious and economical, and also that it is 
particularly valuable in that it makes possible an accurate estimate of the total cost before 
the work is commenced, a condition of affairs unattainable by any other known method 
in equally difficult ground. It has an advantage over the pneumatic process in that it is 


~ 
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not limited by depth, Two difficulties are-anticipated in applying it to sink foundations 
for bridge piers in river beds; viz. (1) the difficulty in sinking the pipes, owing to striking 
sunken logs, bowlders, etc.; and (2) the possibility of encountering running water, which 
will thaw the ice-wall. These difficulties are not insurmountable, but experience only can 
demontrate how serious they are. 


a 


EARTHWORK 
35. Loosening and Shoveling 


Loosening. If the earth is not to be handled by steam’ power, it must first 
be loosened, unless it is sand or sandy loam. The loosening is done with a 
pick, a mattock, or a plow. The pick is used in trenches and other confined 
positions, and the plow elsewhere. The pick is much more economical than 
a mattock; and the latter should be used only in trimming a surface. The 
amount that a man can loosen in a given time with a pick varies greatly with 
the man, the supervision, the character of the soil, the depth of breast, etc.; 
but is usually about as follows: hard pan or cemented gravel, 0.5 to 1.0 cu yd 
per hour, and ordinary loam 3.0 to 5.0. The Plow is usually drawn by 
two horses or mules in ordinary loam, four in stiff clay and gravel, and six 
in hard pan. In each case there is a driver and a plowman, and in the last 
also one or two men to ride the plow-beam to keep the plow in the ground. 
The amount loosened is in ordinary loam 40 to 50 cu yd per hour, in stiff 
clay 25 to 30, and in hard pan rs to 20. Assuming the daily wages of a plow, 
pair of horses and a driver to be $3.50, and the plow holder $1.50, or a total 
of 50 cents per hour, the cost of loosening light loam is 114 cents. per cu yd.. 
If the plow worked continuously and straight along, it could loosen a great 
deal more than this; but the plowing must usually be done in short sections, 
and for various reasons much time is lost. 

Shoveling. The shovel employed may be either square-end or round-end, * 
and may have either a long or a short handle. The square-end shovel should 
‘be used, except possibly in very stiff clay; and the long-handled shovel is 
usually more economical, unless the shovelers are crowded closely together. 
A man will shovel well-loosened earth into a wagon at the rate of 1.2 to 1.5 cu 
yd per hour; if the wagon is comparatively low the larger amount can be. 
realized, and if the wagon is high the smaller amount is a good day’s work. 
Tf the man shovels earth from a platform he can handle 2 or 2.5 cu yd per 
hour. In soil that can be spaded easily, a man can-dig and load more solid 
earth with a tile spade than of loose earth with a shovel. Ordinary men can 
spade and load as task work 20 cu yd of brick clay per day; and experienced 
skilful men bave spaded and loaded month after month 40 cu yd in 8 to 
9 hours, and occasionally 56 cuyd. A man can pick and load about x cu yd 
of loam per hour, about 34 cu yd of stiff slams at and % to ¥% cu yd of hard pan, 


36. page ; 


There are four kinds of drag scrapers: the drag scoop, or “‘slip” or “‘ ST iisten ie 
the Fresno, the buck, and the flat-bottom tongue scraper. 

The Drag-scoop Scraper, the form of drag scraper most frequently used, 
consists of a solid steel bow! with two handles by which to load and dump it, 
and of a bail to which to hitch the team. It is made in three sizes, which 
yary a little with the maker. The smallest, for one horse, has a rated capac- 
ity of about 3 cu ft, and the larger sizes, for two horses, have nominal capac- 
ities of about 5 and 7 eu ft, respectively. The drag-scoop scraper is admirable 


. 


\ 
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for borrowing at the sides of embankments and for wasting from cuts or 
ditches, and also for opening the mouths of large cuts; but is not economical 
except for short distances. There is no danger of the scraper getting out of 
order until it is worn out and unfit for use, and the manner of using it is 
quickly learned by any one. 


Drag or slip scrapers, in the usual short hauls, are operated in gangs of 
three, each with a man to load the scrapers; and the teams, even on the shortest 
hauls, travel in a circuit of about 150 ft. Usually the driver dumps the scraper; 
but when an embankment is being built, there is sometimes a man to. keep 
the dump level, who also aids in dumping the scrapers. If the earth is sand 
or sandy loam and unobstructed with grass or tree roots, it may be scraped 
without plowing; but usually it is economical to plow before scraping, since 
then the scrapers are filled more nearly full. Sometimes a man is required to 
grub roots, etc. The “drag” is not economical to move earth more than 
about 200 ft, and some contractors claim that at more than 1oo ft the wheel 
scraper is more, economical than the drag. 

Gillette’s rule (Earthwork and its Cost, p. 54) for the cost of moving earth with a drag- 
scoop scraper is as follows: 

“Add together the following items: %9 of an hour's wages of team with driver and 
that of the plowman, for plowing; 449 of an hour’s wages of team with driver, for time 
lost in loading and dumping; ¥% of an hour’s wages of laborer, for loading scrapers; 
Yoo of an hour’s wages of team with driver, for extra travel in turning; 149 of an hour’s 
wages of team with driver, for each zoo ft of lead (the distance from center of cut to 
center of fill), for transporting. 

“With wages ater5 cts per hour for laborer, and 35 cts for team with driver, the above 
rule becomes: To a fixt cost-of 6 cts per cu yd, add 4 cts for each 100 ft of lead. For 
example, with a lead of 25 ft, the cost will be 6 +1%4X 4 = 7 cts per cu yd. Fairly 
tough clay will cost one-third more.” 


The Fresno Scraper differs from the ordinary drag-scoop scraper in the 
form of the bowl and in having adjustable runners upon which the bowl is 
carried in dumping and returning, and which permit the scraper, to distribute 
its load in dumping. The Fresno scraper is made in three sizes, the cutting 
edge being 3%, 4 and 5 ft, and having nominal capacities of 8, ro and 12 cu 
ft, respectively. The distance from the cutting edge is comparatively small, 
which enables it to be easily loadéd to its full capacity; and the runners enable 
it to deposit its load in layers. It is usually drawn by four horses abreast. 
On account of its form, it will follow up a steep bank without dumping. It 
is much used on the Pacific slope; but not as much elsewhere as its merits 
warrant. The cost is usually $17, $18, and $19, respectively. 


The Fresno scraper is always more economical than the drag-scoop scraper, 
since it is more easy to fill and since considerable earth may be pushed along 
in front of it. The large size scraper under ordinary conditions may be 
counted upon to move 1% cu yd of compacted earth per load; and with light 
damp soil on short hauls a load may be’ 25 to 50% more than: the contents 
of the bowl, and in soil difficult to load 25% less. ‘The economical limit of 
haul is 200 to 300 ft; but with soil that drifts well in front of the scraper, 
it is more. The amount moved by a Fresno scraper varies from 60 to 120 
cu yd per day, according to the character of the earth and length of haul. 


The following is the range of cost of building a number of large irrigation canals in 
Nevada (Eng.-Contr., Nov. 3, 1929, p. 370). In making a narrow irrigation ditch in 
which the excavation made the banks, the distance from bottom of ditch ranging from 
6 to 7% ft, and the soil being sand and light loam, the cost was 5.06 cts per cu yd; and 
the amount moved per scraper was 125 to 130 cu yd per day. In “difficult earth thor- 
oly mixt with stones up to 5 cu ft,” the cost of making a side-hill ditch was 1744 cts per 
cu yd, the amount moved per scraper per day being 58.5 cu yd. 
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For the fatyer sizes of the Fresno scraper the fixt cost is 6 cts per cu yd; and the cost 
of transportation is 2 to 3 cts per cu yd per roo ft of lead (distance from center of cut to 
center of fill), the smaller sum being for short hauls and the latter for long hauls, since 
with long hauls part of the load shakes out. 


The Buck Scraper in its simplest form consists of an upright board, 
4 to 6 ft long and 12 to 18 inches wide, with handles attached; and is employed 
in replacing earth in a trench, a team being hitched to it and pulling per- 
pendicular to the trench on one side and two men holding the scraper on the 
opposite side. In its most elaborate form it consists of an upright board 
about 8 ft long and 2 ft wide, shod on its lower edge with iron, provided with 
a tail piece or platform upon which the driver stands while the scraper 
is loading or hauling. The earth is simply pushed along in front of the 
scraper; and the scraper automatically dumps when the driver steps off.’ 
This form of the scraper may or may not have a tongue, but is always pro- 
vided with curved pieces upon which the scraper runs in dumping and 
returning. The efficiency of the scraper decreases with the steepness of the 
slope up which the earth is hauled; but is asife economical on slopes of 1 to 
4 or less, 


The buck scraper is much used in the West in building levees and irrigation ditches 
and canals, and is usually drawn by four horses. In California in placing 364 000 cu yd 
in a levee 12 ft high and 6 ft wide on top and go ft wide at the base, from borrow pits 
100 ft wide on each side, a buck scraper moved on the average 89.5 cu yd per day, about 
90% of the material heing drifted up a x to 4 slope, the cost being 9.6.cts per cu yd,when 
the levee was being started and 11.4 as the bank became higher; and in excavating an 
irrigation canal in a side hill, a buck scraper making a total round trip of 400 ft horizon- 
tally and 4o ft vertically, averaged 1.3 cu yd per load and 128 cu yd per day, and the cost 
was 6.2 cts percu yd, the material being favorable and most of it being simply pushed 
down a steep slope (Eng. News, 1885, Vol. 14, p. 115). 


The Flat-Bottomed Tongue scraper is an iron-shod wood or solid-metal scoop em- 
ployed in leveling off the bottom of an excavation, particularly in pavement and macadam* 
road construction; and is made in two sizes, 36 and 48 inches wide, which cost about $6 
and $7 at the factory. 


The Wheel Scraper is a common and exceedingly valuable eeching for 
moving earth, and consists of a steel box mounted on wheels and furnished 
with levers for raising, lowering, and dumping. All of the movements may 
be made without stopping the team. .There are two forms, the two-wheel and 
the four-wheel. The former has long been in use; the latter was first made in 
19099, and is rapidly coming into use. 


The two-wheel scraper is made in three sizes, Nos. 1, 2, and 3, having a rated 
capacity of 9, 12, and 16 cu ft, respectively. Some manufacturers make an 
automatic front end-gate which adds materially to the load the scraper will 
carry, particularly on a rough or down-hill road. The two-wheel scraper is drawn 
by two horses; but it is usually necessary with the larger sizes to hitch another 
team, called a sNarcH Tram, ahead to aid in loading. One man, and in tough 
soil two, in addition to the driver is required in loading the largest scraper. 

Except under the most favorable conditions the wheel scraper is not entirely filled 
owing to the difficulty of forcing the earth to the back of the bowl, and before the load 
has gone far considerable earth is lost from the front of the bowl; and hence it is not 
usually safe to count upon the scraper placing in the dump more than half its nominal 
capacity. Sometimes when the haul is-long, the bowl is filled heaping full by men with 
shovels as the scraper leaves the pit. The smallest wheel scraper is used when the haul 
is short and the rise is steep; and is usually more economical than the drag-scoop scraper, 
but where there are many stones the latter is the better. 


According to Gillette (Handbook of Cost Data, p. 87) when the wages of common 
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labor ate 15 cts per hour and that of team and driver 35 cts, the cost & moving average 
earth with a two-wheel scraper is as follows: 


~ The fixt cost for the three sizes of scrapers is: 


Items. No. r No. 2 No. 3 
Plowing, cents per cuyd..........-.505 2-7, 1.7 1.7 
Man for loading scrapers... .....:..+:-5 0.8 0.8 1.5 
Time lost by team in loading and dumping 1.5 1,2 0.8 
Extra travel of team in turning. ........ 1.5 1.2 0.7 
Snatch team loading.......,...... r-5 5 a 
Wien Gump. Tl eka oe eo 6.8 
Total fixt cost, cents percuyd.......... 5.5" 6.4 7.0 
Average load hauled, cuyd............. 5 Wg 4/19 


. To the above fixt cost add the following for each roo ft of lead (the distance from 
the center of the cut to the center of the fill): No. 1, 2.75 cts per cu yd; No. 2, 244 cts; 
and No. 3, 13 cts. The cost of foreman and repair of scrapers will usually add x ct pet 
cu yd more. For example, the cost with a No. 2 scraper and a 25-ft lead is: 6.4+14X 
2.5=7 cts per cu yd.” ‘ 

In constructing the Chicago Sanitary Canal, the average output for 300000 cu yd 
having a cut ranging from 4 to 8 ft deep, a vertical lift of ro to 20 ft and a horizontal 
haul of 400 ft, ranged from 39 to 50 cu yd per scraper per ro hours, and from 27 to 35 
cu yd per team; and on another section the average output per 10 hours was 46 cu yd 

"per scraper, and go cu yd per team, 

The four-wheel scraper is a steel box or scoop suspended from a frame sup- 

portéd upon four wheels, Fig. 50. It is made in two sizes, a half yard and a 


c gmat 


Fig. 50. Four-wheel Scraper 


yard capacity. It is usually loaded by either a traction or a hoisting engine. 
The larger size usually requires a 20 H.P. steam engine or a 30-60 H.P. gaso- 
line tractor to load it; but itis hauled by a two-horse team. The four-wheel 
scraper is economical because it is self-loading and self-dumping, and on long 
hauls also because of the larger load carried. Of course enough scrapers must 
be employed to keep the tractor busy. ; 


37. Grading Machines 


The Scraping Grader is a machine primarily for smoothing a roadway, 
and incidently for moving small quantities of earth toward the crown. It 
consists of a cutting blade sliding upon the ground or of a cutting blade 
adjustable in height and direction supported upon two wheels or suspended 
from a frame carried by four wheels. In addition to its use in smoothing the 
trackway and restoring the crown of an earth road, the scraping grader is” 
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lised in pavement and macadam-road construction in smoothing up the sur- 
face of an excavation, and also in backfilling trenches. ; 
The Elevating Grader consists of a frame resting upon four.wheels, from 
which are suspended a plow and a frame carrying a wide traveling belt. The 
plow loosens the soil and throws it upon the traveling inclined belt, which 
delivers it upon the émbankment direct or into wagons. The carrier is built 
in sections and its height is adjustable. The larger carrier will deliver earth 
14, 17, 19, or 20 feet horizontally and 8 ft vertically from the plow; while the 
smaller size delivers 14 and 17 ft horizontally and 7 ft vertically. The smaller 
machine is designed for highway work: The elevating grader is an effective 
machine for building open ditches, earth embankments, or filling wagons. 
The large machine is usually propelled by twelve horses, eight in front and 
four behind, and the smaller by eight in front; but often a traction engine is 
cheaper than horses. There is upon the market, but not in conimon ‘use, an 
elevating grader in which the elevating mechanism is attached directly to a 
traction engine, the plow beitig under the middle of the boiler. The ele- 
vating grader cannot be used in sand or gravel, since the plow will not throw 
the material tipon the elevator; and it is not suitable for use where there are 
roots or stones ehough to interfere with the work of the plow. The cost of the 
machine is about $1200; and in ordinary loam it will usually load about 50 
eu yd per hour into wagons, and will place 60 to 75 ina road embankment, > 


The daily cost of operating the elevating grader is as follows: 


ROM MOMES TAN DROOL. .< o.0 vias hianicisolacicinicies =a sjsiee -- $10.00 
MEME AL ST CO. 2d coca se hots wees é 4.50 
a men to operate the grader at $2.00 4.00 
Beutolanchitiet(esy) S627 )2. 0S ck sh 05 wk cc tint ccesebatasiise 5.00 

BREEICOSE DECAY -5's.0c's saa ciawewienizisctaekassac assum peep $23.50 


If the output is 500 cu yd, the cost is 4.7 cts per cu yd: It is more economical to pull 
the grader with a traction engine than with horses or mules, provided an engine can be 
tented for $7.50 per day or less, since ordinarily an engine runner will cost $3.00, coal 
$2.00, and atteridance $2.00 per day; and usually the engine can do more work than 10 
horses, particularly in watm weather. 

The Shuart Grader consists of a scraping stéel bladé attached to a frame 
borne upon four low wheels, having at each sidé a guard that enables the 
blade to push considerable earth along in front of it. The height of the blade ~ 
may be adjusted by levers. It is used in the West in preparing the ground 
for irrigation. If the guards are removed, this machine can be used as a 
grader, that is, to smooth off a surface and to push small quantities of earth 
horizontally sidewise. 


38. Loading and Hauling 


Wheelbarrows are never economical where teams can be used. A man will 
pick and load into a wheelbarrow 1 cu yd of ordinary loam per hour. A 
wheelbarrow load will make-about 45 cu yd in the settled embankment. 
The time consumed in going and returning is about 144 minutes per roo ft, 
since the load is usually taken up a rather steep grade; or say 20 minutes per. 
cu yd per too ft. For each load the time lost in dumping, fixing runway, 
and changing the position of the barrow is 4 minute per load, or 744 minutes 
per cu yd. If wages are 15 cts per hour, the fixt cost of loading and lost 

_ fime is practically 17 cts per cu yd; and the cost of transporting is 5 cts per 
eu yd per 100 ft. 

_ Carts drawn by one horse are used in some parts of the country for trans-. 

porting earth. They are not economical except where the haul is so short 


; % * a | 
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that a driver can tend two carts by taking one to the dump while the other ig 
being loaded. The loading is usually done by four men casting in at the back 
end of the cart. The chief advantage of the cart is the ease with which it 
is dumped, especially into hoppers or scows; but usually either the wheeled 
scraper or the wagon is preferred. A load is % cu yd for level hauls, and 14 for 
steep ascents, or say ¥% cu yd per load on the average; and the speed is 200 ft 
per minute, or 3 minutes to transport 1 cu yd 100 ft. It requires about’3 


minutes for 4 men to load a cart, and about 1 minute to dump it; or the lost | 


time is 4 minutes per load, equivalent to 12 minutes per cu yd. If wages 
are 15 cts per hour for a driver and $1.00 per day for a horse and cart, and if 
it is assumed that there is a driver for each cart, the fixt cost according to 
the kind of soil is 10 to 15 cts per cu yd for loading plus 5 cts for lost time of 
cart and driver, a total of 15 to 20 cts per cu yd; and the cost of transportation 
is 114 cts per cu yd per roo ft. If it is assumed that a driver takes care of two 
carts, the fixt cost is 10 to 15 cts-for loading plus 3% cts lost time, or a total 
of 13% to 18% cts per cu yd; and the cost of transportation is practically 
0.8 ct per cu yd per roo ft. 

Wagons. There are three general forms of wagons made specially to 
transport earth: the slat-bottom, the drop-bottom, and the end-dump wagon. 
The ordinary farm wagon is unsuitable for the purpose, because the box 
or bed is so light as soon to be knocked to pieces by being struck with the 
shovels, and also. because the load must be shoveled out of it. A SLAT- 
BOTTOM WAGON-BOX on an ordinary farm wagon is much used; but it is 
objectionable since at best considerable time is required to dump it, and if 
it is provided with end gates still more time is required. The slat-bottom 
wagon-box with end gates holds 1 to 1% cu yd according to the length and the 
depth of the sides, and has been found advantageous on small jobs because 
of its availability. : 

Of the prop-Borrom wacons there are two forms: a box which is placed upon the 
running gears of an ordinary wagon, and a wagon made especially for hauling earth. 
In each the bottom of the box consists of two doors, usually hinged at the sides, which 
drop down to discharge the load. The doors are kept in place by chains which are 
wound around a spool by means of a lever operated by the driver; and when the chains 
are released the load drops. The load can be dumped almost instantly by the driver 
without stopping the team, and the bottom can be closed while the wagon is returning 
for another load, The drop-bottom box holds 11% to 2 cu yd of loose earth, and the drop- 
bottom wagon 1 to 5 cu yd, although 11% to 214 are the most common. The larger sizes 
of drop-bottom wagons are made of steel, and:are drawn by three horses and sometimes 
by four. The drop-bottom wagon is better than the drop-bottom box on ordinary run- 
ning gears, since (1) it has larger capacity, (2) there is no coupling pole to interfere 
with the dumping device, (3) the front wheels go under the bed, thus greatly facilitating 
the turning of the wagon, and (4) it has wider tires and hence draws easier: . 

The END-pump wagon is used only where it is necessary to dump into hoppers, or onto 
barges, or into railroad cars. This form of wagon is too heavy and too high for use in 
ordinary earthwork construction. 

Loading Wagons by Hand. If the haul is comparatively short, a wagon 


is left to be loaded while the team takes another to dump, whereby the team _ 


and driver are kept busy, and besides this gives an opportunity to fix the 
responsibility for the amount of output. The number of shovelers and extra 
wagons will depend upon the length of haul. If no extra wagons are used, 
and the haul is short, it is important that the team be kept on the road as 
much as possible, which requires that as many men as possible should be 
employed in loading. If the haul is extremely long, it is not important that 
the wagon be loaded quickly, since the team then needs a little rest. Ordinarily 
“ten men, four on each side and two at the rear, are as many as can profitably be 
used, The height of the wagon materially affects the cost of loading by hand, 


? 


| 
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The top of the box of a dump wagon is about 414 or 5 ft high, and at this height 
a man can_load 15 cu yd per day; but for greater heights the amount will be 
decreased about 10% for each 6 inches of additional height. The loading 
of wagons can be greatly facilitated by first excavating narrow cuts 5 or 6 ft 
deep, and then placing the wagons in these trenches while being loaded. 
The earth at the sides of the trenches can be shoveled into the wagons much 
more rapidly than if the men stood on the same level as the wagon. As the 
sides are’shoveled off, the trench can be deepened. The slopes of the material 
at the sides of the wagon should not be steeper than about 2 to 1, or it will 
be difficult to operate the plow on them or for the men tc stand on them. 
If the wagon must be loaded from only one side, and particularly if the haul 
is long, an extra side board should be placed upon the opposite side of the 
box to increase the size of the load. The cost with a 1-yard slat-bottom 
wagon and two-horse team, assuming labor at 15 cts per hour and team and 
driver at 35 cts, is: Loosening and loading 12 cts per cu yd; time of team and 
driver in pit 5 minutes, or 3 cts per cu yd; time dumping 2 minutes, or for 
the time of team, driver, and helper say 2 cts per cu yd; or a total fixt cost 
of 17 cts per cu yd. . If the speed of the team is 214 miles per hour, this is 
equivalent to a cost of 4% cent per cu yd per roo ft for transportation. If the 
capacity of the wagon is more or less than x cu yd, the fixt cost-per cu yd need 
not vary, while cost of transportation will vary inversely proportionally. 
Loading Wagons with Scrapers. An inclined wood runway is built 
high enough to allow the. wagon to stand under it, the scrapers are driven 
loaded up one side of the incline, dumped at the top thru a hole in the floor, 
and then driven empty down the other side. ‘This device, called a TRAP, is 
frequently employed. ‘The incline need not be wider than 8 ft, and should 
not be steeper than zr to 4 or 5; and its height can be materially diminished 
by excavating a trench into which to drive the wagons. For wheel scrapers the 
hole in the top may be 3 ft wide and 4 ft long, and for a slip a little narrower, 
and for a Fresno a little wider. With drag-scoop scrapers a cleat should 
be nailed at the front edge of the hole to catch the edge of the scraper in 
dumping. With the data in the preceding portion of this article, it is easy to 
compute the cost of loading wagons with scrapers. On account of the cost 
of the incline the method is not economical unless there is a considerable 
quantity of earth to be moved; and on account of the time and cost to change 
the incline, it is not economical unless there is also a considerable depth of 


earth to be removed. 


_ Loading Wagons with an Elevating Grader. Drop-bottom dump wagons 
are driven under the discharge end of the elevator, and travel along with 
the grader until filled, and then the grader is stopt a few seconds while 
the loaded wagon is driven out and an empty wagon is driven in. Assuming 
that 2-yd wagons are used and that the average load is 1% cu yd loose or 
1% cu yd compacted, and assuming that the wagon is drawn by three horses, 
and assuming a 3-horse team driver and wagon to cost 50 cts per hour, and. 
also assuming that wagons would not be used for a lead (distance from center 
of cut to center of fill) of less than 200 ft and that a wagon travels 500 ft for 
a lead of 200 ft, the fixt cost per cu yd is as fOUSSas 

Services of grader, as previously stated...........1---...eeeeeees 

‘Time of wagon and driver while loading. - - . 

Extra travel in loading and turning....... 

Time lost in dumping and waiting. ..... 


Total fixt cost per cu yd.......-.--. eeeeaeee Sonecanta 10.7 cts 
The cost of transportation is 0.6 ct per cu yd for each roo ft of lead more than 200 ft. 


or 
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Wagons are also loaded with a steam shovel, in which case the ea:ch should preferably 
be first dumped into a hopper under which the wagon is driven to load, as otherwise there 
is time lost in centering the wagon under the shovel and there is much dribbling around 
the wagon, and besides the shovel is likely to strike and damage the wagon. ‘The hopper 
should rest upon a trestle which is mounted upon wheels so that it may move forward 
as the shovel advances. Wagons aré also loaded with an orange-peel excavator or grab 
bucket swung from a derrick. 


x 


39. Steam-Shove!l Work 


This is the most economical method for. loosening and loading earth, pro- 
vided the quantity of earth to be moved will justify the expense of installa- 
tion, and provided a considerable depth is to be removed. A steam shovel, 
called a NAVyY in England, consists essentially of a bucket or dipper attached 
to a dipper handle which is supported by a boom and which can revolve thru 
a full semicircle and in some types a complete circle. The boom is operated 
thru a’system of chains and sheaves by an engine and winding drum located 
on a car or platform which also carries the steam boiler and all other oper- 
ating machinery. ‘The car or platform upon which the machinery is mounted 
usually runs upon a railroad track, ordinarily standard gage, and is some- 
times self-propelling; but the smaller sizes are sometimes mounted upon 
wheels similar to those of a traction engine, and are called TRACTION SHOVELS, 
and are self-propelling. With most forms at least two men are required to 
operate a steam shovel; one, called a cranesman, to manipulate the dipper; 
and one, called the engineer, to run the engine and operate the winding drum, 
The size of a steam shovel is stated by the capacity of the bucket or by the 
total weight of the entire machine. In a very rough way, the total weight 
is about 30 tons for each cubic yard of capacity of the bucket. The cost of 
a steam shovel ranges from $100 to $125 per ton. The smaller the shovel 
the greater the cost per ton; and the more the total weight the greater the 
weight per cubic yard of bucket. The capacity and reach of steam shoyels 
differ greatly. The rated capacity of the bucket varies from 1% to 5 cu yd, 
but those having a nominal capacity of 144 to 2% cu yd are most common. 
The width of cut varies from 15 ft for the smallest to 4o ft for the largest. 
The maximum height of the cutting edge of the bucket is usually limited to 
12 or 15 ft above the track upon which the car runs; but a steam shovel by 
undermining can dig down banks much higher, and not infrequently works 
on faces 20 to 25 ft high, and in loose soil even higher.. The smallest sizes 
of steam shovels can operate with reasonable economy, as compared with other 
methods, on a face only 114 er 2 ft high, in which case a traction shovel would 
be used, altho of course a proportionally large amount of time is lost in 
moving the shovel forward, : 

A steam shovel will excavate almost any material except solid rock; and will load 
rock that has been broken into pieces small enough to go into the bucket. The output 
of a steam shovel is usually limited by the arrangements for carrying away the excavated 
material. .The earth is usually taken away (1) in large drop-bottom wagons, or (2) by 
dump cars holding from 1% to 5 cu yd running upon a light track and being drawn by 
horses or small locomotives, or ‘dinky engines,” or (3) by full-sized locomotives drawing 
ordinary flat or gondola cars or large dump cars. 

For general specifications for’a steam shovel for railroad work, see the Manual of 
Recommended Practise of the American Railway Engineering and Maintenance of Way 
Association, 1907, pp. 30-32; and for the method of handiing steam-shoyel work and 
a description of the equipment to be employed, see same, pp. 32-37. a 

On the Chicago Sanitary Canal between 60 and 70 steam shovels from six 


different manufacturers were employed, and the average output of a 2-yd — 


bucket was approximately as follows: In stiff clay from so to 70 cu yd per 
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hour; in yery hard clay, thickly filled with bowlders and requiring blasting, 
from 25 to 35 cu yd per hour for the hardest, and from 30 ta 40 cu yd per 
our for the medium material; in cemented gravel, requiring blasting, from 
25 to 50 cu yd, depending.on the hardness; and in handling blasted rock, 
from 25 to 30 cu yd per hour. The minimum daily cost of operating a 2-yd 
shovel is about as follows: 4 
One foreman........ ES ES s03oF9 Bs 8Thaas azatien ie isectorsels $4.00 


One engineman. . 4.00 
One cranesman. . 3-50 
(One frefian-*. 225.5522: 2.00 


Sepmmeen ALGTSOl ss. 6 6 co cees fe reas shel scare eeek M666 


‘Potal for wages of crew. ........0...eeceses saiesiahae $19.50 = 
PEOBODS reas si<i5.0 cies b ass cnsiees sea svpeeecnasissaease <4) a Paz00! 
COlvanid waste. <<. 5505-25-06 5 “75 
Water (x gallon per lb of coal) -50 

Total for fuel and supplies........... aceeaes gi<ier . $ 4,25 


Interest on capital, $6000 at 60h bis xite® vote sacar $x.00 


Depreciation at 10%.......-.-- 2.00 

Pee ee sacss os. aaeeecaeee So cecob 1.00 
SMEMBURGRIDIGU ES: Sra aise.6 ag oe deSansewsesea Ke casee eee 2 $ 4.00 
PRGIALIOSIY OXPCUSC 05 asso ssieeeriedsercovsseuesece $27.75 


In average earth the average output of the above shovel would be about soo cu yd per 
to hr, equivalent toa cost of $27.75 /soo=5.6 cts per cu yd, which should be regarded as 
the minimum cost. If the water must he-pumped by hand and be hauled by wagon, the 
cost of this item may bé four to six times that given above. In hard or stony earth the 
cost of repairs may be three or four times*that stated. Again, the interest’charge above 
assumes that the shovel works every day of the year; and if it works only part time, as is 
yery probable, the interest charge should be proportionally increased. Finally, it may be 
noted that the above statement does not include the cost of installing and of remoying 
the shovel. 

» The following, from Bulletin No. 81 (1906) of the American Railway Engi- 
neering and Maintenance of Way Association, p. 31-50, are the particulars of 
moying 251 711 cu yd of wet clay with a 244-yd steam shovel and dump cars 
by a railway company’s forces, the material excanated being finally dumped 
from a temporary trestle. 


‘The shovel was on the job from April 27 to November 2, a total of 190 days; and worked 
night shifts from June 20 to October 2, a total of 129 nights. The shovel actually worked 
440 to-br shifts by day and 88 at night, a total of 228 shifts. The time lost by shovel was: 

57 shifts due to Sundays and rains, 23 shifts due to moving shoyel and shoyel failures, 
11 waiting for grading of temporary track, a total of 25% lost time. The output for day 
shifts was 160 121 cu yd, night shifts 91 590, total 251 711 cu yd, “based upon cross-sec- 
tion measurement.” The average output per day shift was 1144 cu yd, per night shift 
1040 cu yd, the latter being 92% of the former. The average load per car was 3.35 cu yd. 
‘The average length of haul was 144 miles. Average depth of cut 15 ft. The ternporary 
trestle was 2961 ft long, and average height 40 ft, The cost of the earthwork was: 


Equipment: ; Total Cu Yd 
x second-hand 65-ton shovel, depreciation 10% of $5000 $500.00 $o.002 
2 second-hand 30-ton locomotives, 5% of $4400.---.-..--- 220.00 -OOL 
43 second-hand 5-yd cars, 10% of $5052.50.......- ts a bistateze a 505.25 003 
_ x Jordan spreader, 5% Of $1800. «-2 + Foc ewer see encereee rece 90.00 -900, 


1144.86  .004 
‘ater supply, material and Whose tee ae ce eee ern 372.60 . 00% 


Total for equipment. ...........- Goceemelcnehegasiense,. €2722070. @O.O8Y. | 


_ 
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Steam-Shovel Service: Total Cu Yd 
Steam-shovel SCCVICE cee cain ciemameuicak week ates care Sescecees, $6228: 54 024 
6 417.33 -026 
7731-47 003 
184.62 .0OL 
4265.51 O17 


$7 867.47 $0.071 


Supplies: 
Toxo tons coalt for shovel’ at $1.48... <<ile <n c'eroah pine mnie wanes $z 539.20 $ .006 
1339 tons coal for locomotive at $1.48 % ess) (1987-70 -008 
Other applies sets c= <onisinie ain e\cimyeiciain sin ae 962.62 .004 
Votalifor supplies... ses cancels ctl «wines ce s'eietneldiale ate « $4 483-52 $o.018 


Trestle (average height 4o ft): 
Material (per lin ft = $1.74) and labor (per lin. ft = $1.30)..... $9007.80 $0.036 


Track Work: 
Oper mseisseinn a= eae hae eines he eos ay a clelcts oes alc die niarmeiemere $11 582.31 $ .046 
Supplies, depreciation and labor upon.......-.-.....-.---.--- 856.15 003 
slotal.ior track works< 5)<%j< ter aima= ss yi 5 cm ore tama aimlone $12 438.42 $0.049 
Supervision and EDR NeerINg:, 22 soe. ac kanes aseanevaases eae $ 610.38 $ .co2 
AL OAL COSG ..2<=.0.45/aq5is/<s8 bs hes sae eansnaen ace e eRe e $47 140.30 $0.187 


The above work was unusually expensive because the clay was very wet which made the 
dumping expensive, and also because the cars were too small. The above cost was almost 
exactly the same as that for another cut on the same division of the same road in which 
39% of the material was hardpan and 61% clay. 


40. Shrinkage and Settlement 


Shrinkage and Settlement. In all operations involving the moving of 
earth, it should not be forgotten that the act of excavation so breaks up the © 
earth that it occupies more space after excavation than before; but when the 
material has been placed in an embankment, it will usually occupy less space 
than in its original position. The expansion due to excavation is usually 
8 to 12% of the volume, and in extreme cases may be 40%; but in placing 
the material in the embankment, it is compacted by the weight of the em- 
bankment itself, by the pounding of the hoofs, and by the action of the wheels, 
until usually the final volume is less than the original. Ordinary earth in 
its original position is more or less porous owing to its soluble portions having 
been carried away by the percolating water, to the penetration of vegetable 
roots which subsequently decay, and to the continued action of frost. There 
is usually also more or less earth lost in transporting it from cut to fill. The 
amount of shrinkage depends chiefly upon the character of the material and 
the means by which it is put into the embankment, and somewhat upon the 
moisture of the soil, the rainfall conditions while the work is in progress and 
soon afterwards, and the depth to which frost usually penetrates, If the 
soil is moist when placed in the bank, it will become more compact than if 
it were dry. Rain greatly affects the shrinkage; and embankments put up 
during a rainy season will be more compact than those built during a dry 
time. Soil from above the usual frost line is more porous than that not 
subject to the heaving effect of alternating freezing and thawing, and conse- 
quently shrinks more when put into an embankment. ‘The shrinkage of the - 
ordinary soils is in the’ following order: (1) sand and sandy gravel least, 
* (2) clay and clayey soil intermediate; and (3) loams most. The ate 
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according to the method of handling is in the following order beginning with 
the greatest: (1) wheelbarrows, (2) cars, (3) wagons, (4) wheel scrapers, and 
(5) drag scrapers. ‘The usual allowance for shrinkage for drag scraper work 
is as follows: gravel 8 %, gravel and sand 9 %, clay and clayey earth 10%, 
loam and light sandy earth 12 %, loose vegetable surface soil 15 %. The 
above results are for ordinary earth, and do not apply to such unusual mate- 
nals as “buck-shot,” gumbo, very fibrous soil. etc., which have a much 
greater shrinkage. Solid rock will expand 40 to 50 %. 

The shrinkage of earthwork referred to aboye takes place chiefly during construction; 
but the continued action of the weight of the embankment and the effect of rain and 
traffic will usually cause a comparatively small settlement after completion. Sand or 
gravel embankments built with wheel scrapers will usually settle 1 to 2% after comple- 
tion, and clay or loam embankments about 2 to 3%. With drag scrapers the settlement 
will usually be a little less than the above; and with dump carts or wagons a little more. 
With wheelbarrows the settlement is usually about ro %, but may be as much as 25 %. 
The settlement of steam-shoyel work depends upon the method of dumping, the length of 
time the work is in progress, the season, and the soil. The Manual of Recommended 
Practice of the American Railway and Maintenance of Way Association recommends the 
following allowance for the shrinkage of a green embankment built by steam shovel and 
cars; for black earth, trestle filling 15%, raising under traffic 5%; clay, trestle filling 10%, 
raising under traffic 5%; sand, trestle filling 6%, raising under traffic 5%. 


41. Levee Construction 


A Levee is a bank of earth thrown up along the side of a stream to prevent 
the overflow of the adjoining land. The cross section of a levee depends 
upon the material of which it is constructed and the length of time it will be 
subjected to the flood. To prevent the levee from being overtopped by waves, 
the crown should be 3 ft above the highest water, if along a stream of any 
considerable width. A levee usually has a top width of 3 to 8 ft, a slope on 


the water side of 1 to 3 or 4, and a slope on the land side of 1 to 2 or3. If ° 


the material of the levee is very light, the slopes should be flatter than the above. 


The above slopes are easily constructed, are readily kept clear of weeds and 


brush by the use of a mowing machine, do not slide when tramped over by 
stock when wet, are not difficult to get set in grass, and resist wave action 
reasonably well. It is important to avoid sharp corners, and flat curves should 
be used even if arable land is thereby lost; and on the curves the levee should 
be thicker and have flatter slopes than on the straight portions. 

The standard levee of the U. S. Mississippi River Commission is shown 
nm Fig. 51. The banquette (reinforcing bank) is constructed where the founda- 
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Fig. 51. Standard Levee of U. S.. Mississippi River Commission 
tion is weak and where the height is more than ro or 12 ft. The chief object 
of the banquette is to keep the levee from sloughing off when saturated by water, 
which it does by keeping the surface of saturation well within the embankment. 
After the alinement is fixt, the surface should be freed from trees, logs, brush, and 
débris; and all buried logs, stumps, and roots of any considerable size should be removed, 
For the Mississippi river levee all logs, stumps, and roots are removed for a depth of 8 ft 


, \ 
- 7 a ‘ > U 


. 


656 Earthwork ; Sect. 6- 


and for a width extending 5 tt each side of the base of the levee. After clearing the 
foundation the ground is plowed deeply, and any unsuitable soil is removed. If the soil * 
is not reasonably uniform, the foundation is tested by sinking pits at various points, and 
any defects are remedied as far as practicable. A muck ditch is usually cut on the river 
side of the center line, to explore the foundation and to aid in preventing the seepage of 
water along the plane of the base of the levee. It should extend thru the porous surface 
soil; and should be filled with the best soil available, preferably clay or clayed gravel, which 
is thorcly tamped into place. The standard dimensions of the muck ditch of the Mis- 
sissippi river levees are 12 ft wide on top, 8 ft wide at the bottom, and 8 ft deep, these 
dimensions being selected so that the muck ditch can be dug and filled with wheel scrapers. 
The width of the muck ditch may vary with the quality of the soil used for filling; if pure 
clay is employed, the width need not be more than 1 or 2 ft except for the highest levees. 
The levee is constructed in layers usually with slips or wheel scrapers, 
not more than 2 ft thick extending over the entire base. Only unfrozen earth 
free from sticks, leaves, and straw should be used. The earth is taken when 
practicable from borrow pits on the stréam side of the levee. For the Missis- 
Sippi tiver lévees the borrow. pits on the river side must be at least 40 ft from 
the toe of the levee, the side slope of the pit must not be steeper than 1 on 2, 
the depth next to the levee must not excéed 3 ft, the bottom of the pit must 
have a uniform slope toward the river, the depth on the farther side must 
not exceed 6 ft, and traverses (tongues of undisturbed earth) must be left at 
intervals of 300 to 400 ft. The traverses are to prevent destructive currents 
along the base of the levee; and should be pierced at the river end by drainage 
ditches, since standing water affords refuge for crawfish, muskrats, etc., which 
endanger the levee. The berm between the borrow pit and the levee should 
be kept intact, and any depressions in it should be filled to the level of the 
natural surface. Ditches and borrow pits on the inside are very objection- 
able; and if the earth is borrowed from the land side, the pit should be well 
back from the levee. On the Mississippi the distance from the toé of the 
levee to the edge of a borrow pit on the land side must be at least roo ft. 
When the levee has been carried. to the proper height and the crown and side slopes 
have been drest to planes, tufts of Bermuda grass 2 to 4 inches square are planted at 


intervals of about 2 ft, which soon spread over the entire embankment and effectually 


protect it from the wash of the rain and to a considerable extent from the wash of 
waves and the current. Weeds and bushes should not be permitted to. grow on levees, 
Since weeds die atid blow over, thereby loosening the soil, and bushes by shading the 
ground , kill the grass and their roots loosen the earth. The injurious effect of wave 
action is greatly increased by. the presence of weeds and bushes, as their roots break the 
surface and cause erosion to begin. Large trees should not be permitted to grow near 
the levee, as their roots will penetrate the base of the Jevée and give an opportunity for 
seepage; and when the tree is cut or dies its roots will decay and leave large — 
which may cause a crevasse. 

Levees are usually built in the East with drag-scoop or wheel scrapers and ~ 
on the Pacific slope with buck or Fresno scrapers, altho in both localities 
elevating graders and dump wagons are used for the larger levees. Ele- 
vating graders discharging directly upon the embankment have been employed’ 
for small levees and for portions of large ones, but are rot usually satisfactory 
since with them the borrow pits are too closé to the base of the levee. A 
steam shovel on a barge has been tried, but is satisfactory only for small 
levees, since either the boom must be unmanageably long or the borrow pit 
must be too near the levee. Besides, the floating steam shovel takes up such 
large quantities of Water with the earth that the material will not stand at 
the desired slope, and consequently it is usually necessary to go over the work 
a second time} and the same difficulty frequently occurs with a stedm shovel 
on a track, and it is practically impossible to go over the work a second time 
with this machine. A steam shovel on a track along the berm gives fairly. - 


good results when the ground will support the track. Hydraulic ahd also 
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elevator dredges have been tried, but usually without success. The drag-line 
bucket has recently been used with great success in building levees. It niay 
be operated from a boom or a cableway (see p. 658). : 


Drains are sometimes constructed thru levees to carry away storm water during a 
low stage of the stream, but such openings are always a menace to the stability of the 
levee. If used at all, they should have substantial and adequate walls of concrete at 
both ends and the bartél Should bé or ion or vitefied pipe so laid that the joihts will not 
leak. The lower end should be provided With a substantial automatic gate, usually a 
flap valve, for closing at the time of high water in the stream; and the’inner end should be 
provided with a sliding gate to be moved by hand, for use in case the outer valve fails to 
work at the time of high water. 

Roads along or across the top of levees are objectionable since ruts and chuck holes 
cause low places, and the edges of the crown are cut off by the wheels. If the crown is 
to be used as a roadway the lévée should be given an additional width, and should be 
carefully and frequently inspected. Further, water collects in ruts and flowing down the 
slope does considerable damage. 

For a Bibliography of Levees see Report of the Flood Commission of Pittsburg, Penn-" 
sylvania, I911, p. 403-05; and for references to later oe see indexes to current 
engineering literature. 
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Classification. Dredges. may be classified according to the method of 
handling the material, as: (1) dipper dredges, (2) elevator or ladder dredges, 
(3) hydraulic or suction dredges, (4) the grapple or grab-bucket dredges, and . 
(5) scraper or drag-line bucket dredges. Dredges may be classified according 
to the way in which they are moved forward while working, as (1) floating 
dredges, (2) traction dredges, (3) roller dredges, (4) drag dredges, and (5) 
walking dredges, of which the last four are used chiefly in ditch work. In 
harbor work the dredge usually discharges into a scow moored alongside; 
but sometimes the barge carrying the dredging machinery is provided with 
pockets large enough to hold several hours’ output, and when these are filled 
the dredge steams out to sea and dumps its load. The latter type of dredge 
is called a SEA-GOING or HOPPER DREDGE; and is used only where the water is 
too rough to fasten scows alongside of the dredge. 

A Dipper Dredge is simply, a steam shovel (see Art. 39, page 652) 
mounted upon a scow; and differs from an ordinary steam shovel chiefly in 
having a longer dipper-handle and a longer boom. In extreme cases, for 
ditch and leveé work, the* dipper-handle is 5° ft and the boom 75 ft. The 
dipper ranges in size from 14 to 5 cu yd. It is better adapted to all kinds of 
work than any of the other types, since it can handle any material any other 
type can, and it can éxcavate material too tough for any of the other forms; 
but when large quantities of earth are to be moved and when other condi- 
tions are favorable, some of*the other types are more economical. Dipper 
dredges are much used for harbor and ditch work, 


Usually in dredging the conditions are more favorable for a large output than in dry 
excavation. On the Chicago Sanitary Canal a 2-yd dipper dredge in soft clay averaged 
yoo cui yd, place measurement, per xo-hr shift for 6 months, in comparison with an output 
of about 500 cu yd for dry ‘excavation under nearly stnilar conditions, ahd may be 
considered fairly representative of good work. On thé same work in hard clay the aver- 
age for five 2-yd dipper dredges for five months was 636 cu yd, place measurement, per 
ro-hr shift. 


The Elevator Dredge, also called a ladder dredge and a chain-and-bucket 
dredge, consists of a series of scraper buckets attached to a chain, which 
scoop up the material and deliver it at the top of the ladder, where it is dis- 
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charged into a chute or onto a belt conveyor. The buckets have capacities 
of 3 to 15 cu ft, are spaced from 3 to 6 ft apart, and travel at a speed of 40 to 
60 ft per minute. The first machine of this type was made in France in 
1859 for use on the Suez Cana]. This type is more common in Europe than 
in the United States; but is rapidly gaining favor here. For certain kinds 
of work where the material i is free from roots and stones this machine is rapid 
and economical of power. It can work in deeper water than the dipper 
dredge, and is more economical than the grapple or drag-line excavator; but 
is more complicated and more likely to get out of repair. The elevator principle 
is used chiefly in marine dredges, but has been employed in dry work, particu- 
larly for trenches, and also in gold dredging (Eng. News, 1913, vol. 95, p. 1079). 


Suction Dredge. The essential feature of the suction or hydraulic dredge 
is a centrifugal pump which draws water and suspended earth thru a suction 
pipe and discharges them thru a line of pipe floated on buoys or pontoons. 
With light alluvium or fine sand, a reasonable amount of solid material is drawn 
up with the water, if the lower end of the suction pipe is nearly in contact 
with the soil; but in any other soil some form of agitator must be employed 
to loosen and stir up the material to be excavated. With medium soils the 
material can be stirred up sufficiently with one or more water jets; but in ~ 
tough material a mechanical agitator, usually in the form of a hollow rotary 
cutter, is required. The agitator and the suction pipe are swung from side 
to side, and the whole dredge is moved forward for each sweep of the suction 
pipe. Sometimes the whole boat is swung from side to side by means of lines 

‘anchored at the sides. Under favorable conditions the proportion of earth 
to water may be 40 %, but ro to 15 % is the usual and more economical- 
proportion. The discharge pipe is often one thousand feet long, and some- 
times five or six thousand. 

The suction dredge seems to have been developed in San Francisco, Cal., about 1880 
to 1885; but has since been widely used elsewhere. It is the most economical machine 
for excavating material that is easily displaced and conveying it considerable distances. 
It is well adapted to filling tidal flats and low lands that are surrounded by an embank- 
ment. Apparently the largest dredges of this class are those used by the U. S. Mississippi 
Commission in removing bars from the river. In some of the larger of these boats the 
runner of the centrifugal pump is 6 to 7 ft in diameter, the discharge pipe is 30 to 34 
inches in diameter, the velocity of discharge is ro to 14 ft per second, and the capacity is 
1000 to 2000 cu yd per hour thru rooo ft of pipe at a cost of 1 cent per cu yd. For 
details of these dredges see Trans. Am. Soc. C. E., 1898, Vol. 40, p. 215. ~ 

In the Chicago Sanitary Canal two suction dredges having a 6-ft centrifugal pump 
driven by a 250-hp engine excavated 1 500 000 cu yd of soft black loam and discharged 
it thru an 18-in pipe, the average per ro-hr shift being 1732 cu yd and the maximum 
446 cu yd per hr (Engineering News, vol. 32 (1894), p. 190). In Oakland, California, 
Harbor a hydraulic dredge averaged 30 000 cu yd per month for eight months, the deliv- 
ery pipe being 1100 ft long with a lift of 20 ft, at a cost of ro cts per cuyd. (Trans. 
Amer. Soc. C. E., vol. 13 (1884).) 

Specially Reuesed suction dredges were used on the new Barge Canal of New York 
State; for description and costs of operation, see Eng. News, 1913, vol. 69, p. 710. 


A Grapple or Grab-Bucket Dredge consists of a self-filling bucket sus- 
pended from a swinging or rotary boom; and is often called a CLAM-SHELL 
DREDGE from the former form of the two halves of the bucket. At present 
there are only two forms-of bucket in use, theorange-peel and the grab-bucket. 
The former consists of three or more curved triangular spades which when closed 
form a hemisphere; and the latter consists of two quadrants of a cylinder 
which when closed form half of a short cylinder. These buckets are suspended 
by two chains or wire cables, one to close the bucket in loading it and one 
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to open it in discharging. Both forms of buckets are made of rated. capac- 
ities varying from 44 to ro cu yd loose measurement. The great advantage 
of the grapple dredge over the dipper form is the greater length of boom per- 
missible. A grapple dredge has done excellent work with a boom 120 ft 
Jong.’ A long boom is sometimes of great advantage in ditch or levee work. 
The orange-peel bucket fills itself only in comparatively soft ground; and 
consequently the grab-bucket must be employed in hard or tough ground, 
for which work it is sometimes provided with teeth on the cutting edge and 
with extra power for closing. This form of dredge is peculiarly adapted to 
very deep dredging or to work in confined places like the inside of a coffer- 
dam or even a pier cylinder. The grapple excavator is sometimes economical 
in excavating trenches; and can be used to load wagons or cars in dry excava- 
tion, and is particularly advantageous in cellar excavation, since the wagons 
can remain on the natural surface. In good material it can deliver a bucket 
load every minute. A 10-yd r5-ton 2-part bucket working in water 65 ft deep 
with ro men and 5 tons of coal averaged 4000 cu yd in 1o hours, and in an- 
other case 2300 cu yd in 10 hours (Engineering News, 1899, vol. xli, p. 66). 


A Drag-Line Bucket Dredge is a form in which material is handled with a 
scoop roughly resembling’ the ordinary drag-scoop scraper suspended from a 
swinging boom, the scoop being drawn toward the machine by a line attached 
to the front and a second line at the rear holding it at the proper angle to slice 
the earth away as it is moved forward. When the scoop is filled, it is lifted to 
the point of the boom, both lines being kept taut, and is then swung around; 
when on slacking the drag or hauling line, the scoop dumps Automatically: 
The bucket or scoop is lighter than an orange-peel or grab bucket of equal 
size, and hence the whole machine may be lighter. It will excavate either soft 
or hard material. There are several slightly different ‘forms of bucket on the 
market. An important advantage of the drag-line excavator is the wide reach 
possible by the use of a long boom. The drag-line excavator is at present the 
favorite machine for widening and deepening river channels, and for building 
levees and earth dams. 


The engineers of the Miami Conservancy District, Dayton, Ohio, under the 
_ direction of Arthur E. Morgan, Chief Engineer, made an elaborate investigation 
of different earth-excavating machines, and adopted the drag-line excavator 
for that mammoth work} and have already (1919) had. extensive experience in 
the use of this machine in excavating channels, and in building levees and earth 
dams. The District has nineteen drag-line excavators at work, ranging from a 
40-ft boom and a 114-yd bucket to a 160-ft boom and a s-yd bucket. The fol- 
lowing are the advantages, as stated by C. A. Bock, Division Engineer, which 
lead to the adoption of the drag-line excavator on this work almost to ihe 
exclusion of other devices. 


Advantages. 1. The shape of the bucket and the method of loading make 
it possible to excavate boulders and also to pull stumps and large roots. The 
capacity of the buckets in use range from % to 5 cu yd. Clam-shell and orange- 
pzel buckets may be used. 2. The drag-line has greater reach than steam 
shovels or any type of dredge. The horizontal radius for excavating or dumping 
may be 20 to 30 ft beyond the end of the boom; and the vertical reach may be as 
low as 50 ft below the machine bed and as high as 3o ft above. 3. While the 
drag-line ordinarily digs toward itself, with comparatively simple rigging it 
may be arranged to dig away fromitself. 4. Although primarily a land machine, 
it is capable of digging under water from a bank or an island or from a barge or 

Scow; and in these respects it surpasses the dipper dredge, and under certain 
“conditions also the suction dredge. 5. It is efficient in loading cars, in some cases 
gocen Surpassing the steam shovel. 6. The drag-line excavator may often be 
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used to advantage as a movable revolving derrick for lifting track and equip-. 
ment in conjunction with its own operation, which frees it from many inter- 
ruptions to which other types are subject. 7, The lighter drag-line machines 
may be mounted on caterpillar traction, or may be provided with walking devices, 
which gives greater speed and more freedom of movement than any other type 
of excavating machine. 8. The heavier types are usually mounted on skids and 
rollers or on wheels and track, in which case they have greater range of action 
and require less track shifting than steam shovels or other types of dredges 
g. The drag-line picks up, moves ahead, and relays, its own track. 


Disadvantages. The disadvantages of the drag-line excavator are: 1/ In 
narrow cuts there is not sufficient dragging distance to properly fill the bucket; 
and hence under this condition the drag-line is not as efficient as the steam- 
shovel or the dipper dredge. 2. The drag-line ordinarily leaves the bottom of 
cuts and borrow pits quite rough, although a skillful operator can secure fairly 
satisfactory results. 

Performance. The following data are furnished by C. A. Bock, Division 
Engineer of the Miami Conversancy District; and are from reports of actual 
operations, and are representative of the work being accomplished by the 
District. 


On one job of river improvement (Engineering News-Record, Vol. 81 (1918), 
p. 814) in 503 ten-hour shifts under unfavorable conditions and in shallow dig- 
ging, two electric-driven machines mounted on trucks and track and having 
125-ft and 135-ft booms and 34-yd buckets excavated 360 500 cu yd of gravel 
and clay from the river channel in 4300 working hours, an average of 84 cu yd 
per hour, Of the total time, 730 hours or 14.2% were consumed in major 
repairs and outside delays. Most of this work was done with an average power 
consumption of 1.00 kwh per cu yd, and the lowest average for any one month 
was 0.75 kwh. Machines of this type on straight digging will average 4o 
swings per hour, and will run as high as 60 or 65 under favorable conditions and 
a swing of not more than 110°. It was found that these machines would climb 
and work on a 5% grade, and that the bucket could be thrown to excavate 25 ft 
and to dump 3o ft beyond the end of the boom. They will travel on a curve 
with a minimum radius of 135 ft, measured from the center of the machine. 

On a more favorable job of river improvement a similar machine, mounted 
on skids and rollers and having a 100-ft boom and a 34-yd bucket, averaged 
1400 cu yd per ten-hour shift for twenty-three days of two shifts each, at a 
power consumption of 0.52 kwh per cubic yard. 


The following is the record of a contract job consisting of 38 609 cu yd of ineee 
embankment. The work consisted for the most part of raising an old levee 4 to 5 
ft, and required the placing of an average of about 530 cu yd per roo ft of levee. 
The earth was dug from a shallow borrow pit separated from the toe of the levee 
slope by a 30-ft berm, and about-15 ft below the top of the levee. The machine 
was a walking-type steam drag-line excavator with a 7o-ft boomand a 24%-yd 
bucket. This machine had been in service for seven years on other work. 
The material handled was loam and gravel, the greater part of it being dry. 
Four men worked 34 days on the erection of the machine. Two hundred and 
four days elapsed between the start and finish of the actual digging. In this time 
there were 26 Sundays and holidays on which there was no work, 12 days were 
used in crossing a railroad embankment and passing under a bridge, and for 41 
days the machine was idle due to lack of coal. On 125 days there was actual 
digging, and on 33 of these days two shifts worked. This made a total of 1580 
working hours, rr 59 hours on 73% of which were consumed in actual running» 
time. The remaining 421 hours were consumed i in delays due to repairs, walling : 
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for coal delivery, and bad weather. The average digging was 372 cu yd per shift. 
The greatest amount in any one shift was 1150 cu yd. The coal consumed was 
400 tons, or 12.5 lb per cu yd excavated. The- usual crew consisted of ah 
operator, fireman, pump-man, two laborers, and a team for hauling coal and 
supplies. The machine could travel up a maximum grade of 7%, and could 
excavate, revolve, and place material on this grade. 


On dams the drag-line excavators have been used in excavating the conduit 
trenches, building coffer-dams, digging. gravel for the screening plant,. and 
placing permanent fill in the dams. The material was wet and dry loam, gravel, 
clay, and blasted stratified limestone. Due to the irregular nature of this work 
and the numerous interruptions, only a few performance records have been 
obtained. In two winter months one steam machine with a 75-ft boom and a 
144-yd bucket handled 33 400 cu yd of gravel and loam in a total of 891 working 
hours, 12% of the time being used in major repairs and delays. One hundred 
and seventeen tons of coal were consumed. * . 


During the same time an electric machine with a roo-ft boom and a 414-yd 
bucket, loading 12-yd dump cars, handled 27 330 cu yd of blasted rock and 


gravel in 1005 working hours, with 25% of the time out for delays and major ~ 


repairs. Another electric machine with a 100-ft boom and a 2}4-yd bucket 
handled 28 500 yd during July, 1918, with a power consumption of 0.85 kwh 
per cubic yard. 


The usual crew on the machines consists of one operator, one oiler or fireman, 
and three laborers placing the track and spreading the material dumped. Since 
the output of the excavator depends largely upon the skill and care with which it 
is handled, the operator is paid a high rate, varying from $175 to $220 per month 


& 43. Ditching Machinery 


It has been estimated that there are still in this country something like 
100 000 000 acres, or Over 150090 square miles, of swamps and wet lands. 
This area is about two and a half times as large as all the New England States. 
A considerable part of the redemption of this vast tract will consist of building 
levees and dredging main drainage channels. The building of levees and the 
construction and operation of dredges have been described in Arts..42 and as 
and the principles of drainage are discussed in Section 17, pages to 
Tt is proposed to briefly consider here some of the machines employed in wal 
structing medium-sized drainage and irrigation ditches. 


The dipper dredge (see Art. 42) is ah important machine in the drainage 
of swamp or overflowed land. .There are four forms of this machine specially 
adapted to ditch work, viz.:. the floating type; the land type, the walking 

~ dredge, and the drag boat. : 

The floating type is a steam shovel mounted upon a wooden or steel htill. It may 

' work either up or down stream; but the latter is much the more common, since then 
dams are not necessary behind the dredge to retain water in which to float it. The 

capacity of the dipper varies from 0.5 to 5 cu yd. The maximum size of ditch that 
can be dug economically with this type is about 4o ft wide on the bottom and ro ft deep; 
and the minimum about 10 ft wide and 5 ft deep. The cost of dipper-dredge work in 
1913 varied from 5 to 10 cents per cu yd, depending chiefly upon the cross-section of 
the ditch and the size of the job. 

The land type of dipper dredge consists ofa boom, a pee and the necessary machinery 
mounted upon a frame which straddles the ditch and runs upon wheels resting directly 

on the banks or upon a track. Some machines have caterpillar traction. The capacity 
of the dipper varies from 44 to 14 cu yd, and the span from 15 to 50 ft. The land type 
can be dismantled and moved more easily than the floating form; but in stumpy ground 
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it is not as good as the latter, since it lacks power to up-root large stumps. The land 
type is objectionable unless the banks of the ditch are firm. With soft banks the cater- 
pillar traction is better than either broad wheels or a track. The chief advantage of the 
land dredge is that all of the excavation is in sight, and hence a better ditch can be dug 
than when the excavation is done under water as with the floating type. The cost of 
excavation with the land type of dipper dredge in 1912-14 was 8 to 20 cents per cu yd, 
the greater cost in comparison with the floating dredge being due to the smaller cross- 
section of the ditches and also to the smaller jobs. 


The walking dredge straddles the ditch. Its distinguishing characteristic is abe each 
corner of the frame rests upon a built-up foot whose horizontal cross-section is about 
6X8 ft, and in the middle of each side of the frame is a similar foot about 6X12 ft. When 
the machine is to be moved forward, it raises itself and also the four corner feet until it 
is entirely supported on the two center feet; and then the machine slides itself about 
6 ft forward on the middle support. The corner feet are then lowered, and the weight 
of the form thrown upon them; and next the center supports. are Wise! and brought 
forward ready for another move. The chief advantage of the walking device is that it 
enables the whole machine to move itself across country without dismantling, thus saving 
much time and also the cost of dismantling and rebuilding. 


The drag-boat ditching machine is mounted ona hull whose transverse cross-section 
is somewhat like that of the ditch to be dug. The whole machine is moved forward 
by winding up a cable anchored ahead. This type has booms from 25 to 30 ft long, 
and dippers of 14 to 34 cu yd capacity; and will excavate a ditch having a bottom width 
of 4 to 6 ft. It cannot be used if the banks of the ditch will not stand without vies 
since that may wedge the hull fast. 


- The drag-line excavator (see Art. 42) is in many ways the most developed type of ma-= 
chine for ditch work. It may follow the center line of the ditch, backing away from the 
completed. work, or it may travel on one side of the ditch. The first method is usual 
for small ditches, and the second for large ditches; and sometimes for large ditches the 
machine travels down one side and back on the other, excavating half of the channel 
each trip. Drag-line excavators have been made with booms 4o to 150 ft long and 

* buckets holding from 1 to 5 cu yd; but the longer booms and larger buckets are not 
very common. The comparatively wide. reach of the drag-line excavator fits it for 
excavating channels wider than can be dug economically with the floating dipper-dredge, 
but the cost of ditch work with a drag-line excavator is usually more than with a dipper 
dredge. The drag lime can cut the side slopes of the ditch more accurately and more 
economically than the dipper dredge and also can leave a wider ae both of which 
are important advantages. 


When arranged specially for ditch work, the drag-line excavator may be mounted 
upon traction wheels, or on skids and rollers, or on car wheels on a track; or it may be 
mounted as a walking machine like the walking dipper-dredge previously described. 
It may also be mounted on a tractor, and is then specially adapted to ditches of small 
cross-section. 


A form of drag-line Berapent is called the templet excavator. It has two buckets, back 
to back, working’ on a frame transverse to the ditch in such a manner that one bucket 
shaves off a thin slice down one slope and across the bottom and up the other slope, 
and then dumps. One scraper does the excavating one way and the other in the opposite 
direction. The frame carrying the buckets is lowered automatically as the ditch increases” 
in depth, so that the slopes and the bottom are cut accurately to specifications. When 
the desired depth is reached, the frame is raised and the machine moved forward or 
backward, as the case may be, for a new cut. 


t 
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DATA FOR MASONRY DESIGN 
' 1. Working Unit Stresses 


Maximum Safe Unit Stresses for masonry design are given in the follow- 


ing tables. The values are based upon good material and workmanship in 


accordance with the best practice. It is assumed that the masonry is to be . 


properly bonded and the mortar ingredients suitably tested, also that the 
foundation is properly designed to carry’ all’ the forces which the masonry trans- 
mits to it. The masonry is assumed to be laid in mortar of 1 part cement to 
2 parts sand, or 1 part lime paste to 214 or 3 parts of sand. The unit stresses 
given are for masonry which is at least 3 months old if laid in warm weather 
and 6 months old if laid when the temperature is below or near freezing. 


For large structures, such as dams over 7o ft high and arches over rs50 ft span, or in a 
series of arches where the amount of masonry is great and where each unit of masonry is 
dependent for its stability upon each and every other unit, it is advisable to use lower 
working unit stresses than those in the tables. For such cases it is recommended that 
75 per cent of the tabulated values be employed. | 
"Jf, for special reasons, it is desirable to consider masonry laid in warm weather one 
month old, or that laid when the temperature is below or near freezing, two months eld, 
it is best to use 60 per cent of the values given in the tables. re 


Ashlar Masonry. The following are safe working compressive stresses, 


recommended to be used in the design of structures of ashlar masonry laid in 
1:2 portland cement mortar with joints not exceeding }4 in. in width. 


Pounds per | Short tons 


Kind of ashlar square inch | per square 
foot 
Granite, Syenite, Gneiss..... 700 50.4 
Limestone, hard... ......... 650 46.8 
Limestone, medium; Marble. 600 43.2 


Limestone, soft; Sandstone, . 500 36.0 


For ashlar laid with 1: 2 portland cement mortar, and having joints greater than 14 in 
and less than 1 in, it is best to use 450 lb per sq in (32.4 tons per sq ft) for all kinds of 
sound building stone. 

For ashlar laid in lime mortar with joints not exceeding 44 inch, it is best to use 225 Ib 
per sq in (16.2 tons per sq ft) for all kinds of sound building stone. 

For ashlar laid in lime mortar with joints greater than 14 in and less than ¥ in, it is best 
to use 150 Ib per sq itt (r0.8 tons per sq ft) for all kinds of sound building stone, > 


For Brick Masonry in portland cement mortar, with joints not extéedibe 36 
in, the following working unit stresses are recommended: for hard best quality 
brick 350 lb. per.sq. in (25.2 tons per sq ft), for hard to medium brick 300 Ib 
per sq in (21.6 tons per sq ft). x 

For brick masonry in lime mortar use 40 percent of these values. If the bricks haye © 
been tested and show a uniform ultimate compressive strength of at least 7000 Ib per sq in, 
and they. are laid with great care in portland cement mortar, the safe working com- 
pressive strength may be taken at 4oo lb per sq in (28.8 tons per sq ft). Masonry of 
soft brick should not be used except for abnormally light loads, its safe working com- 
pressive strength being taken at 4o lb per sq in.(2.9 tons per sq. ft). 


For Rubble Masonry laid in portland cement mortar, the following: working 
compressive unit stresses are recommended: 
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Short tons 
< Pounds per 
Kind of rubble square inch | Pet Square 
r foot 
Flat or scabbled stones.;........ 250 18.0 
Trregular stones, not.scabbled.... 200 14.4 
Very irregular stones (field stones) 100 7.2 


For rubble masonry in lime mortar about 40 percent of the preceding valies should be 
used as working unit stresses. 


For Plain Concrete Masonry made with portland cement the following 
safe working compressive stresses in lb per sq in are.recommended: 450 for 
1:2:4 concrete, 350 for 1:3:6, and 250 for 1:4:8. For plain concrete made with 
natural cement it is best to use only 25 per cent of these values. 

The above unit stresses apply to-compression from dead loads, and do not apply to 
masonry where only a small portion of the area is under direct compression as under the 
footings of steel columns. (See Art. 7, Fig. 17a.) For shocks lower values should be 
used. Under bed plates of steel bridges use 50 per cent of above values. 

The Working Shearing Unit Stress for all stone masonry should be taken 
as one-quarter of the working compressive unit stresses above given, . For con- 
crete masonry experiments have shown that it may be taken as six-tenths of the 
compressive unit stress provided diagonal tension does not accompany the 
sheat or is properly provided for by steel reinforcement. 


For Stone Slabs or single blocks of stone, the following working unit stresses 
are recommended, all being in pounds per square inch: 


- Kinds of stone Compression | Tension* Shear 


Granite, Syenite, Gneiss......|.. das Sea eee 


‘| Sandstone 
Blue stone-flagging. 


* Values in this column apply to both direct and flexural tension. 


_ If the shearing stress occurs without diagonal tension, the working shearing unit stress 
may be taken at 4/ro of the working compressive unit stress, but with detached blocks 
and slabs of stone shear is almost always accompanied by diagonal tension. 

' Tension, whether direct or flexural, should not occur in stone masonry, and 
working tensile unit stress should be taken as zero in the computations of design- 
ing. In the analysis of existing structures, where the mortar is found to be 
strong and adhesive, a tensile unit stress of 15 lb per sq in may be allowed 
for masonry laid in portland cement mortar, 10 Jb per sq in for that in natural 
cement mortar and 5 lb per sq in for that in lime mortar, 


a \ 
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The resistance of masonry joints against tension is often wholly or partially destroyec 
by erection stresses, by shrinkage of the mortar in setting, and by expansion and contrac 
tion of the mass under changes of temperature. The mortar in the vertical joints, as < 
rule, wholly loses its adhesion from these causes. The mortar of the bed joints, however 
sets under pressure and hence is more or less available to transmit tension. Since thi 
shrinkage of mortar is less below ground, due to ground moisture and a uniform tem 
perature, and since expansion and contraction are also less, masonry below ground i 
stronger in tension than that in air. 

When it is necessary to build masonry to take tension, either direct or flexural, specia 
care should be given tothe bond. In the design of concrete footings a tensile unit stres 
not to exceed’8 per cent of the safe compressive unit stresses may be allowed. 


Masonry Pressures at the Top of the Foundation (From Corthell) 


Name and location Short tons Lb. per 


per sq ft sqin 
American Surety Building, New York....... 7.25 ror 
Atlantic Mutual Insurance Bldg., New York. 15.00 210 
Cincinnati & Covington Ry: Bridge......... 6.50 gr 
Croton Dam, New York............-..-0+- 15.00 210 
Manhattan Life Insurance Bldg., New York... 10.80 150 
Missouri River Bridge, Omaha............. 14.40 200 
Mutual Life Insurance Bldg., New York. 36.00 500 
St. Charles Bridge, St. Charles, Mo. 19.00 266 
South Street Bridge, Philadelphia........... 15.70 218 
Washington Monument, Washington, D.C... 9.00 126 
Williamsburg Bridge, New York............ 5.00 70 


Allowed Working Compressive Stresses in Short Tons per Square Foot for 
Masonry According to Building Laws 


New me me Wash- |Bos- o Cleveland | Louis-| Balti- 
Rene or maton York, piva ington, | ton, nati) 16 ville, | more, 
1917 | ror6 | 1929 |1929] ror, 1913 | 1908 

Granite ashlar...... 4s. hess *72-173| 60 Q-12-15-20]...... 72-173 
Gneiss ashlar....... BS, Meath 94 Res G—22—15- 20]... oe fs.es wn 
Limestone ashlar....] 43 |-..--- *50-166| 40 t{ |9-x2-15-20]...... 4a 
Marble ashlar....... aS alae cae *43-86 | 4o Q=12=15-20] « «. as lletaie 
Sandstone ashlar....} 21.5 |...--- *29-115| 30 9-12-15-20]......].. HE 
Rubble masonry in 

portland cement...| 10 ro 10 Sfaratal| ps2 TO=ET . {lijsmsiie 9 
Rubble masonry in 

natural cement... . Siaitle revcovdte 8 nan 9 7-9 12 7.2 
Rubble masonry in 

lime and cement... 7 8 7 er aecate canst 5-7 nis ap 
Rubble masonry in ' ‘ 

limé.. Ragas Pe eas ata 5 goer lewis 6 4-6 Aleaeeue 4 
Brickwork in port- P 

land cement. ..... 18 15 18 #2 Max! 14-25 18 18 
Brickwork in natural 

COMED... oj- 0), <4 ll Beas 15 15 12 13-18 12 15 
Brickwork in lime 

and cement....... TLy5 | 02 MLR ah 22 | eraree ee Ir + olgieaie] WR 
Brickworkinlime....] 8 8 8 8 & 7 8 8 
Concrete, portland 

cement 1:2:4...| 36 15 29 by tha af AS 29 ae wei Bi 
Concrete, natural ‘ 

cement 1: 2:4,..-1 15 |-.<-+. 9 teen ates Lass Leela 9 


* According to test. + According to mortar. 


| 
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2. Unit Weights and Other Constants 3 


Unit Weights of Masonry are slightly less than those of the materials of 
lich it is composed. Average values are given in the following table; the 
ird column also gives the approximate moduli of elasticity and the fourth 
e coefficients of expansion for one degree Fahrenheit. 


Physical Properties of Masonry 


Weight. Modulus E. | Coefficient ¢ 


Kind of masonry Lb per cu ft | Lb per sq in | of expansion 


\shlar: granite, syenite, gneiss.......... 165 4 000 000 0.000 0035 
limestone, marble 160 4 000 000 0.000 0035 
MANGSONC so. 6 (<=. = ale we oe ein 140 4 000 000 0.000 0035 

Mortar rubble: granite, syenite, gneiss. at Iss 2 000 000 0.000 0035 
Limestone. - ae 150 2 000 000 0.000 0035 
MaAMGsONE 5 >. .5..5--.--~-. aie 130 2 000 000 0.000 0035 

Dry rubble: granite, syenite, gneiss ...-... 130 
Limestone awk 125 
Sandstone $2 110 

Brick: prest, thin joints soes 140 
common, 3%-in joints... roe 4 120 2 000 000 0.000 0030 
soft, $g-in joints ...... eee FOO" piri Sora eter tatata’s nite ate eter neem 

Concrete: Broken Stone, 1: 2: 4.-. 4 145 2 §00 000 0.000 0060 

_ broken stone, 1:3:6.. Bes 145 2 000 000 0.000 0060 
Gir U0 22 ee a ae 110 % 
Cyclopean: masonry with maximum vol- 
Wo AEs cS ee a I55 


Slabs or detached block stone have values of E much higher than those in the table. 
yproximate values are 7 000 ooo for granite, syenite and gneiss, and the harder lime- 
mes, 8 000 000 for hard marble, 5 500 000 for soft limestone, 2 800 ooo for sandstone. 
efficients of expansion are 0.000 oo4o for the granitic rocks, 0.000 0037 for limestone 
d 0,000 0050 for sandstone. 

Values in the last two columns are used in investigating the temperature stresses which 
Ly come upon masonry arches (Art. 24) and for computing their deformations. 
Weights of other Materials which may bring pressure upon masonry walls 
id arches are as follows, in pounds per cubic foot. 


Weights of Miscellaneous Materials. 


band dry cleamv-....-..-ccs50 go || Cinders, bituminous, dry compact 
Sand, wet....-- A .--| 115 || Ashes, anthracite dry compact... -. 
Gravel, clean... roo || Paving in place: 

Broken Stone. 95 Asphalt top and binder........- 


Clay, dry, compact too || Asphalt block 


DBO. obs. bonis o'c ae aed < 100 Granite block 
Sand, Grayel, and Clay, mixed : 

dry, compact 100 

wet ........-. = A rms 
Eire Siac ia) oo i's o's) > oie tro || Water, fresh... 
Rock, rotten, soft compact.-...-. r10 || Water, salt. . 


Rock, hard, loose.........-.-.. 109 


The weight of snow to be used in designing is generally assigned by specification, as is 
30 the lateral wind pressure, the latter being usually 39 lb per sq ft of vertical surface. 

The Slope of Repose of a bank of loose earth, in its natural state, is a factor 
hich governs the lateral pressure which the earth may bring to exert against 
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aretaining wall. In the following table the slope i is the ratio of horizontal to 
vertical projection. It will be noted that the weight per cubic foot of filling 
mateérial generally varies between narrow limits when the sloné of repose 
' yaries between wide limits. 


Slopes of Repose and Weights for Loose Earth 


Weight 
Kind of earth Slope of | Angle of Lb 
repose . repose cat 


Sand, clean 1.5 to ¢ go 
Sand and clay . -|| ¥.33°to 100 
1.33 to 100 
Clay, damp, plastic. 2 to too 
Gravel, clean 1.33 to r00 
Gravel and clay........... 1.33 to I00 
Gravel, sand and clay 1.33 to 100 
= 1.33 to 
Soft rotten rock......---.--- 1.33 to 3 io 

Hard rotten rock to 100 

Bituminous cinders. = to Wie 
Anthracite ashes... ... < to i 30 


The Angle of Repose given in the third column of this table is the angle ¢ which the 
sloping face of a bank of loose earth makes with the horizontal (Fig. 1), The cotangent 
of this angle is the slope ratio given in the second column; thus, 1.5 is the cotangent of 
33° 41’. In general, if s fs the slope of repose, or the ratio of horizontal to vertical pro= 
jection, and ¢ the angle of Teposey. then s = cot ¢. The term “ natural slope” is some 
times used as synonymous with ‘‘ slope of repose.” The tangent of this angle is the 
coefficient of friction for earth upon earth, orf = tan ¢ (Art. 3). 


In the theory of retaining walls (Art. 4), the coefficient of friction along planes not on 
the surface but within the mass of the backing material is of interest, The angle corie- 
sponding to this coefficient is termed the angle of internal friction, 

It has been found by experiment, that, for non-cohesive materials, the angle of internal 
friction is generally larger than the angle ‘of repose given for loose earth in the above table, 
but, in deter mining the theoretic pressure upon retaining walls, the values of @ given in 
this table are recommended and are on the safe side. Non-cohesive materials, stich aa 
sand, gravel, broken stone, cinders, etc., consist of granular particles and resist Sheating 
forces through friction only. 

In the case of cohesive backing materials, such as clays which possess a degree of 
shearing (cohesive) strength, the angle of internal friction is considerably smaller than the 
angle of repose given in the above table and vaiies f1om o° to 16°. The following table 
(used in Art. 4) was taken from A. L, Bell’s paper (Proc. Inst. Civ. Eng., 1915): 


Cohesive Strength and Angle of Internal Friction in Clays 


Cohesive Angle of 


Description of material strength | internal 
tons per sq ft friction 
¢ oy fs 
Puddle clay, wet..... A datas atin 0; 2-0.45 0-4" 
Stiff clay puddle . . iis 0.62 2° 
Sandy clay, wet... $3 0.6 24° 
Stiff sandy clay... .....-<.0« x 0.5 10° ; 
Moderately firm bouldet clay..... 0.7 614° ‘ 


Very stiff, boulder clay, fairly dry.. 1.6 16° 


Art. 3 Data Regarding Friction 669 


Material Excavated by a wet or a dry process, and dumped into water, as 
at the back of a sea wall, has weights and slopes approximated. as follows: 


Weight 

Kind of material Slope of Angle of Ib per 
repose repose cu ft 
Sand, clean...........- 2 tor 26° 34! 60 
Sand and clay........ 3 tor 18 26 65 
Real 50,60, ane ahs 3% tor 15 57 80 
Gravel, clean...:...... 2 tox 26 34 ~ 60 
Gravel and clay....... 3 .tox 18 26 65 
Gravel, sand andclay..| 3 tor” 18 26 65 
lc, eae 3% tor 15 57 70 
Soft rotten rock........ r ‘tor 45 00 65 
Hard rock, riprap...... 1 tor: 45 00 65 
River mud. :+........: 8 tor © 00 go 


When the Seestal i is excavated by suction dredging and pumped back fh a retaining 
wall which has efficient drains to carry off the water, the weight per cubic foot.may be 
taken at 110 pounds and the slope of repose as 2 to 1 for sand and clay, clay and grayel, 
or clay, gravel, and sand combined. River mud may be taken at 100 Ib per cu ft witha 
slope of 3 to 1. 


3. Data Regarding Friction 


The Law of Friction for one stone-beginning to move on another along 
their plane of contact is F=fN, in which F is the force parallel to the plane, 
N is the normal pressure on the surface of contact, and f is the coefficient of 
friction. ate 2 shows a stone about to moye along a surface inclined to 


of Coefficients and Angles of Friction 


Kind of surface 

4 Granite, Limestone, Marble: 
: Soft dressed upon soft dressed-......- 0.70 35° oof 
. Hard dressed upon hard dressed....-. 0-55 28 50 
Hard dressed upon soft dressed....... 0.65 33 00 

Stone, brick or concrete: 

Masonry upon masonry........-.--.- 0.65 33. 00, 
Masonry upon wood (with the grain)..| 0.60 31 00 
Masonry upon wood (across the grain)| 0.50 26 40 
Masonry upon dry clay......,------- 0.50 26 40 
Masonry wpon wet or moist clay.....-. 0.33 18 20 
Masonry upon sand......-.. Serene jel. 0540 aI. 50 
Masonry upon grayel......-- 0.60 3r 00 
Soft stone upon steel or iron... aI 50 
Hard stone upon steel or iron....-....- : 16 40 


‘The angle of friction is materially lessened by jar, shock, or yibration caused by blasts, 

passage of trains, or motion of attached machinery. Tor such cases it is recommended 

that in fnasonry design the angles of friction be taken as 5° less than those in the table 
that the coefficients of friction be likewise modified by the relation f = tan ¢. 


Tapeh foundations it is best to use the values given for wet clay, unless it is reason- 
mise cer that water cannot reach the bed. 


) \ 
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the horizontal at the angle ¢, the conditions being exactly the same as those 
seen in Fig. 1 for a particle of earth on the face of a sloping bank. In both 
cases F =fN and f = tan d, where ¢ is the angle of repose, which in the 
case of stone surfaces is often called the ‘angle of friction.” When the 
plane of contact is horizontal, as in Fig. 3, motion is about to begin when 
the resultant force R against that plane makes with the normal an angle } 
such that tang@=f. The angle of repose $ and the coefficient of friction t 
depend upon the roughness of the surface of contact. 


W Re iH, 


Ze 


Fig. 1 Fig. 2 . Fig. 3 Fig. 4 


The preceding table assumes that the surfaces of the stones are rougher 
than rubbed work, that is, they are for fine pointed, bush hammered, cran- 
dalled or: sawed ‘surfaces: while the wood surfaces are those of undrest 
yellow pine. For rubbed surfaces of stone the angles of repose are about 

5° less than those given, and for polished sfone about ro° less. 


Moisture usually increases the angle ¢, so that wet wood has a larger sme 
than dry wood. For stone surfaces with fresh wet mortar between them, 
the angle ¢ is about 5° less than that in the table, the value given correspond- 
ing to the consistency generally used. 

Arch Masonry built upon timber centering has usually a greater angle 
of friction than given in the table, due to mortar setting between adjacent 
pieces of lagging; in the case of concrete there is also a mechanical bond with 
the lagging, since when the lagging is removed the imprint of the grain, can 
always be seen upon the concrete surface. . 

When a plane makes with the horizontal an angle 6 less me ¢, the horizontal force 
H (Fig. 4) which is required to slide a body up the plane is H =fN/(cos 8—f sin 8), in 
which N is the pressure normal to the surface. This formula gives also the horizontal 
force required to slide the body down the plane, if the minus sign be changed to plus. 


4, Lateral Pressure of Earth 


A wall backed with earth is subject to a lateral pressure which tends to over- 
turn it as well as to cause it to slide. This pressure is the greater the heavier 


‘ Bie—Kwh BieK (wh-+v)> 
Fig. 5a Fig. 5 


. the earth and the less its angle of repose. Many attempts have been aah 
to determine the direction, magnitude and point of application of the resultant 
lateral pressure by experiment, but the results have been of oe value only. 


t 
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Ingineers, therefore, are limited in design to the use of certain theoretical 
nethods or to the recorded dimensions or previously built walls. All theories 
f earth pressure on retaining walls assume that the backing material is of uniform 
ranular consistency without cohesion and that the angle of internal friction ?y 
Art. 2) is the same at every point of the mass, the pressure intensities, there- 
ore, varying as the depth as shown by the arrows in Fig. 5a. 


Rankine’s theory of earth pressure upon the back of retaining walls has been most com- 
aonly used. It is based on principles of elasticity applied to granulous materials with 
imitations, the pressure being determined by means of the ellipse of stress. Coulomb’s 
heory assumes that the maximum thrust on the wall is exerted by a wedge of the backing 
aaterial, this wedge being bounded on one side by the back of the wall and on the other. 
ide by a plane called the plane of rupture (Fig. 6a) upon which the wedge tends to slide 
yhen the retaining wall fails. Theories involving cohesion are not treated here. » For 
uch theories see Résal’s ‘“‘ Poussée. des Terres.” 


Direction of Earth Pressure. Different authorities make different assump- 
ions as to the direction of the earth pressure acting upon the back of retaining 
yalls. Rankine makes the direction dependent on -the slope of the retained 
yank and on. the inclination of the back of the wall. This’theory leads to the 
ollowing. If the retained bank is level or sloping downward (negative sur- 
harge) and the back of the wall is vertical, the direction of the earth pressure is 
orizontal. df the back is vertical and the bank is sloping upwards (positive 
urcharge) the direction of the pressure is parallel to the slope of the bank. If 
he back of the wall is inclined to the vertical, the direction of the pressure is 
lifferent for different slopes of surcharge and for different inclinations of the 
yall, with the exception of the case of walls leaning toward the bank, the retained 
arth having a downward slope (negative surcharge) which always results accord- 
ng to Rankine’s theory in a horizontal earth pressure. Coulomb’s theory gives 
he direction of the earth pressure upon the back of the wall as arbitrary between 
he horizontal and a downward. pointing line making an angle with the normal 
o the back of the wall, this angle not exceeding the angle of friction of earth 
pon masonry. (Art. 3.) 


Experiments made to determine the direction of earth pressure are comparatively 
ew and show widely divergent results. [ngels’ experiments (1896) show that the 
lirection of the lateral pressure of earth is always horizontal for walls with backs vertical 
r leaning toward the bank, while it is inclined downward in the case of walls with backs 
eaning away fiom the bank. The direction of the resultant earth pressure as deter- 
nined by Engels’ experiments will be used in what follows; it is within the limits given by 
Joulomb and agrees with the direction determined by Rankine’s theory except in the case 
# upward sloping (positively surcharged) banks. Engels’ direction of the resultant, 
where it diders from Rankine, gives the greater overturning effect and since the angles of: 
eposé given in Art. 2 are subject to much variation, it seems reascnable to use, in design, 
ssumptions which err, if they err at all, on the side of safety. When a vertical retaining 
vall begins to fail, it is probable that the pressure is not exactly horizontal, but design 
hould be made for conditions of stability and not for those of failure. It will also be 
ssumed that liveload placed upon the bank does not change the direction of the earth 
ressure, , 


Magnitude and Point of Application. Formulas have been deduced giving 
he magnitude of the resultant earth pressure for all inclinations of the back of 
he wall and slope of the bank. Rankine and Coulomb agree in the formula 
mn page 672 for the magnitude of the lateral pressure of level banks upon walls 
vith vertical backs. Formulas for other conditions are complicated and for 
these, Rebhann’s graphical method, based on Coulomb’s theory, is hereafter 
given and recommended. It gives results practically in accord with Rankine 
ee more simple. In the following a slice of wall of unit length will be con- 
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Wall with Vertical Back, Level Banik. For conditions shown on Fig. 5a, 
let w be the weight of the earth per cubic tinit; @ its angle of repose, and h 
the height of the wall. The magnitude of the restiltant éarth pressure is 


P = Ywh? tan? (45° = p/2) 


For a similar wall, but the bank uniformly loaded with a weight 0 per unit of 
surface (Fig. 5b) 
= (144wh? + vh) tan? (45° — $/2) 


For a backing of clay, denoting the value of the cohesional resistance per cote 
surface by c and the angle of internal friction by @r (Art. 2.) Bell proposes the 
following formula for the resultant lateral pressure. 


P = l4wh" tan? (45 — 4g1) — 2ch tan (45° — 1/2) 


In these formulas P is expressed in the same unit of weight as w and v. 


Intensity and Point of Pressure Application, In the value of P, 4wh? and 
(34wh? +-vh) represent the magnitude equivalent to a hydrostatic pressure result- 
ing from a head / of a fluid weighing w per unit volume and loaded with # if 
any; tan2(45° —¢/2) is the ratio of the true lateral pressure of earth to the hydro- 
static pressure and is a constant for the same material. It is a fraction which 
increases when ¢ decreases; in other words, the flatter the angle of repose the 
greater the thrust. Denoting this ratio by K, the earth pressure P in the case 
of an unloaded bank is 44wh2K which is equal to the area of a triangle of height 
hand base Kwh (Fig. 5a); in the case of a loaded bank P =(44wh?+vh)K which 
is equal to the area of a trapezoid of height 4, the upper side équal Kv and the 
base equal K(wh-+v) (Fig. 5b). Horizontal lines drawn in these diagrams will 
represent the intensity of the earth pressure at any pcint cf the back of the wall. 
The resultant earth pressure will pass through the center of gravity of the inteh- 
sity diagrams, its distance from the base, therefore, beirig 14/4 for the unloaded 
bank and 14h(wh+3v)/(wh+-2v) for the loaded bank: This latter value is 
greater than 14h, but the most excessive load cannot raise it as high as 4h. 


Graphic Determination of Earth Pressure. In.an embankment made of 
granulous material possessing friction but. no cohesion and stpported by a 
retaining wall; the plane of maximum shear (plane of rupture) is located as fol- 
lows: If, in Fig. 6a, AB represents the back of the wall; BC the slope of repose 
and ADC the surface of ‘the bank, then BD is the plane of rupture if area ABD 
is equal the area of triangle BDF, DF being perpendicular to BC. Make 
FG=DPF. The miagnitude of the earth pressure 1s given by the product of the 
area, DFG =14DF? =14a2, and the unit weight of the earth w In the case of 
vertical back and level bank (Fig. 5¢) the plane of rupture bisects the angle 
90°=¢ and this graphic method leads to the same formula as given above Of 
we Yewh? tan? (45° — 6/2). 


~ In the case of a wall with inclined back or supporting a sloping bank or both, the plane 
of rupture and the magnitude of the earth pressure can be obtained by a cut and try method _ 
fiakihg drea ABD = BDF on either side of the plane of ruptute BD, or by the following 
onstruction, In Fig. 6b a wall with the back slightly inclined toward the fill supports 
a bank with a positive surchargé. Draw BC to make angle ¢ with the horizontal, C 
béing the intersection of the slope of repose with the surface of the grouhd. and draw a 
semicircle with diameter BC. Draw AH perpendicular to BC and make BF = BH. 
Then draw DF = cat right angles to BC and make FG = DF. The areas BAD and BDF 
are then equal ahd therefore BD is the plane of rupture. Thea area of triangle DFG =a? 
multiplied by tw Will give the thagnitude of the ee earth pressure acting upon AB. 
* {fia horizontal ditection and at 14h abové the base. P=%4a%w. The intensity diagram 
will be a triangle the base of which is BM = 2P/h. tee solution is perfectly general 
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aiid applies for all slopes of the bank atid inclinations of the back of the walls, In the 
case of a Wall leaning away from the bank, however, the weight W testing upon the back 


Fig. 62 


of the wall (ABL in Fig. 6c) should be regarded as part of the wall atid the earth pressure 
upon the vertical BL determined. Combine P graphically with W to get the pressure P’ 
upon the back of the wall. P’ will be inclined downward. 


- 
-—-— ces leti ce 


Fig. 60 
Tf the surcharge (Fig. 6d) is parallel to the slope of repose of the retained bank, the 


aboye (Fig. 66) construction is not necessary, the distance between the lines AD and BC 
being eqtial to a in P = 14a. ; 


(ae 
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If the bank is loaded with a load of v per unit surface, draw an imaginary slope, parallel 
to the true slope and at distance / = v/w above same (Fig. 7); find Pi for the extended wall 
AB by the construction shown in Fig. 6} and construct the intensity triangle for wall A1B, 
the base of the triangle being 2P1/(h-+m). Then the area of trapezoid AVMB will rep- 
resent the pressure P on wall AB, being applied at the center of gravity of the trapezoid. 

If the surface of the retained bank is broken, as in Fig. 8, locate the plane of rupture BD 


Hy 
Yi) 
YY 

Y 


YY 


B B 2P1{h+hy>| 


: Fig. 6d Fig. 7 
by trial and successive approximation so that area BAMND shall equalarea BDF. Then 
DF =a und P = Y%a?W. In this case the point of application of the resultant earth 
pressure is not at 14h from the base, the intensities not being a linear function of the depth. 
The actual distribution of the pressure on the back of wall 4 B and consequently the dis- 
tance of the resultant pressure from the base-cannot be determined graphically in any 
simple way but for this distance the use of o.4h is recommended. , 


es Xp 


Fig. 8 
Tf thé bank has a plane top surface, but is only partially loaded, apply the same method 
as shown above (Lig. 8) the loading transformed into fill resulting in a broken surface. ~ 
In computations / is taken in feet, w in pounds per cubic foot and 9 in pounds per 
square foot, so that values of P are in pounds for one linear foot of wall. For example, 
let k = 18 ft. w = 100 lb per cu ft, ¢ = 34°. . For an unloaded level bank retained by a 
wall with vertical back (Fig. 5a) P is 4580 lb and its point of application is 6 ft above the 
base. If this bank is loaded (Fig. 7) so that 9 = 120 Ib, per sq ft, then P is sr90 lb and 
its point of application is 6.35 ft above the base. 3 : 
Experiments on Earth Pressure. Many retaining walls which have stood 
for years, if investigated by means of the foregoing theories would be found 
inadequate. This fact shows that the theories furnish excessive values for the 
lateral pressure of earth, due possibly to the neglect of cohesion, which to a 
greater or lesser amount, exists in the backfill, unless granulous. During the 
last 35 years many experiments were made to obtain data upon which more 
accurate theories than those of Rankine and Coulomb might be based. Some 
. ; ‘ Oye 
¥ - 
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of the more important experimenters, divided according to nationalities are: 
American; Steel, Goodrich. English; Baker, Darwin, Bell. French; Leygue, 
Siegler. German; Engels, Muller-Breslau. M. M, L. Leygue’s experiments 
(Annales des Ponts et Chaussées, 1885), made on small models with dry sand 
showed that the amount of cohesion existing in the dry sand is negligible and 
that the surface of rupture is not plane but convex. 

Sir Benjamin Baker’s experiments (Min. Proc. Inst. C. E., Vol. 65) showed that the mag- 
nitude of the lateral pressure is in inverse ratio to the degree of coarseness of the material. 

G. H. Darwin’s experiments (Min. Proc. Inst. C. E., Vol. 12) are interesting chiefly 
because they tend to show that the internal friction is not constant in the retained granu- 
lous mass, but varies considerably with the depth. 

H. Engels’ experiments (1896) were primarily made to determine the influence of friction 
and thrust of earth on the sides of foundations upon the beating value ofsame, The results 
of these experiments applicable to retaining walls are given at the beginning of this article. 

E. P. Goodrich’s experiments are published in Trans. A. S. C. E., Vol. 53. 
All of his experiments, except the one marked “against retaining wall,” were 
carried on in a laboratory. A hollow cylinder 6 in diameter and 5 in deep was 
fitted with a piston upon which the loads were applied by a machine. Near 
the bottom of the cylinder a circular opening 1 in in diameter was fitted with a 
plug: The cylinder was filled with the material to be tested. Loads were 
applied to the piston and the side pressure exerted on the plug measured by 
a scale-beam apparatus. The retaining wall experiment was made on construc- 
tion work. A wooden box ts ft high, 6 ft long and x ft wide was placed against 
the back of a wall, so arranged that the deflection of any point of the back of the 

‘box could be obtained. Then the filling material was dumped back of the wall 
and the deflection of various points of the back of the box measured. From these 
data the lateral pressure exerted by the filling material was computed. In the 
table the ratios’are for various loads between 2500 lb and to 10 000 lb per sq ft. 


Average Ratio of Lateral :to Vertical Earth Pressure as Obtained by Experiment 


agate Vertical pressure in pounds 


ind of material 
s menter 


7500 | 19 000 


Baker 
.| Goodrich 
“| Goodrich 
Goodrich 
= Goodrich 
* Sand 149" to 449" mesh. Goodrich 
*Sand ky to 450 “mesh... - Goodrich 


Goodrich 
Quicksand 145’ to 490” mesh . Goodrich 
* Quicksand 499” up Goodrich 
Goodrich 

Steel 

Baker 

Wilson 
Goodrich 
Goodrich 
.-| Goodrich 

Claynn-.st-5 Us Baker 


* Observations incomplete. ¥ Against retaining wall. 


ments on the lateral and vertical pressure of earth are, as a rule, made with 
és material. The pressures observed in practice are usually those of earth containing 
more or less moisture. ’ 


\ 
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§. Pressures of Water 


Hydrostatic Pressure against a surface immersed in water is wAd, where 
w=weight of a cubic unit of water, A = area of surface, and d= depth of the 
center of gravity of the syrface below the water level. When dimensions 
are in feét, the total pressure in pounds is 62.5 Ad for fresh water and 64 Ad 
for salt water. For an immersed plane the direction of this pressure is always 
normal to the surface. ; 


Fig, 11 


Pressures on a Dam, In Figs. 9 and 10 the water level is at the top of 
the dam, in Fig. 11 it is below and in Fig. 12 it is above the top. The hori- 
zontal pressure H and the height of its point of application above the base are 
given by aaa 


For Figs. 9 and 10 H =}4wh? p=\MYh 
For Fig. 11 H =Yw(h—h)? p=Klh—h) 
3 *  h+3h 
Fig. 1 = h Te ye ee 
For Fig. 12 H =Yewh(h + 2h) p= ah 


Also the normal pressure and its vertical component are 
P=H sec 6 e V=4H tano 


The notation is shown on the figures and P is for unit length of dam. 
The distribution of unit pressures on thé back of dams is exactly that for earth 
illustrated in Figs, 5a and 5b. Thus, at the base the unit pressure for Fig. 9 
and 10 is wh, for Fig. 11 it is w(k —My) and for Fig. 12 it is w(h +h). TP ie 


An Overflow Dam, or spillway dam, is one where the water flows over the 
top, as in Fig. 12. The effect of the water above the top is both to increase the 
pressure P and to raise its point of application. The following are the per- 
centages of increase in P and p oyer those for the case of Fig. 10, due to different 
ratios of hi to h; 4 


Bifbe. lei eee) . 018... 9/19 0120 ” 0,20 1, 9.30.45 9440) GeO 
1X05 90 2h ee ae ee To 20 30 40 60 80 * 100 
For'p..... seen AGS 8.8. IES. 154.3 008.8 aa aeons 


The flow of water over a spillway dam may cause a partial vacuum beneath the falling 
water sheet or nappe if it is nat in contact with the masonry. If the atmospheric pressure 
between the masonry and the falling sheet of water is thus reduced from 14.7 Ib per sq in 

* toa value q over the whole front face, the practical effect is to add a unit pressure r4.7— 
Ib per sq in to the back of the dam and thus to cause an additional normal pressure 144 
(14.7—q) h lb, h being expressed in feet, whose point of application may be as high as Yh. 

The possibility of decrease of atmospheric pressure between the dam and the falling water 
sheet should be kept in mind by a designer, but it is obvious that only a small percent 
of the theoretically possible total pressure need be used in design. (Art. 17.) 5 

For a Dam Backed with Earth, the hydrostatic pressure upon the back 
of the dam may be increased or decreased by the back-filling material depending 
upon whether or not the material is porous or so non-porous that it will not 
permit the transmission of water pressure. A puddled bank of sand, clay and 
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gravel in which the clay fills the voids of the harder materials woiild materially 
reduce the pressure when compacted. Silt and dettitus deposited behind 4 
dam may increase the pressure. Sand, gravel and broken stone (riprap) 
backing increased the pressure due to water alone. For this case, in addition 
to the full hydro-static pressure; the pregsiire of the backfill must be calculated 
by the methods given in Art. 4 using the values of w and ¢ as given in Art 2 
for material excavated by a wet process and dumped into water. 

Water Below the Base exerts an upward pressure upon the base which has 


the effect of diminishing the weight of the masonry, thereby reducing its resist- 
ing Valti¢e against “both overturtiing and sliding. This is one reason why it is 


very important t6 ptevent water from entering below the. base of a dam as far ~ 


as it is ptacticable. To entitély exclude stich water and completely prevent 
uplift is generally difficult, expeisive, requires experience and a thorough 
investigation of thé foundation bed and underlying strata. Where the dam 
rests upon solid unfissured rock the problem is fairly simple but in the average 
case of a dam resting on ordinary rock, hardpan or more pervious material the 
problem is difficult. One must allow for uplift of an intensity dependent upon 
the charactet of the foimdation bed and upon the cost of the special construction 
necessary to prevent or diminish it. The magnitude of this upward pressure 
depends upon the head, the character of the foundation, design and construction 
and no general rile can be given for its intensity and distribution (Art. 15). 
Specifications often call for full upward pressure acting at the heel B (Fig. 10) 
ind diiminishing to zero at the toe A. This is the extreme Case if there is ho 
apron as in Fig. 10. For this case the unit upward pressure at the heel is wh, 
the total uplift 14whb, where 6 is the base width, aiid the force is applied at 4 
distance 4b from the heel B. If there is an apron, the unit upward pressure at 
the toe is greater than zero as in Fig. 44. ‘When uplift is considered as acting 
upon the base, no dimifiution of the weight of the masonry is to be made in 
the Computations. 


6. Internal Stresses in Walls and Dams 


The external forces which act on a masonry structure are its weight and the 
loads that it carries, the lateral pressures of earth, water and wind, if sach 
exist and the reactions of the foundation. The deformation caused by these 
external forces induces internal stresses of compression, shear and sometimes 
tension within the struéture. For ‘the purpose of determining the internal 
stresses, the wall will be éonsidered as having a uniform ctoss-section, uniformly 
acted upon at every unit of-its length by the same vertical or vertical and 
lateral (horizontal or inclined) forces so that to determiné thé actual stréss in 
the wally any unit of its le may be considered. It will be assumed ih com- 
puting stresses, that the masonry of the wall is homogeneous and obeys (within 
tlie ‘imits of working stresses) Hooke’s law for elastic solids, that is, stréss is 
p-oportional to strain. A hofizontal joint of a wall, AB in Figs 13 to 16, wil 
be investigated: It forms a parallelogram of Width AB=d, length unity and 
ea b. 

' Vertical Loads, Normal Stresses on Horizontal Joints. Let W be the re- 
sultant of the vertical loads acting on joint AB =b, c the middle point of AB,e the 
in of W or the distinds of the point of application of W from ¢, and = 

nce of any point of the joint from c, positiv if measured in the direc- 
a of W and negativ for the other half of the joint. Then the normal stress 
per unit area at any point x, expressed in the same units as W and b 


Ww ex 
seals + uF) 
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which formula is called the law of the trapezoid. At the middle point C, where 
x = 0, Se = W/b for all values of e, in other words at the middle of the joint the 
unit stress is always equal to the pyeteees stress along the joint. 

At the edges of the joint where x = + b/2 or —b/2, the unit normal stress is 
a maximum (51) or minimum (Sz) ie any value of e and 


W Ww 6e 
Srey (+5) i. S=¥ (1-$) 


Si is always positiv (compression) for any value of e. Ss is positiv (compres- 


sion) as long ase < 1/6) (Fig. 13). It becomes zero if e = 1/66 (Fig. 14). Ifthe 


resultant falls outside the middle third, e > 1/66, the formula furnishes a negativ - 


value (tension) for S2 (Fig. 15) and this formula does not apply unless the 
masonry is capable to develop tension. This case is discussed below.. Usually 
no dependence should be placed upon masonry taking tension. 


H aA JL 
wl w/e | fa 
Amc mB Am’ cm B A_VYim cM 


Fig, 13 Fig. 14 Fig. 15 


Since, in design, the maximum and minimum stresses largely govern these 
formulas for said stresses are more generally used and will be further discussed. 
If e=0, the resultant load is applied at the middle point of the joint and $:=S2 
=W/b6 (compression)-i.e., the stress is uniform along the joint. If e = 1/6b, 
the resultant Joad is applied at the middle third point and S; = 2W/b (compres- 
sion) or twice the average value of the stress, and S:=o. If e>1/6b and the 
joint cannot take tension, part of it will not be stressed at all, while the other 
part will transmit compressive stresses only. This condition of stress distri- 
bution is shown in Fig. 16, where the distance ¢ of the point of application g of 


” Fig. 16 > » Fig. 16¢ 


the resultant load is greater than cm=1/6b. Let 7 be the distance of W from 
the nearest edge of the joint A in Fig. 16, then the point of zero stress O will lie 
at a distance 3r from this edge and S;=2W/3r; for r=o, Sy becomes infinity. 
Substituting the safe unit stress s for S; we get r=2W/3s. This gives the min- 
imum distance r from the edge of the joint to the resultant permissible with a 
given safe unit stress. 

If tensile stresses are considered in a masonry wall the general formulas given ahs font 
S;and S:should be used even though the resultant falls outside the middle third. For 
such.a case, if e=}z6, the resultant is applied at the edge of the joint, S:=4W//b (compres- 
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sion) or four times the average stress, and S:=2W/b (tension) or twice the average 
stress. 

Graphically the stresses along AB may be found by the following construction. Lay 
off (Fig. 16a) cd=W/b the average stress, connect the middle third points m and m 
with d and produce lines md to intersect with W inf and #. Draw horizontal fg and hl 
to intersect verticals A and B ing and/. Then Ag and BI will be the maximum and 
minimum normal stresses and the stress at intermediate points will be obtained by 
scaling the vertical intercept between AB and gl, ordinates above A B indicating tension, 

Example. Let W=30000 lb and }=6 ft. Then for W applied at the middle of the 
joint, ¢ = 0, S: = Sz = 5000 lb per sq ft. For W at the middle third point, e = 1 ft, 
S; = 2W/b=x0 coolb per sq ft, S2= 0. For Wat 4b from the center,e = 2ft,S = 3W/b 
= 15 000 lb per sq ft, Ss=—Wb = — soooper sq ft. If the joint cannot take tension, 
r =1 ft, 5: = 2W/3r = 20000lb per sqft. If the masonry is rubble, with a safe com- 
pressive stress of 18 tons per sq ft how near in safety can the resultant come to the edge 
of the joint? rmin = 2W/3S = 2X30 000/3 X36 000 = 5/9 ft. 


Vertical and Lateral Loads. Normal Stresses on Horizontal Joints. If 
lateral forces act upon a wall, the resultant of these and the vertical loads will 
be inclined to the joint as R in Figs. 13 to 16. In order to find the normal 
stresses on the joint, resolve R into a vertical and a horizontal component, 
W and FH at the point of application of Rand treat W exactly as shown in the 
preceding discussion. H, the horizontal component of R, will produce com- 
pression on vertical planes and shearing stresses along the joint, if it is capable 
of taking shear. If not, the stability of the structure is dependent upon the 
friction developed along the joint. Designers should not add the safe shearing 
value to the safe frictional resistance, because the latter will not come into 
action unless the’shearing resistance has been overcome. 

Shearing Stressesin Walls. Careful consideration should be given to the shearing 
stresses in the design of dams over so ft in height but they need rarely be considered in 
the design of other walls. The magnitude and distribution of shear in walls cannot be 
determined by the customary formulas for beams since they generally are not prismatic 
and are always subject to axial loads. The only case in which shearing stresses do not 
exist in horizontal and vertical planes is when the wall has a vertical face and back and 
carries an axial or an evenly distributed vertical load, but in this case there are shearing 
stresses along every other plane. 

Let a prismatic wall (Fig. 165) be subjected to an axial compressive force P, then the 
intensity of the compressive stress on joint AB, normal to the axis will be = P/a, if a is 
the area of joint AB. Ona plane CD whose normal is inclined to the axis at an angle 
we have a stress in the direction of the axis and therefore oblique to the plane CD, of 
intensity P/a, where ay is the area of joint CD, that is, a, = a/cos¢. The whole stress 
P on CD may be resolved into two components, one normal to CD and the other a shearing 
stress tangential to CD. The normal component is P cos, the tangential component 
is Psing. The unit intensity of normal compression on CD, therefore, is P/a cos? @ 
and the intensity of shearing stress is P/a sin ¢ cos #. This expression makes the shear- 
ing stress a maximum when ¢ = 45°; surfaces inclined at 45° to the axis are called sur- 
faces of maximum shearing stress, the intensity of shearing stress on them is 4P/a. 


In the case of retaining walls and dams which are subjected to horizontal loads 
besides vertical ones and generally have a wedge-shaped cross-section, it is 
obvious that shearing stresses exist on every horizontal joint, the total of such 
stresses being equal to the resultant horizontal force above the plane of the joint. 
The intensity of the horizontal shear will vary from point to point along the 
joint. Its distribution can be determined by applying the principle, that, at 
any point of the structure, the horizental and vertical shear intensities must be 
equal. Let Fig. 16¢ represent the cross-section of a dam, a slice of unit thick- 
ness being considered. According to the law of trapezium, the distribution of 
the normal Pressure on joint AB may be represented by ADEB; and if forces 
are expressed in masonry units (the unit of weight’ being the weight of one cubic 
“unit of masonry) tye the same scale used Pe ‘dimensions and forces, the area 
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ADEB will be equal to the area AHCKB. Similarly the distribution of thrust. 
on joint HK will be represented by HFGK, which is equal to HCK. The weight 
-of the layer between AB and HK will be represented to the same scale by AHKB. 
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Consequently, ADMH+KNEB=MFGN. Take any vertical PS. The dif- 
ference between the vertical forces to the right of PS and acting on AB and HK 
respectively =RSGN —KNEB, and that to the left of PS=ADMH —MFSR, 
These two resultant forces are equal but of opposite design, and either of these 
differences represents the resultant of the vertical forces on either side of the 
layer AHKB, to the right or left of PQ, and, therefore, the shear on PQ. Hence 
the intensity of shearing stress at P (horizontal and vertical) is approximately 
either (RSGN —KNEB)/PQ or (ADMH —MFSR)/PQ. The approximation 
will be closer the smaller is PQ (Unwin, Engineering 1905, Vol. 79), 

Applying the foregoing method to @ triangular dam with vertical back, the distribution 
of the shearing stresses is found to be uniformly varying from zero at the back to a max- 
imum at the face, the shear diagram being a triangle. In the case of a rectangular dam 
the shear diagram is a parabola with vertical axis; the shear intensity is zero at either 
face and maximum at the center where its value is gmax = 3h"/47b, h being the depth 
of water to the joint in question, b the width of the dam and ¥ the density of the SOBSSUy, 
telative to water. 

For the important practical case of a dam with vertical back and inclined face, B. P. 
Hill (Proc, Inst. Ciy. Eng., 1908, Vol. 172) gives the following formula for the inne 
of shear on horizontal or yert ical planes at any point of a horizontal joint: 


h2(3b — 2mh)7y x 
a= [smo = 3d) + ase are 


+[o17mod —») - OE 


Tn this formula W is the total weight above the joint in masonry units, 6 the width of 
the joint and 4 the depth of the water above it, d the distance of the center of gravity of 
W from the water edge of the joint, x the distance of the point where g is to be determined, 
m the tangent of the angle between the face of the dam and the vertical and + the specific 
gravity of the masonry. The formula shows that the shear intensity on horizontal (or 
vertical) planes is practically proportional to the distance from the back of the at 

hich point it is zero. The experiments of Ottley, Brightmore, Wilson and Gore (Proc. 

nst. Ciy. Eng., 1908, Vol. 172) have verified this with the exception of the joints at and 
near the base, where, on account of the rigidity of the fixing of the dam, the shear inten- 
sities are practically uniformly distributed along the joint. The shearing stresses to be 
considered in the design are not those at the base but higher up and near the face. For 
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practical purposes, except in the case ‘of a very high dam (for which the closer analysis 
is necessary), the shearing stress along horizontal joints more than x/ 54 aboye the base, 
can be taken as uniformly varying from zero at the back to a maximum at. the face at 
which point it equals 24/5, H being the magnitude of the resultant of the horizontal 
components of the lateral forces above the joint considered and equal to the total shear 
along the joint, For the joints near to and at the base, the shearing stress should be taken 
as uniformly distributed having an ayerage value of H/b. (See example, Art, 16.) 


Horizontal Pressures on Vertical Planes. The lateral external forces 
(water or earth pressure) also generate normal stresses on vertical planes. Fora 
dam with vertical back and inclined face, Hill gives the following formula to 
determine the intensity p’ of these stresses, the notation being the same as in 
the preceding paragraph: 


2Wm? 9 3h(b —mh)? om 
aa Gar tinnies ees 


aa Ee ) ah(b — mk)(b — 2mh) = 
.-1)-——=se x 


bs b - bs be 

The horizontal stress intensity on vertical planes, therefore, increases from the 
back. For x=0, p'=k/y, or in other words, at the back of the dam 9’ equals the 
unit water pressure. For all walls, except very high structures, where a closer 
investigation is necessary, the normal stress intensity on vertical planes, for 
every point of a horizontal joint, can be taken as constant and equal to the 
intensity of the lateral forces at the elevation of the joint under investigation. 
(See example, Art, 16.) 


Maximum and Minimum Stresses. Both normal and shearing stresses 
exist -at every plane passing through any point of an elastic solid’ which is in 
equilibrium under the influence of external forces. These stresses vary in mag- 
nitude for the same point according to the direction of the plane and there 
invatiably exists one plane on which the normal stress intensity is a maximum, 
and another plane perpendicular to the first, on which the normal stress inten- 
sity is a minimum. These limiting values of the normal stresses are termed 
principal stresses and they can be determined both as to magnitude and direc- 
tion if the normal and shearing stresses at a certain point are known on two > 
planes at right angles to each other: At any point of the horizontal joint inves- 
tigated, let S and’ p’ be the intensities of the normal stresses on horizontal and 
vertical planes and let g be the intensity of the shear on these two planes, both 

kind of stresses being determined by the methods given above (compressions 
taken as positive and tensions as negative), then the no aptees of the principal 
stresses at the same point is given by the formula: 


S+pazV(S+b')? 480 — a) 
2 


f= 


the positiv sign béfore the radical furnishing the maximum and the negativ 
sign the minimum principal stress. 


Let @ he the inclination of the principal stress to the horizontal, then 


cotd@=(f—')/q - 


These formulas show that even in the case when the resultant cuts the horizontal joint 
within the middle third, in other words when S is compression along the whole joint, 
tensile stresses will occur at some points in a certain direction, if Sp! <q?. According to 
~ Levy in order that tensile stresses should entirely be eliminatidy the design should be 
_ such that not only shall the resultant lie within the middle third of the joint, but that Sx 
(minimum normal stress) shall be not less than the intensity of the horizontal components’ 


a 
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of the lateral forces at the elevation of the joint investigated. It can also be shown that 
Sp’ is always greater than g? at the toe of retaining walls and dams designed for the 
requirement that the resultant shall fall within the middle third of the horizontal joints 
and, therefore, no tension can exist at and near the face of such walls. The maximum 
shearing stresses in walls with vertical face and back and vertical] loading only are inclined 
45° to the vertical and equal to S/2 for every point of the horizontal joint, S being the 
intensity of the constant normal stress upon the joint. For other methods of loading 
according to Wilson and Gore, the maximum shearing stress can be approximately ex- 
pressed by the formula gmax = S/2 cos? @ where S is the normal stiess on the horizontal 
plane at the point considered and ¢ the angle between the resultant R and the vertical. 
According to Bouvier, the maximum stresses in dams of the usual cross-section are about 
13/9 times the stresses on horizontal joints. This rule gives good approximate values 
also for other types of walls for preliminary design. 

The above discussion of stresses and the formulas do not take in account the factor of 
lateral deformation of the masonry which is probably very small. (See example, Art. 16.) 


* Joints in Arches. The above discussion has been made for the horizontal 
joints of walls and dams, but it applies equally well to the radial joints between 
the voussoir-of stone arches. Against such a joint there acts a resultant force 
R, and the component of this parallel to the joint gives the total shear H, while 
the component normal to the joint may becalled N. Then the preceding formulas 
apply to such a radial joint if W is replaced by N, and the distributions of the 
normal stresses are exactly like those shown in Figs. 13-16. 


7. Local and Eccentric Loads 


A Bridge Pier which sustains only vertical loads whose resultant coincides 
with the axis of the pier has the compressive unit stresses uniformly distributed 
on the base. The least area for the base is A =W/S, where W is the total ver- 
tical load on that base and S is the allowable unit stress from Art. 1. Practical 
considerations, however, usually necessitate a larger section. Small piers in 
buildings should have this least area, unless their length is such that columnar 
action exists, and then S must be taken smaller. (Art. 14.) , 

Under a Concentrated Load on the top of a pier, the compressive unit 
stress may be taken higher than for a section of the pier lower down. | If 
the area under local compression is 0.3 of the total area of masonry over 
which the compression is distributed, the values in Art. 1 may. be increased 
60%; if that area is o.1 of the masonry area, those values may be increased 
200%, For other values of the ratio 7 the-increase may be made in direct 
proportion, or, for 7 between o.1 and 0.3, percent increase =270 — Joo r, for r+ 
between 0.3 and 1.0, percent increase = 600 (1-—7)/7. These percentages 
apply when the concentrated load is at the middle of the top ‘of pier as at 
(a) in Fig. 17; thus, for a steel column having a base 15 by 15 inches and a 
masonry pier 24 X 24 inches the value of r is 0.4, and the allowable S of Art. 1 
may be increased 51 percent under the base of the column. 


An Eccentric Load is one placed so that its line of action does not cine 
with the gravity axis of the pier as at (b) in Fig. 17. Here the distributions 
of unit stresses on the base are like those shown in Art. 6, and when the eccen- 
tricity e is large enough the stresses on one side may be tensile. For this 
case the working unit stress S cannot be reduced to the full extent indicated 
in the last paragraph, and’ when the load is close to the edge of the pier top 
no reduction should be made. A specially unfavorable condition is that 
in the first diagram of Fig. 19a, where there is an eccentricity in both hori- 
zontal directions, so that the opposite corner of the pier should be anchored 
down in order to prevent it from rising or from cracking by tension, 
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The inclined lines in Fig. 17a show the manner in which the local compression spreads 
out until it finally becomes uniformly distributed over the horizontal cross-section; the 
inclination of these lines is about 45°. For the eccentric load in Fig. 17b, one of the 
inclined lines quickly reaches the edge of the pier, indicating that the unit stress under 
the column must be taken lower for an eccentric load than for a central one, . 


(a) (é) 
Fig. 17 : A Fig. 18 


A Bridge Pier under Vertical Loads (Fig. 18a) is subject to non-uni- 
form compression on the base when the two adjacent spans of the bridge 
differ in length or when only one of two equal spans is covered with live load. 
Thus in Fig. 18¢ let W be the weight of the pier itself above the base, 
and W,, and W, the weights brought upon the top of the pier from the two 
spans of the bridge, these being applied at the distance ¢ from the middle 
of the top. Here the resultant vertical pressure cuts the base at a distance e 
from the center which is found from e = ¢ (W, — W,)/(W + W, + W,), and 
the distribution of compressive unit stresses on the base-is the same as in 
Art. 6. When W, > W, in Fig. 18a, this point is at the right of the center; 
when W, < Wy it is at the left of the center. The proper formula of Art. 6 
enables the maximum compressive unit stress to be found. 

Wind blowing on a tower or chimney, as shown in Fig. 18b, causes a 
similar eccentricity of the resultant on the base; for this case, the value of 
e=Pp/W. Wind blowing at right angles to the line of a bridge causes a 
similar longitudinal eccentricity on the base of a pier, while the lateral eccen- 
tricity due to live loads is the’same as givenin last paragraph. ‘Two hori- 
zontal wind forces may act on a_ bridge pier, P, for wind blowing. against 
the bridge spans and P, for wind against the pier ieeeli: here the above equation 
also holds if Pp is replaced by eee epi! tsb 


The Kern is an area on the base of the pier within which the resultant force 
= acts on the base must lie in order that no part of the base may be subject 


totension. Fora rectangular section with sides a 
and b, the kern is a rhombus which has the diag- 
onals 14a and 146, the corners of this rhombus 


pointing toward the middle of the sides of the rect- 

angle as shown in the plan of Fig. 19a. Fora 

square with side d, the kern is a smaller square 

which. has the diagonal 14d and whose sides are 

(2) paralte to the diagonals of the given square. . To 

prevent tension on any corner or side of the base 

(a) (b) of a masonry pier, wall, or dam, the line of action 

Fig. 19 of the resultant must cut the base within the kern. 

ee ey For a circular section of diameter d the kern is a 

smaller concentric circle of diameter 4d as in Fig. 19). The resultant is 

the weight W above the base in case no lateral force acts upon the structure, 
otherwise it is the R of Art. 6, which is found by combining W and H, 


fo 
f 
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A Rectangle with sides @ and b (Fig. 19d) is the most common’ease. Let 
% and y be the eccentricities with respect to axes of the rectangle parallel to 
the sides a and 6. Then the unit stresses at the four corners aré/ 


. When W lies within the kern all of these are compression; the formulas hold, 
however, even if W is without the kern, provided the masonry can take tension 
near the corners and edges. = 

For a Circular Cross-Section of diameter d, the maximum ahd minimum 
unit stresses, due to a load having the eccentricity ¢, are : 


in which A is the area 
of the circle. The unit 
Stress Sz is tensile if the 
loadis without the kern, 
but the formula gives Yi 
it correctly when‘ the , GT 
masonry can resist ten= Fox Bolt Expansion Bolt 
sion: Theradiusof the ~ Fig. 20 

kern is 14 d (Fig. 198). A 


If the material is unable to develop tensile stresses and W acts outside the kern in one 
of the main axes of the figure comprising the horizontal joint of the pier, the following 
methods to dé{ermine the distribution of normal 
stresses are reconimeéndeéd. 

For a piet rectangular in plan asin Fig: 19 
and W being applied on the axis parallel to side 
a at a distance r frorii the nearest short side of 
the joint, Si = 2W/375. 

For a horizontal joint having any symmetrical 
figure (as, for instarice, a chimhéy section), ac- 
cordiig to Mohr the following construction will 
give the compressive stress distribution, Fig. 19¢. 
A is the point of application of W lying on the 
symmetry axis BMBi of figure F. Draw an 
equilibrium polygon for area F with ab arbitrary 
pole distance H. Draw a perpendicular to axis 
BB: at A to intersect. the tangent B’O in A’. 
Draw B‘N so that the area of triangle B’A’N 
shall be equal to area B’CN, in other words, that 
the two -shaded areas shall be equal. Then the 
line NN drawn at right angle to BB, is the zero 
line {rom which the compressive stresses increase 
in proportion to the distances. ake B/D = 
W/H =weight : Area (H beihg medsured in the 
same unit’ as F), draw DE parallel to B/N, 
then for the point B, furthest from WW, the tinit 


Fig. 19¢ 


sttess Si=EE, which is drawn pafallel to BBi.from point E, Ei is measiited in the 
same unit as W/H. 3 i 7 4 % 


i nn 
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If the point of application of the resultant does not lié on an axis of symmetry of the 
joint, or if the joint has an unsymmetrical figure, the determination of the purely com- 
pressive stresses becomes very complicated. The following method is recommended. 
Connect the point of application with the center of gravity of the joint and find in this 
direction the conjugate axis of the ellipse of inertia of the figuite. Then the line of zero 
stress wi!l be parallel to the so-found direction and the location of same should be deter- 
mined by trial, remembering that the stresses will be proportional to the distance from 
the zero lineand that the center of gravity of the intensity wedge (the volume of which is 
equal to the vertical componént of the resultant) must fall in the same vertical with the 
point at which the resultant cuts the joint, 


Anchor Bolts. Masonry structutes sometimes are required to be anchored’ 
to a rock foundation; especially where ténsion may occur undér eccentficity 
of loading. A fox bolt is a straight iron bar, split for about dan inch at the 
lower end, the split allowing an iron wedge to enter as the bolt is driven down 
(Fig. 20); the end of the bolt then expands and is eld in the hole by friction 
aided by cementing material. The expansion bolt (Fig. 20) is the best form 
of anchor bolt for fastening timber or steel members to masonry of rock. Ordi- 
nary straight round rods are also used, théy being cemented ih place with lead, 
babbitt metal or hydraulic cemerit, the last being most common. 


M. Ferret found, for plain round rods in zr; 2: 4 concrete, that the holding capacity 
was 237 bl per sq in of embedded surface. A: N. Talbot found 424 and W. O. Withey 
452 bl persqin. Plain squate rods give slightly higher values. “A working unit stress of 
75 \b-per sq in is recommended for plain round rods in 1: 2:4 concrete, and for flats 
one-third of this value. 

For fox and expansion bolts E. §. Wheeler found 264 Ib per sq in when embedded i in 
I: 2 portland mortar, 843 1b per sq in when in sulphur and 485 Ib per sq in when in lead. 
A workitiz unit stress of about one-fifth of these values should be used: Sulphur should 
not be used where exposed to rain or other water, as acid will be formed which rusts the 
steel and often disintegtates the stone near the top of the hole. 


MASONRY WALLS AND DAMS 


: 8. Principles of Stability 

Definitions. A BrArinc Watt is a vertical wall which supports a building 
and is stibject mainly to vertical pressures. A ReraininG WALL is subject 
to its owh weight and to the lateral pressure of earth which is deposited behind 
it after it is built. A Bresr WALL, or face wall, is one built to ‘prevent the 
fall of an undisturbed bank of earth. A Buttress is a projéction of masonry 
built into the front of the wall to strengthen it, while 4 Countérfort is 4 pro- 
jection of masonry built into the back of the wall. Relieving Arches (Fig. 21) 
are those built into the back of the wall, with their axes perpendicular to the 
wall, in order to strengthen it against lateral pressure, while they also resist 
overturning by their weight and the weight of the earth resting upon them: 


A pam is a structure to obstruct the flow of a stream or to impound water, 
thus creating a storage of water, or head, or both. Masonry dams are, as a 
rule of the gravity type, resisting the lateral water pressure by virtue of their 
weight. Arched masonry dams are dams curved in plan and for their resistance 

"against water pressure rely partly or entirely upon arch action. 

The front of a wall or dam is the face seen after it is finished, while the back is the face 
which is acted upon by earth or water.- The lowest point of the front, at the top of the 
foundation, is called the, toe, while the lowest point of the back 1s called the heel. 


The Batter of the face of a pier, wall or dai is its inclination to the vertical, 
‘measured by the ratio of horizontal to vertical projection, which is usually 
-exprest in inches per foot of height: The following table gives the angle 6 


i , 


net f 
; / 
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(Fig. 10) between the inclined face and the <evthoil for various batters and also 
trigonometric functions of those angles: . 


Angles and Functions for Batters 


Batter. |. 

Inches | Angle @| Sin @ Cos 0 Sec 0. | Tan@ 

per ft 
° 0’ 00’ | 6.0000 | I.0000 | 1.0090 | 0.0000 The last column in this 
% 2 23 | 0.0416 | 0.9991 | 1.0009 | 0.0417 | table gives the batter ex- 
z 4 46 | 0.0831 | 0.9965 | 1.0035 | 0.0833 | prest as a decimal, that is, 

1% 7 08 | 0 1242 | 0.9923 | 1.0078 | 0.1250 | the horizontal projection 
2 9 28 | 0.1645 | 0.9864 | 1.0138 | 0.1667 | for a vertical projection of 
2} Ir 46 | 0.2039 | 0.9790 | 1.0210 | 0.2083 unity. The column. next 
3 14 02 | 0.2425 | 0.9702 | 1.0308 | 0.2500 | to the last gives the length 
34 | 16 15 | 0.2798 | 0.96014 | 1.0416 | 0.2915 | of the inclined face for a 
4 18 26 | 0.3162'| 0.9487 | 1.0541 | 0.3333 | vertical projection of unity 
4% 20 33 0.3510 | 0.9364 | 1.0680 | 0.3750 “ie e 
5 22 37 | 0.3846 | 0.9231 | 1.0825 | 0.4166 
5% 24 37 0.4166 | ©.g091 | 1.1000 | 0.4582 
6 26 34 | 0.4472 | 0.8944 | 1.1181 | 0.5000 


Failure of a masonry wall or dam usually occurs in three ways: (1) by sliding 
along — joint at the base, (2) by overturning or rotating, (3) by crushing of 
the masonry. In order that failure 
may not occur, the design should — 
be so made that the structure may 
have such ‘size and weight that 
sliding, rotation or crushing cannot 
occur. 


Failure of retaining walls by tension 
seldom if ever, occurs, but such was. 
the cause of some of the most disas- 

_ Fig. 21 trous failures of dams. The failure 

of the Habra dam in Algiers and that 

of the Bouzey dam in France was due primarily to tension fracture and subsequent 
shearing action. (Unwin, Min. Proc. Inst. Civ. Eng., Vol. 172, page 160.) 

The most common cause of failure of walls and dams is a defective foundation. A 
washout around the foundation of a wall due to excessive rainfall may cause its destruc- 
tion. Water entering beneath the base of a masonry dam or around its ends may impair 
the foundation as well as exert an upward pressure. In this section it is assumed that 
the foundations are securely. built and that precautions have been taken to aoghee the 
action of water beneath it. 


Section Elevation 


Sliding Stability is secured by giving the structure a sufficient Week so 
that there is no danger of motion along a joint at the base or any other horizontal 
joint. For the horizontal joint in Fig. 22a let H be the horizontal pressure-and 
W the sum of all the vertical weights above the joint. Motion occurs when 
H=W where f is the coefficient of friction. In order that there may be no 
motion, let 2 be a number greater than unity, called the sareTy FACTOR, then if 
W is sufficiently large so that nH = fW, stability is secured. A common value 
of m for use in designing is 2, so that the formula 2H = fW secures a proper 
degree of security, and then W=2H/f. For an existing wall or dam the: 
safety factor is» = /{W/H. 


oe an inclined joint (Fig. 220) let a be its angle with the horizontal, si the, 
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normal pressure on the joint and F the force acting parallel to it; then for 
motion about to begin F = fN, and for stability nF = fN. For this case 


W =H (n —f tana)/(m tana+f) 


gives sufficient security if the safety factor m be taken as 2. 


Another method of consideration is by means of the angle which the resultant R makes 
with the normal to the joint. In Fig. 22b, motion will occur when the angle B equals the 
angle of repose ¢, for masonry upon masonry. (Art. 3.) For stability the angle 8 should 
be less than ¢, and proper security requires that » tan 8 = tan ¢, ortanB=/f/n. . 


Stability against Rotation is secured by giving the wall or dam such size 
and weight that’ R, the resultant of all the external forces above the joint, 
cuts the base AB well within the joint. (Fig. 22a.) When R passes thru A 
failure occurs by rotation, and if R passes near A the material may begin to 
crush so that rotation is imminent. Some writers require that R shall cut AB 
at the edge of the middle-third or even within same; others require that R shall 
cut the base at A when the acting horizontal force H is doubled. The first 
method is used for dams and the second for walls. The sAFETY FACTOR against 
rotation is defined as the number by which the horizontal pressure must be 
multiplied in order that R shall pass through the toe.. Let and /: be lever 
arms of H and W with respect to A in Fig. 220; then the safety factor is n= 
Wh/Hh for an existing wall or dam. For designing the value of W must be 


Fig. 22 


{such that W= 2Hh/l, and m may be taken as 2 for walls and between 2 and 3 
for dams. 


| Por a triangular wall or dam with vertical back (Fig. 23) a safety factor of 2 causes 
| R to cut the base at the edge of the middle-third. For a trapezoidal section of top width a 
and base width b and a vertical back, the safety factor required in order that R may 
cut the edge of the middle-third is » = 2 + a2/(b? + ab — a), which shows that m should 
be 3 for a rectangular dam and between 2 and 3 for a trapezoidal one. 


Stability against Crushing is secured by making the greatest compressive 
unit stress S; much less than the crushing strength of the masonry. For Si 
the safe working value given in Art. 1 should be used in design, the wall or dam 
being given such size'that this shall not be exceeded. 

The Resistance Line is a line drawn within the cross-section of a wall or 
dam which shows for every horizontal joint the point where the resultant of 
the external forces above it cuts the joint. Let ab in Fig."22a be any horizontal 
joint in a masonry wall, H the resultant of the horizontal forces above ab and W 
the weight of the masonry above ab;- then the resultant R of H and W cuts ab 
ata point r. Tf ab is conceived to move up and down, the point r describes the 
‘Tine called the resistance line, Figs. 24-27 show four forms of walls in each of 
which two broken lines are drawn dividing each horizontal joint into three equal 
parts, the middle part being the ‘‘ middle-third.” (Art. 6.) Fig. 24 is a rectan- 
‘gular pier or wall subject only to its own weight, and the vertical line rr is the 


\ 
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Fesistance line. Fig, 25 is a vertical rectangular wall subject to the horizontal 
pressure of earth or water, and the curved line rr is the resistance line. Fig. 26 
is a triangular wall with vertical back under horizontal pressure, and the straight 
line rr which cuts the base at, the middle js the resistance line. fig. 27 is a 


trapezoidal wall with vertical back under horizontal pressure, and the resistance 
line zr is curved. 


The conditions of stability discussed in this article apply not only to the base joint 
but also to every horizontal joint of the cross-section of a wall or dam. In the case of 
stone and brick structures, the shearing strength of the joints is disregarded, and friction 
alone’ is assumed to resist sliding. In the design of concrete walls, including dams, the 
tendency to slide is assumed to be resisted by the shearing strength of the masonry, 
Both friction and shear should not be assumed to be simultaneously available to resist 
sliding because frictional resistance -will not come into action until the section has failed 
in shear. 


also to radial joints of masonry arches, where a normal pressure V acts upon the joint 
- and a shearing force H along the same. 2 


9,. Moments for Trapezoidal Sections 


The Overturning Moment M for a wall with vertical back is P 1h, where 
P = horizontal pressure and 1h is lever arm with respect to the toe Fora 
level bank of earth Art. 4 gives for this overturning moment 


M = Ywh? tan? (45° — p/2)_ 


and values of M are given in table (A) on p. 689 for earth having w = 100 Ib per 
cu ft and for various values of @. These values of M are in thousands of pound- 
feet, This table is useful in making approximate computations and estimates 
for walls with backs nearly vertical. It does not apply to banks which have 
upper surfaces inclined. 


The table may be used to find M for earth less than 100 Ib per cu ft by multiplying the 
tabular values by the ratio of the unit-weight to 100; for example, for cinders weighing 
45 lb per cu ft, multiply by 0.45. Interpolation may be made for earths having slopes 
different from those given. Yor a height of wall intermediate between the heights given 
in the table, take the overturning moment for a wall roo ft high.and multiply it by the 
ratio of the cube of the height of the desired wall to the cube of 100. For example, for 
a wall ss ft high and a slope of repose 1.33 : 1, the overturning moment = 4 167 000 
 (55/100)8 = 692 ooo lb-ft. y 


For a Loaded Level Bank of Earth (Art. 4, Fig. 50), the overturning moment 
M may be found by multiplying the tabular values by 1 + 32/100 #, where 
is the weight of the load per square foot of level surface and # equals height 
wall in feet. When the load consists of merchandise or building materials back 
of a wall, v may be taken as from 200 to 4oo, the higher the wall the greater ta 
be the value of ». For walls retaining railroad embankments » should be taken 
as sog, The tables are not directly applicable to a dock wall or to any wall in 
which the retained earth is saturated with water. te te: 


) 
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(A) Overturning Moments for Retaining Walls in Units of ro00 Pound-Feet 


Angle of | Slope of 
repose repose 
of earth 


Height of wall in feet 


90 | 100 


° 00! 357-1 | 617.0] 980] 1463] 2083] 2857 
39 50 = 456.3 | 788. 4| 1252 | 1869 | 4661] 3650 
37 20 | 1. 506.3 | 874.8 | 1389 | 2074| 2953) 4050 


520.8 | 900.0] 1429 | 2133 | 3038] 4167 
552-5 |954.7| 1516 | 2263] 3222] 4420 
596.3 | 1030 | 1636 | 2442] 3477| 4770 
793-1 |1371 | 2176) 3249 | 4626] 6345 
toBe | 1866 | 2964) 4424/6299] 8640 


oa oe 
33° 4° < 
26 40 CPE 
30. 


re? I 
aa + i 
36 §0 |1.33:1 
f.4'-: 5 
see 4 


7894 |10 417 


*(B) Resisting Moments for Walls of Type B in Units of 1000 Pound-Feet. 


Height of wall in feet 


40 | 


220.5|522.7 
234-1) 554-9 
248.1) 588.0 
262.4|622.1 
277.2|657.1 
292.4) 693,1 
308.0 | 730.1 
324.0| 768.9] 
240.4 806,9 | 


©) Resisting Moments for Retaining Walls of Type C in Units 
of 1000 Pound-Feet t 


Height of wall in feet 


| 249.01 572.0 
379-5 876.0 9 509] 12 990 
537-0] 1244 13 599| 18 590 
721.5) 1676 j 
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(E) Resisting Moments for Walls of Type Ein Units of ro0o Pound-Feet 


Ratio of Height of wall in feet 
base to 
height 


0.35 8.4] 62.7 -6 | 480.0] 929 2521} 3751] 5326 
0.40 | 10.8} 81.0 -5 | 623.3) 1208 3282| 4883] 6915 
0.50 | 16.5 | 124.7 -© | 966.0 | 1874 5103 | 7599 | 10 799 
0.60 23-3 | 177-7 -0 | 1383 | 2687 7324 
°.70 33-3 | 240.0 -5 |1875 | 3645 Saas 


Interpolation is not satisfactorily made except approximately by an arithmetic method 
in tables (B), (C), (D), (E), for heights intermediate between those given. For a case 
of this kind, it is recommended that interpolation bewmade by help of a curve drawn 
thru plotted points whose ordinates represent values taken from the table. 

The Resisting Moment of a wall or dam is defined as its weight multi- 
plied by the lever arm of that weight with respect to the toe. Tables (B), 
(C), (D), (E) give resisting moments in thousands of pound-feet for masonry 
walls x foot long of four types, and for various ratios of height to Bese and for 
top width between 2 and 3 
feet. These types, also called 
B, C, D, E, are shown in 
Figs. 28-31. Walls B and C 
may have a vertical face or 
one with a batter not exceed- ; é 
ing 1 in 3. The weight of #ig. 28 Fig. 29 Fig. 30 
tke masonry was taken at 150 lb per cu ft in computing these tables. If the 
unit weight w of the masonry is materially less, multiply the tabulated resist- 
ing moments by w/1so._ The resisting moment will be called M,. The 
weight of earth upon the back of walls, type C and £, was taken as ecage) ° 
Assumed weight of earth 100 [hs 


The Unit Stress S, at the toe of a trapezoidal wall or dam is oe approx- 
imately in the following table: It applies to each of the four types (Figs. 28- 
31) when the resisting moment M, is twice as great as the overturning ” 
moment M. The values are in pounds per square foot when # is taken in feet. 

Example. To find the 


(F) Unit Stress Si for Toe of Wall compressive unit stress at 
= the toe of a wall of type 
Height of wall in feet B, the height being 20 ft, 


The table gives S, = 400 
X 20 = 8000 |b per sq 
ft=56 Ib per sq in. 
When ‘ the value of 5S, 


10 to 20 20 to 100 


400 h. ‘ 400 h. i y 
Boa hte ye bel a78 bite 202k approaches the working 


value (Art. 1), the foun- 
dation must be widened 
by an offset on the front 
side. 

Formulas for Use with the Tables. Let a = width of top, b = width of 
base, h = height, e= distance from middle of base to point where resistance 
line cuts it; all in feet; f= coefficient of friction, 

Horizontal pressure = P= M/1% h. 

Weight of wall, types B and D= W= 75h (at db). 

Weight of wall ‘and earth on back ,typeC= W= 25h(a+ 5b). 

Weight of wall and earth on back, type E= W = 50h (a+ 2b) approx, 


263 h to 198 h 195 h to 158h 
319 h to 272h 270h to 237h 


1 


Art. 10 . Investigation of Retaining Walls 691 


Eccentricity e of resultant for tybe B= M/W. 
Eccentricity ¢ of resultant for type C= M/W approximately. 
Eccentricity e of resultant for type D= M/W — b/6 approximately. 
Eccentricity e of resultant for type E = M/W approximately. 
Unit compression at'toe = S,=2 W/3(14 b — e). 
Safety factor against rotation = »= M,/M. 
Safety factor against sliding = »= fW /P. 
Centers of Gravity. Let a be the top width, b the base width and h the - 
_ height of any trapezoid whose back face makes the angle @ with the vertical, 
this face being inclined forward as in Fig. 31. Then the distance ¢ from the 
toe to the vertical passing thru the center of gravity of the trapezoid is given by 


a(a+htan @) 
3 (a + 6) 
When the back is vertical tan @ is zero. For a rectangular section b = a and 


t#=%a. For a triangular section @=o0 and ¢= 346. When the back 
' inclines backward tan @ is to be taken negativ. 


=%b —%htan 9 — 


10. Investigation of Retaining Walls 


To Investigate a wall is to determine its degree of stability against sliding, 
rotation, and crushing. Often this may be done by inspection in the case of 
an existing wall, for if it has stood for many years and no signs of failure 
are seen, it is to be regarded as safe. The problem, however, generally 
occurs in the case of a proposed design, where all dimensions and data are 
givefi and it is required to ascertain whether these satisfy the conditions of 
stability. The process of investigation should determine at least these three 
things: (1) the factor of safety against sliding on the base, (2) the point 
where the resultant cuts the base, (3) the compressive unit stress S, which 
exists at the toe. 


The height of retaining walls seldom exceeds 30 ft and a height of 60 ft is about the 
limit. The condition of stability against rotation, with a proper safety factor, will usually 
insure against excessive s{resses; further, in retaining walls it is not imperative that the 
whole joint should be under compression. It is not necessary, therefore, to apply for 
retaining walls, the investigation discussed in the latter part of Art. 6. The vitally 
important theoretic determination is the maximum unit pressure upon the foundation 

_ bed at the toe. 

A Graphic Analysis is often. ponicenicet and satisfactory. First, the 
pressure P acting on the back of the wall is to be determined by Art. 4, using for 
the earth which is to be put behind the wall values of w and ¢ which are most 
unfavorable to stability. Second, the weight W of the wall and the weight 
of earth resting upon the back, if any, is computed and its line of action deter- 
mined, this passing thru the center of gravity of the combined cross-section 
of the wall and earth upon it. Then a drawing of this cross-section is made 
to scale and the resultant RK of P and W determined, Fig. 22a; this gives the 
point r where the resultant cuts the base or the lowest point of the resistance 
line. The ratio VW’ /P may be computed, or be scaled from the drawing by 
taking W as unity, and then = /W /P is the factor-of safety against sliding. 
‘The base b being divided into three equal parts, it is at once seen if the resultant 
falls within the middle-third, in which case there is ample security against 
rotation. Lastly, the distance between the center of the base and the point 7 
is measured, and this gives e (Art. 6), from which S, is computed, and if S, 
does not exceed the allowable unit stress there is full security against crushing, 

- For a wall with vertical back, top width a and base width }, the distance from the toe 
to the vertical line thru the center of gravity is (2b? + 2 ab — a*)/3 (a + 6). 
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A Better Graphic Metliod is that showti in Fig. 32, where the force and 
equilibrium polygons are used. Wy, is the weight of the rectangular part of 
the wall and W, that of the tahbalar part: The force polygon is seen on 
the right, R; being the resultant of P arid W,, and R the resultant of P and 
W,.+ W,. The equilibrium polygon is seen ‘within the wall, P being pro- 
duced to m,, thru which m,m, is drawn parallel to R;; then thru #, the line 
my is drawn parallel to R, thus determining 7, the point in the line of resistance 
» where the resultant cuts the base. Finally e is found by measuring the dis- 

tance from r to the middle of the base. This method, altho here illustrated 
for only two weights, is a general oné readily applied to Fig. 33 or to any 
number of weights (Section 12). It obviates the necessity of computing the 
line of action of the resultant 
of the given weights or of 
finding it by a geometric con- 
struction. 

The Analytic Method com: 
putes e by the principles of 
mechanics, the cross-section 
being divided into rectangles 
and ttiangles whose centers 
of gravity are known. For 
example, take the wall with Meh 43s ; 
vertical back in Fig. 32 which Fig. 32 Fig. 33 
is held in equilibrium by the forces shown, W, being the weight of the 
rectangle, W, that of the triangle; and W, + W,= W the vertical reattion 
due to the total weight, its point of application being at a distance e from the 
center of the base or at 14 b= e fromthetoeA. Here the equation of moments 
with respect to the toe is x 

Pp-W,(b - a) -W,% (0b - 2) + W(%4b -e) =0. 
Inserting for W, and W,, their values vah arid 14 7(b =a) h, where v is the 
weight of a cubic unit of the masonry, there results 
€= Yb — [vh (2 ab + 2b? — a”) — 6 Pp] /3 vh (a +d) 
which is a general formula for computing e for a trapezoidal wall or dam with 
vertical back. The weight W atid the safety factor against rotation are 
W =%%vh (a +b) n = vh (2 ab + 262 —a*\/6 Pp, 

Example. Avwall of good rubble with a vertical back retains a level bank of earth, 
the data being w = 100 |b per cu ft, = 34°, hk = 18 ft, a=2it,b = 6 ft, 0 = 14018 
per cu ft, / = 0.05. From Art. 4, Ba ase6 tb pet ith # Oe Hall and pm BIE Then 
the formula gives ¢ = 2.47 ft, so that the resultant comes outside the middle+third. The 

safety factor against rotation is 7% = 1.02, which is too small. For sliding, W = 8820 Ib, 
atid m = 0.65 X° 8820/4580 = 1.28, whicli is too low a degree of security, since » should 
be at least 2 (Art. 8). . The thickness of this wall is too small to give proper security 
against either sliding or rotation; 

For the Trapezoidal Wall in Fig. 33, let W, be the weight of the triangle 
_ of earth above the inclined back, W, and W, the weights of the masonry, 

and let £,, 3; p; be their lever’ arms with respect to the toe A, while p is the 

lever arm of the horizontal pressure P: Then the equation of momients is 
Pp Wp, - Wf. - Wp, + W (4b -e)=0 

the Solution of which gives the value of e. Here W is the total vertical forcé 

W,+ W.+ W,. The factor of safety against sliding is » = fW /P, and that 

ppainse rotation is (Wp, + Wb, + Wp.) /P. 

After ¢ is found, the cores tinit stress S, at the toe is ascertained ty 1 
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the proper formula of Art. 6. For the example on page 692, where the resultant = 
comes without the middle-third, S; = 2W/3!4b —e) = 196 ooo ib per sa ft 
= 1360 lb per sq in, which is much greater than the allowable. 


Approximate investigations may be quickly made by the help of the tables in Art. 9 
if interpolation i is not required. Example: Let h = 60 ft, b= 24 ft, a= 3 ft fora wall 
of type C which retains earth having a slope of 1.3 to 1. Table (A) ) gives M = 874 800 
Ib-ft, and table (C) gives Mt = 2 042 000 Ib-ft, so that the safety factor against rotation: 
is m = My/M2 = 2,3, Then P= 874 800/20 = 43 749 lb, W = 25 X 60 (3+ 5 X 24) 
= ery seolb. The factor of safety: against sliding if { = 9, 651 ism = 184 500X 0.65/43 749 

Lastly, the compressive unit stress at the toe, from table (I), is approximately 
370 X 60 = 22 230 lb persq ft. Table (F) was made for a factor of safety, against rotation 
of 2, and should not be applied, except for design or roughly approximate pressures, 
when factor of safety exceeds or is less than 2. 

To find the resistance against sliding upon the foundation hed, by the help of the tables 
of Art. 9, use F = f(W1 + M1/K0), in which F = resistance in pounds, M, = resisting 
moment taken from the proper table, b = width in feet of base of wall as previously 
determined, //1=weight of foundation in pounds, Ff = coefficient of friction of masonry 
eo the material of ypich the foundation bed is composed; also K = 0.50 for wall B, 

= 0.47 for wall C, K = 0.66 for wall D, and K = 0.57 for wall E. 

_ Bulletin No. 108 of the American Railway Engineering and Maintenance 
of Way Association, February, 1909, gives the following information relative 
to existing retaining walls. R is the ratio of base to height. 


Data concerning Retaining Walls 


Character of load Remarks 


vertical 
vertical 
vertical |, 
vertical 
vertical 


1324 
f 


has not moyed out at top 
has not moved out at top 
moved out 214 ins 
moved gut 4 Ins 
moved out 11 ins 
moved out seyeral ing 
moved out 15 ins 


*Railway, level top.....- 
*Railway, level top.....- 18.0 | To.0 
*Railway, level top.....-| 21.7 | 10.0 
“| #Railway, level top......] 14.2 | 6.0° 
*Rajlway, Jeyel top....--| 14.7 | 4 
Railway, level top......| 20.0] 8 
Railway, leyel fop-.,.--| 23-5 | 8 
TRailway, small surcharge] 18.2 | 8. 
9 

9 

7 


yertical fell over. 
$No track, level topes. < s-| 21.0 2 Ii 24 no movement 
| No track, level top.....| 21.8 - 1148 moved out 5 ing 
Railway, level top......| 17.0 is vertical moved out 74 ins 
Railway, level top...... vertical no movement 


Railway, level top. ....- Li24 moyed out 4 ins 


* Toe pressure excessive.  t Rock foundation, ¢ Pile foundation. 
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General Data. The top width of a retaining wall should not be less than 
2 {ft where frost penetrates into the ground more than 3 ft, and not less than 
1.5 ft for smaller penetrations. For railway walls these M 
widths should be increased to 3 {t and 2.5 ft. The front 
face of the wall should have a batter of at least 1 in 24, 
preferably tin 12. ‘The foundation masonry should be offset 
at least 6 inches both at heel and toe. Offsets to reduce 
the unit compression on the foundation bed should always 
be at the toe (Fig. 34), never at both heel and toe, since 
the compression at the heel will be small under the hori- ~~ Hi 34 
zontal pressure of the earth. A factor of safety of 2 against e 
rotation is recommended, altho eis preys brings some tension in the back 
joints over the heel. 
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“Convenient Approximate Data on retaining walls of type C for preparation 
of estimates and use in the field. Let = the height of a wall in feet, P = 
the horizontal pressure in lbs applied at 4/3 above the heel, for a wall 
one foot long, W = the weight, of the wall including earth upon its back in 
lbs for a wall one foot long, W, = weight of foundation masonry in Ibs for a 
wall one foot long, 6 = width in feet of base of the wall at top of foundation, 


6, = width in feet of bottom of foundation masonry, S, = the pressure upon 


the toe of. the wall in tons per sq ft, S, = the safe load upon the foundation 
base in tons per sq ft, f, = the coefficient of friction of masonry upen rock = 
0.66, f, = the coefficient of friction of masonry upon sand and gravel = 0.50, 
f= the coefficient of friction of masonry upon clay = 0.33. 

For approximate design, the width of the base may be taken as b = 0.45 1k 
for ordinary walls retaining level banks, b = 0.66 h for railway walls, b = 0.70 4 
for surcharged walls, that is, walls retaining an inclined bank. The batter 
of the foundation masonry with a vertical line may be taken as t:0.9. Also 
b,=%b (r+ 0.18h/S,), and P= 13h? for ordinary unsurcharged walls, 
P = 20 } for railway walls, P = 22 h? for surcharged walls, W = so h®, for 
ordinary unsurcharged walls, W = 80 h? for surcharged walls, W = 85 h® for 
railway walls, and S,=o0.2. The resistance to sliding = {(W + W,), which 


’ must be greater than P. 


. 


To determine, in the field, the necessary width of base and of foundation, proceed as 
in the following example of a design made for estimating purposes (Fig. 35). Let h = 40 
ft for a surcharged wall which is to be built upon a foundation 
having a safe bearing capacity of 5 tons per sq ft. The above 
approximate formulas then give b = 0.70 4 = 28.0 ft, and by 
= 14.0(1 + 1.44) = 34.2 ft. 

A retaining wall is probably slightly stronger if the 
back is built in steps. This is the most convenient 
form of-construction for ashlar and rubble walls, but 


1.0 when the wall is to be built of concrete, either the 


stept or unstept back may be properly used. In cal- 

jel culating the stability of a wall with a step back, it 

Fig. 35 may be regarded as having a uniform batter. The 

placing of earth back of a retaining wall in layers, and 

ramming it, may or may not reduce the horizontal pressure against the wall, 

but the calculated width of wall should not be reduced if the earth is to be 

so compacted. The ramming of soft rotten rock or earth which is a 
combination of clay, sand ‘and gravel, may reduce the earth pressure, 

Designing by Tables. As an example take a retaining wall go ft high for 

a highway bridge approach which -for architectural reasons must have a 


vertical face. The masonry will be taken at 150 lb per cu ft and the earth — 
at roo lb per cu ft. The slope of repose of the earth will be taken at 1.33 : 1. 


A factor of safety 2 will be used for rotation and hence the overturning moment 
in Table (A) must be doubled. Entering table (A) for a slope of repose’ of 
1.33: 1 and a height of 30 ft, M is found to be r12 500 lb ft, and hence the over- 
turning moment for the proper factor of safety is 225 000 Ib ft. As a vertical 
faced wall is desired, either type B or C must be used. Type B is a very 
uneconomical type and should be used only ie: dry walls. Therefore type C 
will be adopted in the design. ' 


Entering, table (C) with the multiplied overturning moment, the nearest 
resisting moment is 259 000 |b-ft for a wall 30 ft high, and the required ratio 
of the base of the wall to its height is found to be 4/10 and therefore a base 
12 ft wide is needed. Entering table (F), the compression at the toe of the 
wall is found to be intermediate between that for a 20-ft and a 1oo-ft wall. 


. 
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By proportion the expression for the compression upon the toe of a 30-ft wall 
is found to be 376 /% or 11 280 lb per sq ft or 5.6 + tons per sq ft. If the 
foundation bed is rock or hard rotten rock and the bed is rough so that the 
wall will not slide, the design is completed. Offsets of 6 inches should be 
made at the top of foundation for reasons heretofore given. The stability 
of this design may now be investigated in detail by the methods of Art. 8. 


The capacity of a granite ashlar wall to resist overturning, as compared 
with a concrete wall, is generally overestimated. Since both kinds of walls - 
resist the overturning thrust of the earth by gravity alone, the granite ashlar 
wall is little stronger than the concrete one. Calling the resistance of a con- 
crete wall 1, the resistance of a granite ashlar wall for types B, C and D 
would be 1.07, 1.05 and 1.07 respectively. A brick wall is only 0.85 as strong 
as a concrete one. A sandstone ashlar wall has about the same strength as 
@ concrete one. On the basis of the recommended factor of safety 2 against 
overturning, the maximum unit compression stresses are so low that, except 
for masonry laid in lime mortar, they need not be considered. The maximum 
compression in a retaining wall roo ft high is given in table (F) as 400 h = 20 
to1is per square foot. : ; 

Walls with Vertical Backs. The top width a is assumed and the hori- 
zontal earth pressure P computed by Art. 4. Then for the case where the 
resultant cuts the base at the edge of the middle-third, so that the compression 
at the heel is zero, the width of base is 


=-WYatryvs5e+s8Piv 


where v = unit weight of the masonry. When the condition is inferred that 
the resultant cuts the toe when P is doubled, the formula is 


* b==Ha+ gv 3 07+ 8P/v. 


The first formula gives the greater value of b, and it should be used when it 
is important that no tension should exist at the heel. See Art. 12 fora com- 
parison of designs made by these two methods. For rectangular sections, 
where b = a, these formulas become 6 = 2 P /vandb = 2 /P /3 v. 

Tn Construction a trench is excavated in which to lay the foundation of 
the wall. Fig. 36 shows a wall whose foundation aebd is at a considerable 
depth below the ground surface sg, while m,m, and. m,n, are the sides of the 
trench which will be excavated in order to lay the foundation masonry aebd. 
It is important that upon the completion of the retaining wall the remaining 
trench spaces m,aem, and bn,n,d be filled with well selected earth thoroly 
rammed into place. * This gives an additional factor of safety against over- 
turning. If the wall leans forward it will meet resistance 
at the front, which is shown by P; applied at 1gae measured 
down from a and also at Py»: applied at 144af measured up 
from f. The values of P; and P: cannot usually be approx- 
imated, but the most extreme case is that where P; = 0, and 
then the height of the wall would be that of the top above 
the foundation bed. In construction, however, it isimportant 
that back-filling the space between the masonry and the sides 
of the trench should be well done. Invery deep foundations 
the trench sheeting should be Ieft in place so as not to dis- 
turb me earth back and front of the foundation masonry. 


Deep foundations for retaining walls, however, are very seldom used, it being more | 
economical, asa rule, to use piles to transmit the loads to soil of sufficient bearing capacity, 
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In pile foundations it is important in the design to take care of the horizontal thrust by 
land ties of battered piles. 


- In the case of clay foundations the proper back-filling of the trench is also 
important, as it tends to keep water away from the foundation. 

Sliding on the Base is to be prevented by making the same as rough as 
possible. For a wall on a timber grillage, some of the top timbers well bolted 
to the grillage may project above the level of the top of the grillage, or bolts | 
well fastened to the timbers may project itito the vertical masonry joints. 
Wheti this is not possible the basé should be placéd on an inclined grillage. 
Fig. 226 of Art. 8 applies to this case and there will be no force F parallel to 
the incline A Bif tan a = H1/W, andit is usually easy to secure such an inclination 
in construction. Bonding the stones together will tisually give ample security 
against sliding of a portion of a wall, on a lower portion. The designer should ~ 
provide such methods of preventing sliding rather than to widen the base and - 
thereby increase the weight in order to meet the theoretic condition of stability 
against failure by this cause. 


Waterproofing and Drainage. Fig. 37 shows a design of a retaining wall 
to 3 built of concrete or of concrete faced with ashlar.’ If it is important that 
the face of the wall shall be dry, the treads of the steps 
of the back must have a batter with the horizontal, as 
shown in Fig. 37, of at least one inch. 

The back of the wall should be given two coats of 
coal tat pitch, and immediately adjacent to the back a 
stone drain, marked, d-d in the figure, should bé built. 
Near the bottom of the wall, but at such height above 
the surface of the ground as will permit free discharge 
of the water back of the wall, drain pipes not less than 
3 in in diameter should be laid in the masonry. These 
drains should be at every 25 ft of the length of the wall, 

and at theit inside ends piles of broken stone, from 14 
Fig. 37 - eu yd to t ct ydin volume, shotild be placed, deperid- 
. ing upon the height of the wall: This broken stoné 

prevents the pipes from becoming stopped up with earth. 


Ti order to guard against seepage of water throtigh cracks which may result front 
terhperature changes; a concrete wall may be built with vertical expansion joints at inter: 
vals of 50 ft which extend ftom the foundation bed thru the 
coping. This method of construction causés the temperature 
cracks to occur at known, vertical lines. The wall may also be 
built without such expansion joints, provided it be reinforced with 
sufficient steel to take care of the tension in the concrete resulting 
from the lengthening of the wall under rise of temperature. 
Water may be prevented from seeping thru these joints by 
forming a rectangulaf vertical recess, as the wall is built up, Which is filled with plastie 
clay well rammed in place. Fig. 38 is a plan of @ portion of the leigth of a wall showing 
‘a horizontal section of the vertical expansion joint and the recess a aaa into which the 
clay is packed, Even tho there should be a slightly uneven settlement of the adjacent ~ 
sections, the clay will be effective in stopping the seepage of water. 

A Frost Batter is a forward inclination of the back face near the top of 
the wall, as shown in Fig. 32: The object of this is to allow the earth to lift 
upward under the action of frost, and thus prevent an additional horizontal 
pressure at the top of the wall. A drainage ditch, at a few feet parallel to the 
wall away from the top, is often provided to carry off rain water t before it 
percolates into the earth. 


If the pressure upon the toe of the wall, as obtained from table (F), exceeds the safe 
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unit pressure which may be Placed upon the fotindation bed, the foundation masonry 
must be widened by an offset in front of the toe of the wall. The necessary width of . 
foundation may be obtained by the empirical formula by = ¥6 (x + 81/5), in which — 
6; = the nécessary width in ft of the bottom of the foundation, 6 = the width in ft of 
the bottom of the wall, previously determined, S;=presstre in tons per sq ft upon 
the toe of the wall, Sy = the safe pressure in tons per sq ft upon the foundation bed. 


12. Comparison of Retaining Walls. 


The Profile of a wall or dain means the shape of its cross-séction as shown 
by the bounding lines, An economic pfofile is one whith has the least mate- 
rial consistent with proper stability and with the local conditions where it ix 
built. Retaining walls are usually of trapezoidal form, but the batter of the 
faces has much influence upon economy of material. A sea wall may have 
its front face more or less curved, the curve being introduced to deflect 
upward the waves that strike it aad thus to lessen the lateral pressure which 
fhay be caused by their impact. 

The Relative Economy of retaining walls of different types may be approx- 
imately ascertained by comparing their resisting moments given in the tables 
of Aft. 9. In type C thé weight of the earth upon the back of the wall adds 
to tle resistance: The efficiency Of earth above the back in fesisting over- 
turning 6f the wall haS been démonstfated by the su¢cessful construction 
of reinforced concrete walls with counterforts where stability against over= 
turning depends almost entirely upon the weight of the earth resting 
won wall. It should be noted in table (F) that the pressures upon the 
toe of walls of type D are much less than for C or in fact any other type, and 

- therefore type D is a desirable one when the carrying capacity of the founda- 
tion bed is low. This type, however, cannot often be used in cities, since its 
front batter encroaches upon. valuable land. Type B should rarely be used 
éxcept fot dry rubble walls, since it is a very uneconomical type. It has one 
advantage, however, that dué to the greater weight, it offers the most resist= 

' ancé to sliding, of all the types: Even in this respect, however, type B has 
little advantage 6vet type C. Type D offers the least résistance to sliding. 
Type E is really a modification of C, and when the front batter of E is small 

; 2ompared With its back batter, type E Bechinits type C. Type E need be 
given little consideration in practice. 


Relieving Arches at the Back of Walls (Fig. 21) are not economical in 

eeecican practice. Before the reinforced concrete counterfort type of wall 

' came into use, they may have been economical in Europe, where the cost 
of materials of construction is relatively high compared to the cost of labor. 
Counterforts on the back are advisable only when built of reinforced concrete, 
because -of the practical impossibility of taking care of the tension at the 
junctions of the back face and base with the counterforts, especially in walls 
of rubble or ashlar. Buttresses should rarely be used except when needed to 
prevent failure of a wall which is seen to be weak. A buttressed wall has no 
place in engineering except for architectural effect, 

_A Wall with Back Inclined Backwards (Fig. 39) is not usually an econom- 
ical one, owing to the added cost of construction, altho theoretically gush. a 
form tends toward economy of material. Fig. 40 
shows an excellent form of wall with a short and 
steep batter aa at the front «& little above the 
surface of the ground, while the greater part of _ 
the front is vettical. In walls of types B and C 
the batter of the front face should be at least : as be 
3224.> - Fig.39 Fig. 40 
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Theoretic Comparison of Walls. The following is a comparison of the width 
of base computed for several retaining walls with vertical backs all being 18 ft high 
masonry 150 lb per cu ft, and retaining a level bank of earth weighing roo lb 
per cu ft and having a slope of repose of 34°. The top width a in feet in the 
first line being assumed, the base width in feet in the second line is computed 
under the condition that the distance e (Art. 6) shall be 1% 6, thus giving a 
high degree of stability against rotation, 


a= 0 I 2 3 4 5 6 7 fab at fe 8 
BiG sBri Aedes FeBo yi7-O oP OZeOnbingers 0 9-35 | 725 nceeeme 
% = 5° 53 58 65 7 78 85 93° Teo: fy 
The last line shows the relative amounts of materials in these walls as per- 
centages of the rectangular wall in the last column. The triangular wall 

(a = 0) has 50% of the material in the rectangular one. 

The following shows a comparison for the condition that there shall be a 
factor of ‘safety of 2 against rotation, that is, that the resultant cuts the toe 
of the wall when the pressure P is doubled: 


a@=0 I 2 5 6 6.4 ft 
b= 7-8 7-4 7-0 ae 6.6 6.5 6.4 6.4 ft 
% = 60 66 7° 76 83 92. 97 00 


The width of base is here less than for the more rigid requirement, that for 
the rectangular wall being 1.4 ft less. The triangular wall has here only 
60% the material of the rectangular one. In practice 1.5 ft is the least allow- 
able width of the top of a retaining wall (Art. 11). 


13. Brest Walls and Dock Walls 


A Brest Wall, often called a face wall, is one built against a bank of earth 
or rock to prevent it from falling. Since nothing i is known regarding the 
horizontal pressure that may be exerted, experience and practice are the only 
guides. ‘The following rules may serve as a basis for thickness needed for 
different materials. ; 

Hard rock and hard firm rotten rock will usually stand with a vertical face 
or with a slight batter 1:10 to 1:4 for an indefinite length of time. If the dip 
of the rock is away from the face, a wall is seldom necessary. If the dip of 
the rock is toward the face, a base of wall greater than 449 its height is seldom 
necessary, provided however that drains are built into the wall so as to 
prevent the wall being forced cut by the formation of ice between the face 
of the rock and the back of the wall. Brest walls for all classes of material 
should have drains not only at the bottom, but also at frequent intervals 
between the bottom and the top. Soft and seamy rotten rock, the dip of 
which is away from the face, seldom requires a wall whose base is greater 


than ¥% its height. Soft and seamy rotten rock, the dip of which is towards | 


the face. seldom requires a wall whose base is greater than 1% its height. 
Firm sand and combinations of clay, sand and gravel seldom require a wall 
whose base is greater than 14 its height. If the dip of the stratum, however, 
is steep and toward the face, a base at least 44 the height of the wall should 
be used. If the walls are surcharged, these ratios should be increased to 
449 and 54o respectively. 


Clay and other materials resting upon a moist stratum of clay back of the: 


wall, whose dip is toward the face, may exert enormous pressures, particu= 
larly when the wall is surcharged. If, for this case, the earth back of the’ 


wall is level with its top, a base larger than 649 its- height is seldom required, 


and for a level top, if the dip is away from the face, a base larger than 549 its 


~ 
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height is seldom required. Ifthe wall is surcharged and the dip of the moist: 
clay stratum is away from the face, a base 640 its height is usually sufficient. 
Tf the wall is surcharged and the dip of the moist clay stratum is towards the 
face and making an angle with the horizontal not exceeding 15°, a base {o 
its height is usually sufficient. If the wall is surcharged and the dip of the 
moist clay is toward the face and over 15°, but under go°, a base equal its 
height is usually sufficient. If the dip exceeds 30°, the ratio should be in- 
creased to 3/2. ; ; 

A Dock Wall differs from an ordinary retaining wall in that water pres- 
sure is exerted against its front face in the lower portion of the wall, while 
water, and earth submerged in water, exerts pressure upon its back in the 
lower portion of the wall; also the weight of the masonry below the water line 
is reduced: by the weight of the volume of water which the wall displaces. - 


Fig. 41. Concrete Dock Wall on Rock 


Assumptions for Design. The water pressure upon the face of :ne wall 
should be regarded as balancing the water pressure upon its back. When 
the wall is built in tidal water, particularly when the range of tide is large, 
there is probably a lag in the tide back of the wall, and therefore it is advis- 
able above low water to increase the width of the wall arbitrarily above the 
average back batter line, as shown in Fig. 41 by the dotted lines marked rs, 
tu and.yvw. The weight of the earth on the inside of the wall and below high 
water is decreased by the weight of the volume of water displaced. The 
angles of repose of submerged earth will generally be much less than for 
earth above high water. The angle of repose of rip-rap or large cobble stone 
js not increased by submergence and this fact makes both materials desir- 
able as filling, back of a sea wall. Art. 2 gives the weights and angles of 
repose of submerged earth. It should.be noted that the weight of river mud 
is given at go lb per cu ft and its angle of repose as o°. River mud should 

' therefore be regarded as a liquid whose weight is go lb per cu ft exerting a 
horizontal pressure against the back of the wall of 45 /,°,in which h, equals 
the vertical distance from the heel of the wall to high water. ‘This hori- 
zontal pressure is applied at 14 h, above the heel. To get the net or effective 
pressure against the back of the wall, due to river mud, subtract from the 
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‘liquid mud pressure the pressure of the water against the front, which 
gives 13.8h,? for fresh water and 13 /,? for salt water. The pressure of 
liquid mud against the back of a’ wall need seldom be considered, but in the 
case of high walls, and where the earth filling is dumped from the shore 
toward the wall (Fig. 42), the river mud becomes banked against the back 
of the wall and exerts great pressure. The wedge b: ky a will be a mixture 
of river mud sand earth with angle of repose of 

‘practically o°. Due to the filling from the 

_shore, a wave spe mud, caused by the sudden 
settlement of the fill ab,b, may add impact to 
the river mud and exert enormous pressure. 
Therefore when the depth of river mud is great, 
the filling should be made from the top of the f 
wall, but even if this be done, it is advisable to . 

‘regard the slope of repose of the submerged Fig. 42 
earth filling as haying its base increased 30%; because the mud mixes with 
earth filling and the result is a flattening of the angle of repose. For 
example, rip-rap should be regarded as haying a slope of repose of 1.3:1, and 
clay, sand and gravel as haying a slope of 2:1. 

.The pressure at the back of a dock wall is censidered, in what follows, to 
be applied at 449 the height of the wall above the heel. The point of appli- 
cation of the horizontal pressure is raised above that recommended in the 
design of ordinary retaining walls because the submerged portion of the 
earth back of the wall is generally semi-liquid in character, that is, it has a 
flat angle of repose. If the back fill-~were a liquid, under an abnormally large 
live load, the point of application of the horizontal pressure would. never be 
higher than 14 the height of the wall above the heel. The effective weight 
of a masonry dock wall, below high water, equals its weight in air less the 
weight of the volume of water displaced by the wall, or the weight per cu ft 
of masonry’ below high water should be taken as its welghtd in air less 6214 Ib 
for fresh water and 64 lh for salt water. 

Masonry Docks haye walls‘of three general types: (1) A gravity masonry 
wall resting upon rock or other hard foundation or upon piles in firm material 
extending to the pile tops. Fig. 41 shows this type of wall founded upon rock. 

‘ (2) A masonry wall resting upon a timber platform, called a relieving plat- 
form, the top of which is generally from 12 to 18 inches above low tide; resting 
upon a pile foundation, Fig, 43. (3) A rubble wall resting upon rip-rap} 
this is seldom used for dock walls, but may be so used by the construction 
of a timber wharf in front. 1t is more generally used in the reclamation of 
land from the sea. ; 

Dock Wall of Type x. Fig..41 shows a type of dock wall founded: upon 
rock. The rock shoyld be cleaned off by dredge and diyers, and the founda- 
tion of concrete in bags be laid by derrick boat and divers, Assume the safe 
unit compressive stress of well-bonded portland cement bag concrete as 19 
tons per’sq ft. Ifthe wall is built in salt water where the temperature of the 
air falls below 32° I’. the face of the dock wall between the top and 2 ft below 
low tide should be faced with ashlar masonry, which will withstand the action 
of salt water and frost. ‘Type 1 is generally_built of large portland cement 
concrete blocks-from the top of the foundation concrete to several feet above 
low tide. These blocks weigh from 15 to 80 tons, depending upon the size 
of the wall, and are generally cast on the shore, hauled by boat to the site of 
the wall and lowered by a derrick boat, The blocks are made with their 
beds beveled approximately 10:1, so that the bed joints are approximately 
normal to the resyltant pressure, Grocyes or recesses are molded in the 
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vertical joints of each block and these grooves or recesses are connected by 
a hole passing thru the block. By means of chains passing thru these grooves: 
and holes, the blocks are lowered into place, and when in place the chains 
areremoved. ‘The vertical grooves are made to, match, and the square recesses 
thus formed by adjacent blocks are packed with concrete. Above low. water 
the concrete is molded in place. ‘The top of the wall should be at least three 
feet wide to withstand shock from vessels. The front of the wall may be 
built with an increasing batter forming a curve as in Fig. 41. The back of 
the wall should be’ built in steps to agree with the heights of the concrete 
blocks, or the back of each block may be divided into several steps. If the 
Wall rests upon a foundation bed of material that may be scoured out if 
unprotected, a bank of rip-rap should be placed in front of the wall to pro- 
tect its foundation. 

The resultant pressure P for a section one foot. long im Fig. 41 is found as follows. 
The wall is to. be built cf concrete weighing 150 Ibs per cu ft, and in sea water weighing 
64 Ib per cu ft. It will be backed with rip-rap, and will have a live load back of it equal 
to 750 lb per sq ft. The filling back and above the rip-rap wilt be a combination of 
gravel, sand and clay. All material above high water will be regarded as dry and below 
high water will be regarded as submerged. The following data are here applicable: 


Kind of material Slope Angle Lb per cu ft 


Hard rock or rip-rap submerged.......222... iT 45° 00° 65 2 
Hard rock or rip-rap dry..,..-.-2..+.-.- atte y 45 00 100 
Gravel, sand and clay, submerged. Fake © O54 18 30 65 
Gravel, sand and clay, dry...... seb enaewekty  agsinwe) )-30 Sol 100 


Draw an inclined line bd, which is an average line for the stept back. ‘This line 
should pass thru the heel d always; ‘thru d draw a vertical line di and a horizontal 
line @Z;to intersect with kl, the line which represents. the limiting surface of the rip-rap. 
which is placed back of the wall to reduce the intensity of the earth pressure; thru d draw 
de making an angle 45° — @1/2 with the vertical, in which @y is for rip-rap and e is a point 
in kl; at e draw ef making an angle 45° — 2/2 with the vertical, d2 being for submerged 
gravel, sand and clay, while f is a point in the line of high water; at f draw fg making an 
angle 45° —@3/2 with the vertical, @3 being for dry gravel, sand and clay. Then d-i-g-f-e 
s the wedge whicl: tends to slide down the lower plane de and cause a horizontal pres- 
sure P against the back of the wall, this being applied at a distance 449 di measured 
rom d. ‘To the weight of the wedge must be added the live load of 750 pounds per sq 
‘t, or, since a wall one foot long is being considered, a load of 4750 Ib per lin ft. The 
weight of the sliding wedge in pounds equals area de, X 65+ area & fo fe X 65 + area, 
foigf X 100 + 750 7g = 85 500 lb. = 

To find the horizontal pressure P lay off to any scale of intensity 55 500 on the line 
r-2; at x draw line 1-3 parallel to de and at 2 draw horizontal line 2-3 to intersect 3. 
Then length of line 3-2 gives 22 000 Ib = horizontal pressure P. The weight of .the 
material between the back of the wall and di will be regarded as helping the wall to resist 
he overturning moment of the horizontal pressure. The center of gravity of this mate. 
‘ial can be found analytically or graphically. It should be remembered in getting the 
weight of this material and its center of gravity that submerged and unsubmerged mate- 
tials have different weights. In finding the center of gravity of the masonry and its weight 
Jso, it should be remembered that the masonry above high water weighs 150 lb per cu - 
t and below high water 130— 64= 86 lb per cu ft. CG isa vertical passing thru the, 
ombined center of gravity of the wall and the earth bid resting upon it. The total 
veight acting thru CG is 74 000 lb, . 

To find the resultant pressure P, lay off on any scale the line o-7 equal to 74 000 lb, 
nd from 7 lay off line 7-8= P= 22000]lb. Then line o-8 gives the resultant in direc- 
ion and magnitude, and this intersects the base at pi. Dock wall designs need not be 
nyestigated for pressures at the toe, because their weight is materially reduced by the 
uoyancy of the water, Their foundation pressures and their tendency to slide upon 
heir foundations should be investigated as in retaining walls and all designs of dock 
falls should be investigated for overturning. The factor of safety against overturning 
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for this example equals the ratio of the distances pc to pf1 or 3.4. For dock walls the 
factor of safety against overturning should be at least 2.5. 

If no rip-rap is placed back of the wall, df; is the plane of rupture down which the 
wedge digifi tends to slide and the live load is applied to igi. The line 4-5, to the same 
scale as line 1-2, represents the weight of wedge digifi and its live load, while line 5-6 
equals the horizontal pressure of this wedge. ‘The line Ox gives the position and direc- 
tion of the resultant pressure for the wall without rip-rap. The factor of safety against 
rotation of the wall without rip-rap equals the ratio of the distances Acto fg, or 1: 1.3. 
The wall is therefore not safe, and either rip-rap should be placed back of it or its base 
should be increased to cd,, for a factor of safety of 2.5 against overturning. The fore- 
going analysis shows the value of rip-rap in decreasing the pressure upon the back. | 


iy free i), Wy 
Fig. 43. Relieving Platform Dock Wall 


Dock Wall of Type 2. (Fig. 43.) This wall is built where rock or other * 
hard foundation bed lies at considerable depth, and for permanent work, but 
not where the piles are subject to the action of the teredo. It is also used 
where a hard foundation cannot be reached by piles, that is, where the wall 
is floated in mud; in this case, no analysis is of much value in making or 
checking a design, but the wall should be designed so as to permit of settle- 
ment and forward displacement without demolition, and land ties be used 
to keep the wall from excessive forward movement. . Fig. 43 shows the method 
of finding the horizontal pressure against the back of the masonry wall and 
also that against the timber sheeting; these methods are similar to those for 
type 1. For discussion of the timber substructure see Art. 37. ‘ 

Dock Wall of Type 3. This wall may be used for any class of founda- 
tion bed, and is well adapted to mud flotation. The rip-rap walls settle 
and go out of line, but cannot be overturned, and, if possible, the construction 
of the masonry wall should be delayed for a year or two after the rip-rap is 
placed. The rip-rap extends up to, the low water line, its slope on the land 
side being r to 1 and on the water side 114 to 1. The rubble wall on top of © 
the rip-rap is about 6 {tin width. This wall is generally the cheapest type of 
permanent sea wall, but is unsightly, and vessels cannot approach so close to 
it as to the other types. - When floated on mud, dock walls cannot be sub- 
jected to computation, but they require extraordinary precautions in design 
and construction. See paper by S. W, Hoag in Proc Munic Engrs of City 
of New York, 1905. it Sy 
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44, Walls and Piers in Buildings “ 


A Building Bearing Wall may fail (1) by the crushing of the masonry, 
(2) by tension of the masonry over openings, (3) by overturning about any 
horizontal joint due to the thrust of arches adjacent to corners; (4) by over- 
turning of an exterior wall about any horizontal joint, due to wind, (5) by 
failure of foundation. For (1) the same methods of preventing failure are 
to be used as for retaining walls (Art. 8). For (2) arches of masonry or 
lintels of stone, reinforced concrete, or metal must be provided to support 
the load of the masonry over openings. For (3) tie rods must be provided 
to take care of the horizontal pressure’ when the width of wall outside of the 
arch is insufficient to act as an abutment. For (4) the walls must have a 
thickness not less than hereinafter recommended. 

Failures are liable to occur during construction, due to the application of concentrated 
loads, as a rule eccentrically applied and when the mortar is not well set. Many cracked 
stone lintels are to be found over openings, but these seldom cause failure except of a 
local nature. Eccentric loads resulting from placing the bearing plates of beams and 
lintels very close to the inside edges of the masonry walls may cause failure by shearing 
the masonry or by overturning the walls. The flexure of beams and lintels causes an 
inclined reaction which tends to overturn the walls. 


Thickness in Inches of Exterior Walls of Buildings as required by the 
Building Laws of Washington, D.C. 


Height of wall in feet 


10 
9 
8 
7 
6 
5 
4 
2 
2 
I 


wo 
& 
© 
3 


* For walls, 25 ft or less, g-inch walls may be used above the basement. 


This table applies to walls of brick, dimension stone or concrete. For warehouses or - 
buildings used for storage or mercantile purposes the walls shall be at least 41 in thicker 
than given in the table. Forrubble masonry add one-third to the thickness given. Rein- 
forced concrete walls may ‘be made 3% of the thickness given. For cross walls. extending 
from exterior wall to exterior wall, a thickness 3 of that shown in table. 

‘Thin ashlar facing shall not be counted in determining the thickness of walls. If 
stone facing is used with bond courses alternately, not less than eight inches thick, on 
the beds, then such facing may be counted as forming part of the wall, and the total 
thickness of the wall and facing shall not be required to be more than that herein specified 


for walls. 


The height of stories for all given thicknesses of walls must not exceed eleven feet in 
the clear for basements, eighteen feet ifi the clear for the first story, fifteen feet in the clear 
for the second story, fourteen feet in the clear for the third and fourth stories, and fourteen 
feet in the clear average height for any upper stories, unless the walls of such story and 
all the walls below the same shall be increased four inches in thickness additional to the 
thickness already mentioned. 
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When girders are supported at the ends by masonry walls the center of the bearing 
plates shall be practically concentric with the. center of the wall. Small joists of steel or 
wood need not have more bearing in the wall than is necessary to reduce the unit stresses 
of the beating within safe limits. 

Stone Beams miay be designed by w = bd (0.2 Sd/P? = 1), where w = safe 
total uniform load in Ib per lin ft, 6=width and d=depth of beam in inches, 
/ = clear span in feet, S = specified modulus of rupture in lb per sq in; for a 
concentrated load at middle use 4% w. For depth of a stone lintel in inches 
use d= 4+ 0/3, where 1 = span in ft, and a= 0.65 for granite, 0.75 for 
liméstone and marble and 0.85 for sandstone. 


Piers in Buildings should not haye a greater ratio of unbraced height to 
least width than 15 for monoliths of stone and portland cement concrete 
and ashlar piers or blocks haying the full horizontal dimensions of the piers, 
12 for brick and well-bonded ashlar piers laid in portland cement mortar, 
ro for brick and well-bonded ashlar piers laid in natural cement mortar, 8 
for brick and well-bonded ashlar piers laid in lime mortar, 8 for rubble piers 
of flat or scabbled stones laid in portland cement mortar, 6 for rubble piers of 
unscabbled stones laid in portland cement mortar, and 4 for rubble piers 
of unscabbled stones laid in natural cement or lime mortar. 


The Unit Stresses of Art..1 should be reduced for piers when the ratio 
of the unbraced height to least width exceeds 10 for monoliths of stone and 
portland cement concrete and ashlar blocks having the full horizontal dimen- 
sions of the piers, 8 for ashlar masonry, 6 for brick masonry, 4 for rubble 
masonry. This may be done by multiplying the S of Art. 1 by (1 + 0.1¢/d 
—o,1h/d’), in which /# is height of pier in ft,d is the least width of pier 
in ft, h/d is the ratio of unbraced height to least width, and ¢ = 10 when S is 
from 7oo to 500, c = 8 when S is from 500 to 300, c = 6 when S is from 300 
to 200, ¢ = 5 when S is from 200 to 100, c = 4 when 5S is below 100 Ib per sq 
in. When brick piers are faced with prest brick, thin ashlar or terra-cotta, 
the facing should be neglected in figuring the area of the piers. 


Example. Find the safe compressive unit stress for a brick pier of hard brick laid in 
portland cement mortar, the unbraced height being 16 ft and least width 16 inches. 
From Art, 1, Sj = 350 lb per sq in, c = 8, h/d = 12, h = 16 and d = 1,33. Therefore 
the pier may "be built of the stated dimensions, but the unit stress must be peas by the 
above method to 245 |b per sq in. 


15. General Data for Masonry Dams 


Dams built up to the middle of the 19th century apparently were designed 
without theoretical analysis. The principles upon which safe and economical 
dams should be designed were laid down first by Sazilly in 1853 and after him 
by such authorities as Graeff, Delocre, and Rankine. According to these prin- 
ciples thé requirements of a safe dam are: 


a. At all horizontal sections, the resultant of the acting forces shall strike at or within 
the middle-third for all conditions of the water elevation behind the dam. This principle 
implies the condition that no tensional stresses are permissible in a masonry structure of — 
this character, the assumption being made that the pressure intensities along the a 
or joint vary uniformly, according to the law of trapezium. © (Art. 6.) 

b. At no point along any horizontal joint or the base shall the unit normal stress ae 
the plane be more than a specified safe limit. (Art. 1,) 

Investigation of the old Spanish dams, standing for over three hundred years show a 
maximum compression stress on horizontal joints of from 1x to 14 tons per sq ft. 

. The friction developed by the weight of the structure at any horizontal joint or at” 
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the base shall be greater than the resultant horizontal force acting upon the joint tending, 
to slide the part of the dam above it. (Art. 3.) 


No exact mathematical expression has been found as yet which would deter- 
mine the outline of the dam section in accordance with the three require- 
ments enumerated and with given data as for permissible stress and specified 
factor of safety against sliding and overturning. If only condition @ is con- 
sidered, the economical section will be a right triangle with back vertical and 


base width = h/ avian where / is the height of water above the base and y the 
specific weight of the masonry. The authorities mentioned and a number of 
others have endeavored to find the best modification of this triangle form to 
comply with requirements 6 and c, the result being a seriés of proposed forms of 
more or less complex outline, but none having an unimpeached general value 
and most being entirely impracticable. A very complete record of these 
forms and of the dams built according to the different theories can be found in 
E. Wegmann’s “The Design and Construction of Dams.” The “ practical 
profiles ” recommended by him (Art. 17) represent a valuable addition to the 
profiles mentioned. ~ ‘ 

Tn 1895 M. Levy and following him in 1904 Karl Pearson and Atcherley made thoro 
analytical studies of stresses in gravity dams of masonry and came to the conclusion that 
in such dams the planes subjected to maximum compressive and tensional stresses are 
not horizontal as a rule; thet the direction of the maximum pressure intensity is parallel 
to the face of the dam and the pressure is greatest near the outer profile; and that, in 
every case, in a dam designed according to the heretofore accepted principles tensional 
stresses occur on inclined planes near the heel. ‘These analytical deductions havc been 


’ verified by the famous experiments of Ottley and Brizghtmore on plasticine models and by 


the experiments of Wilson and Gore on India rubber models. To eliminate tension at or 
near the heel, Levy proposes to design dams so that “‘ the normal pressure on every joint 
at the upstream face should be greater than the hydrostatic pressure at that point.” 
Recently built French dams are all designed on this principle. German engineeis use a 


_ clay or loam fill at the back of high dams, to assist in the plastering of the masonry on the 


waterside and to fill every crack possibly developed by tensional stresses. Wilson and 
Gore pointed out the advantage of a rounded or projecting inner heel to decrease tensions. 
In American practice this latter method is extensively used. 


'. Tt is recommended that for the lower one-fifth of the height of dams, the safe working 


stresses of Art. 1 shall be reduced 30 per cent if the dam is designated without considering 
the maximum stresses resulting from the combination of normal and shearing stresses. 


(Art. 6.) ; 


_ Horizontal Pressure on Dams, While the physical properties of water are 
well known (Art. 5) it takes a good deal of judgment to determine the horizontal 
forces exerted by water upon a dam. Asa rule the strata upon which the dam 
is built is covered by more or less pervious or impervious layers of sand, gravel, 
loam or clay. The dam generally extends thru this overlying material and the 
question arises how far down and to what extent shall the horizontal water 
pressure be considered. In the case of spillway dams the back pressure from 
the water downstream (tailwater) may decrease the net pressure upon the back 
and this pressure may also be exerted through the material overlying the foun- 


dation. 


How much numerical value should be given to this underground pressure, is entirely 
dependent on the kind of overlying material. Clean gravel will practically not reduce 
the hydrostatic pressure at all, fine’ sand will reduce it to a great extent, while puddled 
alluvial soil may not transmit any water pressure at all, but such soil quickly disintegrates 
with a running leak. The intensity of this horizontal underground water pressure cannot 
be accurately determined but its possibility should not be overlooked. The overlying 
material also exerts a horizontal thrust upon the back of the dam which should always 
be considered in the design (Art. 5), although usually this pressure is practically negligible, 
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The active thrust and passive resistance of the overlying material at the down-stream 
‘side of the dam on the other hand should generally be disregarded. 


Uplifting Pressure on Dams. Masonry dams of the gravity type are 
preferably built on rock foundation, but they have been built successfully on 
gravel and sand, which materials, if compact (hardpan) or confined so that no 
erosion can take place under the base, have a sufficient bearing capacity to 
support moderate size dams (say up to 60 ft). 


Tn the design of all dams, except those whose foundations will rest on solid, impervious — 
and unfissured rock, the most careful consideration should be given to the possibility of 
uplift upon the base of the dam due to the water being forced under the base of the dam 
through veins, fissures or interstices. Neglect to consider this very great force has resulted 
in disasters. The designer must allow for uplift or upward pressure on the base of the 
dam on all but the best rock foundations or he must provide an adequate impervious 
cutoff that will either prevent uplift entirely or make it negligible. In “ Professional 
Memoirs,” Jan-Feb. 1915, Capt. W. A. Mitchell describes many experiments and obser- 
vations made on the uplift on dams, especially those made very recently on the Ohio 
River dams built by the Federal Government. The following is largely taken from the 
statements of the paper referred to. , 2 


With foundations on rock, the amount of upward pressure is not easily 
determined. It is evident, however, that there is such pressure. Experiments 
by Francis, Col. Shunk and Maj. Jervey show that water percolates through 
joints between concrete and rock, and travels in small veins in these joints. 
Tf allowed free exit, the pressure varies irregularly between upper and lower 
pools; if the exit is closed the pressure quickly becomes that of the upper pool 
as soon as enough water has passed through the veins to fill the test holes. 
The amount of space of these small veins, that is, the area of upward water 
pressure, varies from nearly zero in excellent granite foundations to 50 per cent 
or more in rotten shale. The final height of the rise of water in the test holes 
when free exit is provided below the dam varies roughly as the distance from 
the lower pool relative to the distance between pools. If efficient drains are 
introduced, the upward water pressure beyond such drains is practically neg- 
ligible in good rock. In this connection it is well to note that the drains must 
be effective, must not be too small and must not be stopped. With rock founda- ~ 
tions, the Ohio River Board in the general case uses the following rules: 


a, Upward water pressure varying at a constant ratio from upper pool at upstream 
edge to lower pool at drains. 

b, Drains to be located in the rock on the downstream side of the key or cutoff. 

c. Pressure under 50 per cent.of base fox firm, solid rock and under roo per cent of base 
for weak rock. 

d. Neglecting upward pressuré, the center of pressure to fall within the middle-third of 
the base; including uplift, the center of pressure to fall far enough inside the toe so that 
the maximum compression shall not exceed 400 lb per sq in for good rock and 70 Jb per 
sq in for poor or doubtful rock.* 

Cutoff Walls and Drains. It is customary and proper to build a cutoff of 
concrete as shown in Fig. 43a, the concrete being made of the best quality, most 
carefully placed so as to prevent the water getting under the dam or at least 
to increase the travel of the water by the length abcd. The higher the dam and 
the more pervious or fissured the strata the deeper this cutoff should be. Some- 
times the cutoff wall is made quite deep, the rock being channeled out by ma- 
chine. It is good practice to provide at d (Fig. 43a) a continuous drain with 
proper openings p extending to the face of the dam, so that any water that 


* The writer believes that the center of pressure should fall within the middle-third for. 
reasonable srsreniions of uplift. " 


Art. 15 


+ 


General Data for Masonry Dams 707° 
passes the cutoff may not exert uplift except of little intensity, but will flow out 
at e. On account of the possibility of these small drains and discharge pipes 
getting stopped up it is recommended in large dams to build instead of a small] 
drain as in Fig. 43a, a gallery (Fig. 51) of 
such height~that a man may walk in same 
from one end to the other to inspect and 
clean the drains so that the real uplifting 
pressure willbe known. This gallery should 
be reachéd thru manholes located at or 
near the top of the dam. 


Experiments made on the Gatun dam and 
the Ohio River at Dam No. 18 show that water 
‘pressure is transmitted thru concrete ‘and is 
transmitted thru joints between old and new g 
concrete more freely than thru solid concrete. 
Tf allowed free exit, the pressure is practically, 
negligible. Mitchell suggests that in order to 
utilize. the full value of the weight of the 
masonry, drainage should be provided from 
near the back of the dam at other levels than 
the base only or if such drainage is not provided for, in the design allowance should be 
made for the upward pressure at every horizontal joint investigated, but a smaller 
relative intensity can be assumed than that considered at the base. Uplift on joints 
above the base or drains above it have rarely been considered. Certainly if entirely 
disregarded, the line of pressure above the base should lie well within the middle-third. 


Fig. 43a 


Fig. 44.—Spillway Dam on Sand Foundation 


Dams on Sand Foundation. The uplifting pressure of water below the 
base is most serious in the case of dams built on sand or gravel foundation. 
Water pressure is transmitted more or less freely thru washed sand, gravel 
aggregate and washed river gravel. Sand offers the greatest, clean gravel the 
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least resistance to uplifting action. Besides being dependent on the physical 
properties of the foundation strata, the magnitude and the method of distribu- 
tion of the upward pressure are functions of the: depth of the cutoff or sheet 
piling, of the location of same and of the width of the base and apron. Water- 
tight sheet piling or cutoff wall is most effective if located at or near the heel of 
the dam. Another line of sheet piling placed near the toe will be effective in 
confiming the material below the 
base but will increase the uplifting. 
pressure if made watertight. The 
results of.a thoro analytical inves- 
tigation of the matter are published 
in Trans. Am. Soc. Civ. Eng., 1911, 
vol. 73, by G. E. Smith, in discus- 
sing A. C. Koenig’s paper on dams 
on sand foundation. Figs. 44 and 
45 are taken from this article, illus- 
trating the influence of the depth of 
the cutoff wall and the width of the 
base of the dam and the length of 
the apron upon the distribution of 
upward water pressure. The dia- 
- gram above the dam section, Fig. 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 44, shows, that for the relative 
Ratio of depth of cutoff to base af Dam dimensions of this particular in- 
Vig. 45.—Variation of Upward Pressure with stance the total of uplift is reduced 
Change in Depth of Cut-off . by the sheet piling to about one- 
half of that which would prevail 


without cutoff. For other dimensions the uplift can be estimated with the help © 


of the diagram, Fig. 45. Koenig, in the paper above referred to, proposes the 
following formula for the depth d of the necessary penetration of the sheet 
piles. 

i = h/sx where h = the maximum head of water on the upstream side above 
the bed of the stream, s = the specific gravity of the material penetrated and 
a = the proportion of solids in the strata. In sand with s= 2.65 and x = 0.6, 
d =0.629h, which is the absolute minimum depth needed. For low heads, 
Koenig suggests d = 2 4 and for medium heads up to go ft d = h. 


A number of failures of dams occurred due to the uplifting action of water upon the 
aprons of dams. The floor ofthe Lost River dam, Cal., and that of the Narrora weir 
on the Ganges was destroyed by being lifted up by upward water pressure. 


Percolation. The flow of water under dams on porous foundations can not 
be entirely stopped and this is the origin of a frequent cause of failure of such 
dams, the “ blow out” at the toe, which is due directly to a higher rate of per- 
colation than permissible for the material in question. If the percolating water 

‘has a greater velocity than a certain limit, it will carry with it parts of the 
material lining the vein of its passage, thus increasing the size of the vein. This 
action being progressive, the size of the vein continues to increase until it becomes 
a large hole and the dam collapses from lack of support. The blowout always 
starts with the appearance of a boil at the toe of the dam, that is a strong spring 
carrying sediment. The time between the first appeararice of the boil and the 
blowout varies from a few hours to several days. C 

The only way to prevent a blowout in pervious foundations is to cut down the velocity 


of the percolating water below that necessaty to disturb the particles of the foundation 
bed, by artificially making the underground travel of the water froni headwater to tail 
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water as long as is mecessary for this purpose. The ratio of this length of underground 
travel to the head of water is called the percolation factor. The most efficient way tc 
create a lange percolation factor is by a cutoff or sheet-piling. 

W. G. Bligh (Eng. News, 1910) proposes the following percolation factors: Fine sand 
and silt 18, fine micaceous sand, 15; ordinary coarse sand, 12; gravel and sand, 9; bouk 
ders, gravel and sand 4-6. The percolation factor may also be increased by a substan. 
tial impervious apron downstream or an impervious mat upstream of the dam,which 
Jatter may be an upstream concrete apron or a protected clay fill or the dam may be given 
a large inclination on the upstream face. ‘These types have been mostly{developed for 
dams across streams in India, where many failures occurred before the importance of the 
use of a proper percolation factor was recognized. The knowledge there acquired was 
used to good advantage on some dams in the United States. The Laguna weir across the 
Colorado River, with a head of 15 ft has a total base width of 244 ft, while the Madaya 
weir in Burmah, India, for a head of 11 ft is 288 ft wide. Inthe example shown on Fig. 44 
the sheet piling, the base of the dam and the apron take care of a percolation factor ol 
about 6, corresponding to a foundation strata of gravel and sand. 


Ice Pressure acting at the top of the dam is sometimes required to be taken 
into account. John D. Van Buren in 1895 advocated the use of 40.000 Ib per 
lin ft. The board of experts for the Quaker Bridge dam (report of Aqueduct 
Com., 1889) recommended that the ice pressure should be taken at 43 000 Ib. 
per lin ft of dam. For the design of the Kensico Dam 47 000 Jb, for the Cross 
River dam 24.000 lb, and for the Croton Falls dam 30.000 Ib, per lin ft of dam 
have been used. These widely differing specified values of the ice pressure are 
mostly based on the crushing strength of the ice, but it is obvious that before 
pressures of such magnitude could be developed, the ice sheet would fail as a 

- long column; moreover the creeping of the ice up the generally sloping shores 
of the reservoir will prevent any considerable thrust upon the dam. It can be 
shown (Trans. Am. Soc. Ciy. Eng., Vol. 75) that the consideration of ice pressure 
of such intensities as quoted above would result in absurdly large dimensions ~ 
for low dams while the dimensions of high dams would be only slightly affected. 
It is believed unnecessary to consider ice pressure in the design of dams unless 
the reservoir is very short in the direction perpendicular to the axis of the dam 
and the sides slope abruptly. 


Pressure due to the shock of waves can }ve entirely ignored in the design 
of dams where the water reaches to the top of the dam or spills over and 
may be generally ignored except in the case of a low dam impounding a 
large and exposed sheet of water where relatively high waves are possible. 

"Wave pressure may be taken into account by using Stevenson’s formula. 
(Section 16.) . - 


Temperature changes often seriously affect dams, and expansion joints should 
be provided perpendicular to the axis of the dams at intervals of about 3o to 
60 ft. : 
If expansion joints are not provided at about thibae intervals, cracks may form 
- which will be unsightly, will leak and may be injurious to the full strength of . 
‘the dam. Further, if expansion joints are not provided, vertical cracks parallel 
to the axis of the dam may occur especially near the center line or near the down- 
‘stream face and such cracks would endanger the stability of the dam. For 
further information see Section 11. 

Comparative cross-sections of several high masonry dams are shown in Fig. - 
46, and data regarding them and a large number of other dams are given in. 
Section 11. 


Cost .of Masonry for Retaining Walls and Dams. The cost of masonry 
for retaining walls and dams varies with the locality, size of wall, the diffi- 
culties of foundation, construction and, in the case of dams, with the difficulties 


719 Masonry Walls and Dams Sect. 7 


of handling the water during construction. The average cost per cu yd is 
about as follows: Ashlar facing, first class $20.00, second class and backing 
$12.00 to $14.00, rubble $8.50 to $10.00, concrete $6.50, con- 
crete walls over 15 ft high with ashlar facing $8.00 to $10.00. 


16. Investigation of Masonry Dams. 


An Investigation of a Proposed Section must be 
made for two cases: (1) when the reservoir is full and 
the water level is at its maximum height; (2) when 
the reservoir is empty. In the first case, the result- 
ant may be allowed to come at the edge of the 
middle-third nearest the toe, and then the 
compressive unit stress is greatest at the toe 
and least at the heel. (Art. 6.) In the 
second case, the resultant may be al- 
lowed to come at the edge of the 


. the compressive unit stress is 
oo eae es greatest at the heel and least 
at the toe. Maximum econ- 
omy of material will result 
when the resistance line for 
reservoir full coincides with 
the limit of the middle-third 
nearest the front and when 
the resistance line for reservoir 
empty coincides with the limit 
of the middle-third nearest the 
back. For other heights of water the resistance line will lie well within the 
middle-third. 


A safety factor against rotation is not generally used in discussing high masonry dams, 
but an expression for it is » = Wt/Hp, where W=weight above any horizontal plane 
considered, ¢ = distance from toe to point where resistance line cuts that plane, H = 
horizontal water pressure above the plane, » = height cf H above the plane. 

A Trapezoidal Section, sucli as is generaily used for low dams, can be inves- 
tigated by the methods given for retaining wails in Art. 10. The resultant must 
cut the base within the middle-third fer all cases. This will always occur 
when the reservoir is empty, so that the entire base is then under compression. 
For reservoir full to the top of the dam, the resultant cuts the base on the other 
side of the middle, and it should also lie within the middle-third in order 
that the entire base may be under compression. 

Example. Fig. 32 may represent a section of a trapezoidal ashlar masonry dam of 
3o ft height, 5 ft top, and 18 ft base, the back face plumb and the foundation sound, 
impervious rock. The weight of the masonry will be taken at 160 Ib per cuft. Let a 
be the top width, 6 the base width and / the height, all in feet; then the weight of a 
section one foot long is 80/4 (a +6) = 55 200 pounds. The line of action of this 
weight passes thru the center of gravity of the trapezoid whose horizontal distance 

. from the toe A is , 


Meters 
12 16 
New Croton 


* Fig.. 46. Four American Dams 


t= (2b2 + 2 ab —a?)/3 (a +b) = 110.64 ft 


therefore the resisting moment about the toe is Mi = 55 200 X 11.64 = 642 530 Ib-it. 
For Reservoir Full the water surface is taken as level with the top of the dam, and its 
horizontal pressure P is 31.25 X 30% = 28125 lb. The overturning moment about the 


* i oe - 
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toe is M = PX 14h = 281 250 lb-ft. Hence the factor of safety against rotation is 
M,/M = 2.3, which is ample provided the resultant cuts the base within the middle 
third. That this is the case is found by using the formula 


Peep re PW ae 


where / is the distance 11.64; the value of ¢ is less than % b, so that the resultant lies within 
fhe middle-third. The ratio 6e/b is 6 X 2.45/18 = 0.817, and W/b = 3070; hence 
(Art, 6) the maximum and minimum pressures on the base are S; = 3070 (1 + 0.817) = 
5580 Jb per sq ft, and S» = 3070(1 — 0.817) = 560 lb per sq ft. The coefficient of 
friction required to prevent sliding on the base with a safety factor of 2is f = 2P/W = 
1.02, so that the rock should be made very rough. For Reservoir Empty, ¢ ='9.0 — 
11.64 = 2.64 ft on the other side of the middle, so that here 6 ¢/b = 0.88, and hence the 
pressure at the heel is’slightly greater than at the toe for reservoir full, and the pressure 
at the toe is slightly less than at the heel for reservoir full, but the line of resistance here 
also falls within the middle-third. For ice pressure see Article 17. The formulas for. 
walls with a vertical back (Art. 10) could have been used in this example. 

Fig. 32 shows a simple graphic analysis for this case by the use of the force and equi- 
librium polygons, the trapezoid being divided into a rectangle and a triangle whose centers 
of gravity are known without computation and the lines of action of the weights W; and 
Wo being drawn thru these centers. i 

A Dam with Curved Front (Fig. 47) is 60 ft high, 40 ft wide on the 
base, top width ro ft, built of granite ashlar weighing 160 lb per cu ft, and is 
to be founded on impervious rock. The first step in its investigation is to 
divide the cross-section into subdivisions A, B, . .. G by horizontal lines, 
these being sufficiently near together so that the subdivisions may be regarded 
as trapezoids. The areas and centers of gravity of each subdivision are next 
found, the latter marked on the drawing by small circles. The horizontal 
lines at a, 6, . . . g are called joints for brevity, altho no joints may really 
exist. Pa, Py... Py, denote the horizontal water pressure acting aboye 
the joints a, b, . . . g, each of these being applied at a distance above the 
joint equal to one- third of the depth of the jou below the water level 
at O. 


Resistance Line for Reservoir Full. To determine the point where the 
resistance line cuts any joint asd in Fig. 47a the weight of A + B is to be 
laid off vertically thru its center of gravity and Py produced until it inter- 
sects this vertical at the point marked by the small square, then the resultant 
of the weight A + B and the pressure Py is determined and this, being pro- 
duced until it intersects the joint, locates a point in the line of resistance, 
The steps of the graphic analysis are as fellows: 


(1) In Fig. 476 the resultant forces acting against the joints are found. 
‘The load line Oig: is first laid off to scale to give the different weights, 
Oya; being that of A, a 6; that of B, and so on. On the horizontal line 
at the top the distances O,Pa, O,P, etc., are laid off to represent the 
horizontal forces Pa, Py, etc. Joining corresponding points Pg, Ry, etc. 
are the resultants in direction and magnitude which act on the joints 
a, b, etc. 


(2) In Fig. 476 a force polygon is constructed with pole at any point O,. 
as shown by the broken lines, this to be used for locating lines thru the centers 
of gravity of the areas A + B, A + B +C, etc., the points where these lines 
intersect the horizontal forces Py», Pc, etc., being indicated by small 
squares. 


(3) To find these vertical’ lines, Fig. 47 (c) is used where verticals thru a’, 
b’. ete., are first drawn at the same horizontal distances apart as the small 
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circles on Fig. 47a. Usually a larger scale is used for Fig. 47c¢ and the 
horizontal distances laid off to this scale from a reference line, these corre- 
sponding to the horizontal distances from a vertical thru the heel g to the 
small circles. Then an equilibrium polygon a2, bz, .. + g is constructed 
and its sides produced to cut the first side in the points ha, ho, ye, ema aici 
The distances from these points to the reference line are the distances to be 
laid off on Fig. 47a from the vertical thru the heel, proper consideration 
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Fig. 47. Graphic Analysis of a Masonry Dam 


being given to the different scales, jin order to find the verticals thru the centers 
of gravity of A + B, A + B +C, etc. : 

(4) Producing the horizontal directions of Pa, Pv, .. +. Pg to these last 
vertical lines the points of intersection are marked by small squares. Thru 
these points draw lines parallel to the resultants Ra, Ry, . . . Rg in the force 
polygon, and the intersection of. these with the joints a, b, .. .g will give 
points on the resistance line for reservoir full. A curve is then drawn thru 
these points, and it is seen that the resistance line for reservoir full lies well 
within the middle-third, so that there is full security against rotation and 
against any occurrence of vertical tension at the heel of the dam. ’ 


Resistance Line for. Reservoir Empty. Thru the small squares dra 
verticals to cut the corresponding joints and pass a curve thru the points thus 
determined, The resistance line thus determined is also within the middle- 
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third but nearer to its limit than for the preceding case. Strictly speaking, 
then, the tendency of the dam to rotate forward under full water pressure is 
less than that to rotate backward when the reservoir is empty. 


Stresses at the Base Joint. The weight of the dam, equal to the full load 
line O;g: in Fig. 475 is 20r oso Ib and hence the average normal pressure 
on the base is 5026 lb per sq ft. The resistance lines for reservoir full and 
empty cut the base at distances of 5.5 and 6.0 from the middle, so that the 
ratios 6e/b are 0.825 and o.g. Then for reservoir full, using formula S = W/b 
(t+ 6e/b), (Art. 6), the maximum vertical pressure intensity is at the toe and 
is equal to 5026 (1+0.825) = 9170 |b per sq ft while for reservoir empty- the 
_mMaximum vertical pressure intensity is at the heel and is equal to 5026 (r + 0.9) 
= 9550 lb per sq ft. Both these are very low for both the masonry and the 
rock foundation. The value of the principal stresses will now be found for the 
case of reservoir full. The following data are necessary: 


Vertical pressure ir..ensity at the toe . Si = 9170 lb per sq ft 
Vertical pressure intensity at the heel S2 = 880 lb per sq ft 
Intensity of water pressure p’ = 60 X 62.5 = 3950 lb per sq ft 


Average intensity of shear g = 14 X 602 X 62.5/40 = 2810 lb per sq ft 
Then the principal stresses at the toe will be (Art. 6) 


eis = 44(9170 + 3950 + V (9170 + 3950)? = 4(9170 X 3950 — 2810%)) 
= + 10 370 lb per sq ft - 


Smin = }4(9170 + 3950 — V (9170 + 3950)* = 4(9170 X 3950 — 2810%)) 
, = + 2750 lb per sq ft 


_ Both principal stresses being positiv at the toe, no tension exists there on any 
plane. 
The principal stresses at the heel will be 


Smax = ¥4(880 + 3950 + V/ (880 + 3950)? — 4(880 X 3950 — 28102) 
= + 5620 lb per sq ft 


Smin = 14(880 + 3950 — (880 + 3950)? — 4(880 X 3950 — 28102)) 
= — 790 lb per sq ft 


This latter value being negativ a tensile stress of about 5.5 lb per sq in, which 
is so small as to be negligible, exists on a plane at the heel of the dam,-which 
plane is inclined to the horizontal at an angle 9 determined by the relation 


79° — 3950 


cot 9 = —————— = 1,69, from which @ = 120° 30! 
: 2810 


Security against Sliding. The base of masonry dams on rock foundation 
is usually placed several feet below the surface of the rock (Fig. 51). If the base 
line of the dam here investigated (Fig. 47a) represents the joint at the level of 
the ofiginal rock surface, sliding of the dam is prevented by the shearing resist- 
 atice of the masonry. If the dam were placed with its base upon the surface 
of the rock it would slide on the“base if the tangent of the angle between the 

resultant pressure on the base and a vertical line is greater than the coefficient 
of friction between the materials of the dam and the foundation, or if the coeffi- 
cient of friction were less than P/W = 0.65. For full security the base should 
be roughened so that the frictional resistance will be greatly augmented. In 
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high dams “ stepped shoulders” should be cut in the rock in sufficient depth 
and number so that independent of the frictional resistance at the base the entire 
horizontal thrust might be taken by these shoulders without too high stresses 
on the rock shoulders or the abutting concrete, thus assuring at least a factor of 
safety of two against sliding. If the rockbed slopes downward from the heel of 
the dam, these steps are especially necessary. In high dams or poor laminated 
rock the possibility of the rock bulging up in front of the dam should be con- 
sidered. Make doubly sure that the dam will not slide. Serious dam failures 
have been quite usually due in whole or part to failure to provide adequately 
for the transfer of the horizontal thrust to the foundation bed. 


17. Details of Design of Masonry Dams 


The Back of the Dam is often vertical or has a uniform batter, this being 
always the case for a low dam. For a high section, however, the profile of the 
back as well as the front of the section is often formed by straight lines of dif- 
ferent inclinations (Fig. 50), but more often the front is curved. The water 
pressure is normal against a battered back, but its horizontal and vertical 
components may be used instead. (Art. 5.) It is customary to neglect the 
vertical compcnent V (Art. 5), since such neglect is on the side of safety, and 
since the percolation of water beneath the heel would entirely annul it. For 
a uniform inclination above an assumed joint the horizontal water pressure 
H = ¥% whi? cos 6, where 1 = depth of joint below water level and w = weight 
of water per cubic unit.. For further security it is best to consider 9 as o, and 
then H = 14 wh:®, which is strictly true for a vertical back. ; 


Above the assumed joint there are hence only two forces acting, the horizontal water 
pressure and the weight of the masonry. The resultant of these should cut the base 
within the middle-third. The point where the resultant cuts the planes of several joints 
gives points thru which the resistance line can be drawn. This may be done either 
graphically (Art. 16) or analytically, the latter leading to complicated formulas. 


Trapezoidal Dams with vertical backs are designed by the same methods 
as those given in Art 10 for retaining walls, the water pressure. being taken 
horizontal and equal to 4% wd? when no overflow occurs, or in pounds P = 
31.25d?, if d be in feet; d is height from water line to base, this being usually 
less than the height hk of the dam. The resultant should cut the base at or 
inside the edge of the middle-third for reservoir full, and for the resultant at 
the edge the required width of base is b = — o.5a + V1.25a2 + 2/s, where 
sis the specific gravity of the masonry. This formula 
applies for water pressure only and takes no account of 
the*action of ice or waves. 


kas 


For any Trapezoid (Fig. 48) let a= top width, h= 
height, d = height of water line above base, @ = inclina- 
tion of back to vertical, w= unit weight of water, v= 
unit weight of masonry, Hi= ice or wave pressure act- 
ing at water ‘line on one unit of length of dam. Then 
proper base width so that resistance line cuts base at 
edge of the middle-third is b= (42+ B)—4, in 
which . 


A=%(a—h tan @) B= a? +-2.ah tan 0+ (6 H+ wd") doh 


Example. For Fig. 32, let a=5, h=d =30 ft, §=0°, w= 62.5, 0= 160, 
Hi = 0; then A= 2.5, B= 376.5, and the formula gives b= 17-1 ft, If, 
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however, Hi = 43 000 Ib for ice pressure, then B = 537-8 and formula gives 
b = 20.8 ft. The amount of material in this dam is increased over 30% by 
taking ice pressure into account. 

A trapezoidal dam with vertical back requires less material than one with inclined 


back if vertical water pressure on the inclined back is ignored. For example: 
k=60 ft, d=57 ft, a=g ft, v=150 lb per cu ft, Hj}=o0, Then 


for tan@ =o b = 32.7 ft, area =1251 sqft, percent = 100 
for tan @ = lia b = 36.2 ft, area = 1356 sq ft, percent = 108 
for tan 0 = 14 6 = 39.8 ft, area = 1664 sq ft, percent = 117 


When a trapezoid is used for a high dam, the compression at the toe may become 
greater than the allowable value even tho the resultant cuts the base at the edge of the 
middle-third. When this is found to be the case by computation or graphic analysis, the 
section is too small and the base must be widened. Let S be the safe working compres- 
sive stress, and the other, quantities as above; then the required width of the base is 
6 =C +VC*+D),inwhich C = 14 vh? tan @/Sand D = (wd* + vha® + 2 vah? tan§)/S-. 
A Pentagonal Section (Fig. 49) is a 
~*~ modification of a triangular one by giving 
: to the top a width of 5 feet or more and 
| then making the front face fg vertical until 
it reaches the inclined line de. For a tn- 
angular section the necessary width of the. 
base is b = 7.91 kV t]v. For the pentag- 
onal section the width of base should be 
b, =b/V1+272—27°, where r is the 
ratio of the width of the top to the com- 
puted 6. A short back batter of height 
¥, h above the heel, and base width of 49 
by may here, as in other cases, be advan- 
by tageously used to diminish any tendency 
to tension at the heel. This formula does 
not include the effect of ice or wave pressure 
at the water line. 


Water under the Base reduces the unit weight of masonry by 62.5 Ib per 
cu ft if this produces a full uniform pressure. It is best to keep the unit 
weight of masonry at its full value, however, and to introduce beneath the 
base such upward pressures as may be 
specified. For discussion of the uplift see 
Art. 15. 


= 


es ee 


. Dams over 60 Feet High may be de- 
signed by means of Fig. 50, known as 
Wegmann’s “ Practical Type No. 2,” and 
with the help of the following table, these 
being taken from Wegmann’s ‘‘ Design and 
Construction of Dams” (1909) and modi-: 
fied in columns 4 and 5 in order to diminish 
the tendency to tension at the heel (Art. 6). 
The figure gives this profile for a 200-foot 
dam, the masonry of which was assumed 
to weigh 145.8 lb per cubic foot. This 
profile is drawn for a top width of 20 feet 
or one-tenth the height of the dam, and (—— ma 
the table is made for the same ratio of top ' Hit 
width to base, For a dam of the same top a Fig. 50 
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width cut off the section at any desired height. For adam. Bi less top width, 
for example 12 ft and 100 ft high, draw a dam 12 ft X zo or 120 ft in height, 
by reducing the given profile in the proportion of 120/200 and cut off a height 
of roo ft. If the width of the top of the dam is less or greater than 20 ft, the 
pressures in columns 6 and 7 must be reduced or increased proportionately. 


Elements of Wegmann’s Practical Profile No. 2 
Slightly modified in fourth and fifth columns. 


| Depth of Length of joint in feet ] mtaxienum pressure. /Tangent of 
| water be- | * Tons per sq ft | resultant 
low top of * 7) with 
dam, feet A B c Total ° Reservoir Reservoir vertical 
: full empty 
18.77 .| 20.00 ° ° 20.00 +) 1.89 1.36 0.20 
30 21.07 ° ° 21.07 3-68 2.37 0.31 
40 | 23-89 © ° 23.89 5205-4}; 3.53 0.41 
51-97 | 30.04 ° ° 30.04 | 5-53 4-91 0.50 
60 35-38 ° ° 35-38 5-59 5-63 0.54 
70 42.03 ,| 0.62 ° 42.65 5-94 | 6-11 ol 58 
80 48.68 4.25 ° 49-93 6.45 6.59 0.66 
90 55-33 1.87 ° 57-20 7-02 7.09 0.62 
100 61.98 2.50 ° 64.48 7.62 7.61 0.63 
BS te} 68-63 3-12 ° 71.75 8.26 8.15 0.63 
“120 75-28 3-74 ° 79.02 8.90 8.69 | 0.63 
130 | 81-93 3-74 0.62 86.29 959° 1) (9546 I asoat 
140 88_58 3.74 1.25 93-57 10.22 IO. 22 0.64 
150 95-23 3-74 1.87 100.84 10.89 10.96 0.64 
160 ror./88 3-74 2.49 108.11 11.56 LI. 7X 0.64 
170 108.53 3-74 3-12 115-39 12.25 12.44 °.64 
180 115.18 3-74 3-74 122.66 12.05 13-18 0.64 
| 190 121.83 3-74. | 4-37 | 129.94 13-63 13-91 0.64 
f 200 128.48 3.74 4-99 137.21 14.32 14.65 0.64 


For a dam having a top width of 12 ft and a height of 120 ft. the maximum 
pressure on the base for reservoir full is 14.32 X 0.6 = 8.59 tons per sq ft, and 
for reservoir empty 14.65 X 0.6 = 8.79 tons per sq ft. The minimum width 
of the top of a dam over 60 feet should be at least 8 ft, and this width must often 

_ be arbitrarily increased by the designer on account of the pressure of ice. ‘The 


height of the dam above high-water level varies from 2 ft in low dams to 10 ft | 


in high dams. The tables and profile recommended are for dams upon imper- 
vious rock no upward water pressure being considered. For dams upon pervious 


rock proceed as in trapezoidal and pentagonal dams. The profile recommended « 


is made without regard to the effect of ice pressure in tending to overturn the 
dam, except that the upper section has been arbitrarily increased so as to provide 


for this pressure. For heavy ice pressures the specified pressure per linear foot _ 


at the water line canbe taken into account in a graphic analysis. 


The Ashokan Dam, completed in 1912, in the lower Catskill region, for 


impounding the additional water supply of the city of Greater New York, has 
some noyel features in design which are shown on Fig. 51. The length of the 
central and masonry section of the dam is 1000 ft, hight 220 ft, width of 
~ base 199.2 ft, width of top 23, which is corbeled to 26.3 ft. The dam is 
built of cyclopean concrete faced with solid concrete blocks laid up as ashlar. 
The interior of the masonry is drained into galleries approximately level, one — 
at ‘the water level and the other about 4o ft above the base. The galleries 


are connected at intervals by vertical porous concrete drains. This drainage 
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te Logg! st system is designed to imtercept water so as 
; 1.51010 to prevent seepage thru the dam. 

A Spillway Dam is one built to discharge 
water over its crest. ‘The design of the spill- 
=— way dam embodies all the essential features of 
the design of masonry. dams in general and 

besides must provide for the thrust and 
566.2 discharge of the overtopping water. 
The spillway dam is subjected to all the 
forces of a reservoir dam and in addition 
to the pressure of the overtop- 
ping water and, if not properly 


Concrete 
drainage blocks'3 


Concrete 
blocks designed, to a pressure result-— 
ing from the formation ofa 
partial vacuum between ‘the 
2... face of the dam and the over- 
HLM a flowing water (Art. 
Concrete 6.) To prevent the 


blocks formation ‘of such 
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Tig. 51. Maximum Section of Ashokan Dam 


a vacuum the face of the dam must have a sufficiently flat slope so that the 
falling sheet of water will not separate from it in transit from the top to bottom. 
Special care must be taken to so design the bottom of the dam that the water 
will leave the dam causing a minimum amount of erosoin. This latter is ac- 
complished by so designing the base of the dam that the delivery of the water 
is tangential to the stream bed below the dam. [If it is not of the hardest rock, 
the lower stream bed adjacent to the dam should be paved with concrete or 
masonry and in some cases a pool is created at the toe of the dam to absorb 
the shock of the falling water. ‘ . 


The Form of the Crest, as shown by the Cornell experiments on weirs, has 
an important bearing on the discharging capacity and, therefore, on the economy 
of spillway dams: It is often difficult, in narrow valleys of large drainage area, 
to get sufficient length of spillway to discharge freshets without a great depth 
of water passing over the dam. Every effort should be made to keep this depth 
a minimum because it increases the pressure on.the dam and the scour at the 
bottom and increases back water.and thereby floods more land. __ . 
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Flat-topped rectangular dams up to x ft top-width discharge practically the 
same volume of water as the standard sharp-crested weir. With wider crests, 
the discharge diminishes rapidly, a 6-ft horizontal crest passing only 80 percent 
of the standard discharge. So-called compound crests (Fig. 52), with a sloping 
top (dotted line in figure) discharge more than standard weirs, the volume of 
discharge being about 20 percent more for an inclination of 45° of the sloping top, 
which is connected by a circularly or parabolically rounded portion to the down- 
stream face. This face should be inclined about 30° to the vertical (Fig. 52) . 
so that the nappe of the overflowing water will adhere. For any dam the 
precise profile to insure an “‘ adherent nappe ” may be computed by the ordinary 
principles of hydraulics, assuming the depth of the overflow. ~ 

The sloping top is also useful in preventing injury of the upper part of the 
dam, due to ice and logs, and also reduces ice pressure of the reservoir if full, 
since the ice will slide up the slope without exerting pressure. 

If to the compound crest and sloping face a smooth transition to the river bed 
or to an apron protecting same is added (ik in Fig. 52) the familiar ogee section 
results. This section which, in masonry spillway dams, is of general use, not 
only approximates the theoretical economical section, but possesses several 
practical advantages. The lower curved part helps to keep the eddies and back 
waves at a distance from the toe of the dam and thereby protects the dam 
against the impact of logs and ice revolving with great velocity in these eddies 
and waves. The inclined face and the rounding of the down stream top make 
the falling sheet of water adhere to the dam, eliminating the possibility of a 
vacuum below the nappe, and helps somewhat to destroy by friction a part of 
the energy of the falling water. This energy may be very large and is the cause 
of the greatest danger to spillway dams by the scouring action upon the bed 
of the stream at and near the toe. The destruction of this energy is sometimes 
attempted by building the downstream face in steps as for instance at the 
Pedlar River dam in Virginia (Fig. 53). For the same reason the face of the 
Bassano: dam (height of spillway 38 ft, 13 ft of water over the crest) is equipped 
with two staggered rows of baffle piers built like snow plows and pointed up- 
stream. The baffle piers are not designed to take the shock of the falling water, 
but to split and divert the stream into interfering jets and so create eddies and 
disturbances within the body of the downstream pool which is 50 ft long. The 
Gatun dam (height of spillway 59 ft, 18 ft of water over the crest) has two 
staggered rows of baffle piers on the apron close to the toe. These piers have 
vertical upstream faces, the upper row consisting of piers 18 ft wide and 8 ft 
high. They are designed to,take the shock and are faced with heavy cast-iron 
protection. The destruction of the kinetic energy of the falling water is almost 
complete. 

The necessity of adequate protection of a dam with free overfall is shown at natural 
waterfalls where at the foot a deep pool is formed in the stream bed. The erosion of the’ 
bed stops as soon as the pool becomes deep enough for the contained water cushion to 
take up and dissipate the shock of the falling water. A similar artificial pool, the bot- 
tom and sides well protected by heavy concrete lining should, therefore, be built at the 
toe of free overfall dams, except in case of low dams on hard rock, the dimensions of the 
pool and its lining being the functions of the material of the river bed, the height of the 
fall and the volume of the discharged water. 

In the case of a spillway dam with an ogee face or any other form with adherent nappe, 
it is customary to protect the bed of the stream with a concrete or masonry apron for a 
considerable distance below the toe of the dam. The design of this apron on any but the 
hardest rock foundation is a matter of the greatest importance. Besides its function of 
protecting the bed from scouring, it also increases the percolation factor of dams built 
on sand, gravel or other pervious foundations. (Art.15.) The apron should extend far 
enough downstream so that the river bed would be protected at least to the point where 
the velocity of the flow becomes normal, in other words where the velocity of the flow 
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becomes the same asit was before the dam was built. The transition of the high 
velocity at the toe of the dam to the much lower normal velocity can happen 
gradually if the apron is inclined at a certain angle, but for this the apron must be long 
and consequently expensive. If the apron is built horizontal or nearly so, the transi- 
tion takes place suddenly by a jump, and the protection need not be as long as in 
the former case. The distance from the toe of the dam to the point where the jump takes 
place, for any given dam, is a function of the volume of the water discharged and is, 
therefore, variable. It is shorter at small discharges and longer at great ones. It is good 
practice to extend a concrete apron for the requirements of a moderate flood discharge 
and to use good riprap for the protection of that part of the stream bed where the jump 
would occur only rarely at exceptional floods. The thickness of the apron must be so 
proportioned that it will more than equalize, by its weight, the uplifting force from below, 
or it will ‘blow up.” Weep-holes can be used if the foundation is seamy rock, but they 
should be avoided in material which easily erodes. It is best to give the apron a form 
similar to Fig. 44, where an artificial pool of moderate depth is formed. Such an apron 
is very efficient in dissipating the kinetic energy of the falling water and brings the loca- 
tion of the jump to the point desired, i.e., to the lower end of the pool. Baffle walls on 
the ogee or on the apron will be found necessaty only in the case of very high dams or if a 
very large volume of water is discharged. 

Rarified air space forms between the nappe and the face of the dam if the nappe is not 
adherent and the space between the falling sheet of water and the dam is not connected 
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with the outside atmosphere. Air ducts are occasionally provided for to equalize the 
pressure of the air, as shown in Fig. 53 illustrating the Pedlar River dam. There is, 
however, a tendency among engineers to attribute too much importance to the vacuum 
which may possibly occur behind the nappe (Art. 5) some authors stating that the hydro- 
static pressure may thereby increase by as much as the full atmospherical pressure equiv- 
alent to 34 ft of additional head. Observations do not admit of the possibility of such a 
condition. When the air is gradually exhausted from behind the nappe by action of the 
falling water, a water cylinder is pushed up into the space between the nappe and the dam 
from the foot of the overfall. The height to which this cylinder, Fig. 51a,.rises is a 
measure of the rarification of the air andeof the additional pressure upon the dam. The 
cylinder, however, reaches only a certain limiting height which has been found to depend 
upon the quantity of the discharge over the spillway. When this height is reached, the 
Dappe is pierced very soon and air admitted through it so that the pressure beneath the 
nappe again becomes atmospheric. In one case, where the water stood about 214 ft over 
the crest, the nappe was pierced every ro seconds with a thunderlike report, at which 
time'the pressure of the air in the enclosed space under the nappe was diminished by about 
1/99 atmosphere. The experiments were repeated with different amounts of the overflow 
and showed that the limit of the rarification is proportional to the thickness of the nappe. 
It is recommended, that for a dam with non-adherent nappe and the space between same. 
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and the face not ventilated, that an increase of pressure on the back, equivalent to 60 
percent of the height of the water above the crest be considered. 

The spillway dam is usually treated as a 
_ Masonry dam with trapezoidal cross-section, 
the curved position Aik (Fig.52) being dis- 
regarded in design and investigation. For the 
Magnitude of the acting forces and their point ~ 
of application, see Art. 5 and Art. 15. 

The spillway dam at Austin, Tex., which - 
failed in 1900, was 60 ft high and had an 
effective width at the base of 44 ft, the height 
of the water above the crest being z1 ft at 
the time of the failure. Sliding occtirted on 
the defective rock foundation and also shear- 
ing on four vertical cross-sections so that two 
pieces of the dam, each about 250 ft long, 
were pushed out of the main portion and 
moved downstream without overturning. For 
full details, see Eng. News, Apr. 14, 1910, 


Dams Curved in Plan. When a masonry dam is to-be built in a gorge with 
firm rock at its sides, it may be curved in plan and its ends abut against the 
rock.- Many dams have been 
thus built, but usually the 


+ cross-section is computed as if f 
“no arch action existed. An | 
arch dam designed as a gravity x, 


dam is stronger than the com- 
putations show. It is also 
more pleasing to the eye and 
gives to the mind a feeling 
that the structure is one of = - 
great security. Since the base 
is really fastened to the foun- 
dation rock, no arch dction 
can exist there, but for the 
top of the dam, computations 
may be made by assuming 
that the arch is to carry a 
part of the water load which 
acts normal to its back. For 
a small radius, say 200 feet, 
the dam for a few feet below 
the top might be considered 
as resisting entirely by arch 
action. (For Arched Dams, 
see Art. 2314.) 


The Sah Mateo dam (Califor- m ‘ eal 
hia, 1888) is 170 ft high, 180 ft —— a} Crest ti 
wide on the base, and the radius 
in plan is 637 ft. The Cheesman 
dam (Denver, Colorado, 1900) is rs ne 
227 ft high, 175.9 ft wide onthe © 20”40160"eo! Face of Dam 

base, and its radius in plan is‘399.9 Fig. 53. Pedlar River Dain 

ft. The method of analysis used 

for the Cheesman arched dam is given by Harrison and Woodard in Traps. Am. S06 
C. E., 1904, vol. 53+ 
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MASONRY ARCHES AND PIERS 
18. General Data for Arches 


Definitions. Fig. 54 shows most of the technical terms relating to the 
construction of stone arches. The SPAN is the. horizontal distance between 
abutments. The sorrir is the under or concave surface of an arch. The 
BACK is the upper or convex surface of an arch, marked BBB in figure. The 
RISE is the vertical distance between the lowest and highest points of the soffit. 
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Fig. 54. Technical Terms for Masonry Arches 


The CROWN is the highest part of the arch ring. The SKEWBACK is the in- 
clined surface or joint upon which the end of an arch rests. The SPRINGING 
LINE is the inner edge of the skewback. The Ax1s is an imaginary hori- 
zontal line, parallel to the abutments, passing thru the middle point of a line 
joining the springing lines; if the arch is built to withstand horizontal pressure 
only, as for a shaft, the axis will be vertical. ‘The INTRADOS is the line of 
intersection of the soffit with a vertical plane perpendicular to the axis. The 
EXTRADOS is the line of intersection of the back with a vertical plane per- - 
pendicular to the axis. The ARCH RING is the entire arch included between 
the skewbacks, the soffit and the back. The HAUNCH is the portion of the 
arch ring between the springing line and the crown; haunching or backing 
is masonry, with bed joints nearly horizontal, which is placed above the 
haunch, The spaNpREL is the space between the extrados and the roadway, 
marked SSS in figute: SPANDREL FILEING is earth deposited between the 
back and roadway. A voussoyR is one of the wedge-shaped blocks of stone 
or concrete of which the arch is composed; in design the voussoir is regarded 
as haying a depth equal to the depth of the arch ring, but in construction the - 
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voussoir may be of less depth; the KEYSTONE is the highest voussoir. Riyc 
STONES are voussoirs which show at the ends or faces of the arch ring. ARCH 
SHEETING comprises all voussoirs except the ring stones; in concrete arches, 
which are not faced with stone voussoirs, the term arch sheeting includes 
the entire arch ring. 

Kinds of Arches. HiINcED ARCHES are those with stone, steel or lead 
hinges at crown and springing line; hinged masonry arches are always built 
with three hinges. SoLrD ARCHES are those constructed without hinges... 
A FULL-CENTERED ARCH is one whose intradgs is a semicircle. A SEG- 
MENTAL ARCH is one whose intrados is less than a semicircle. A POINTED 
ARCH is one in which the intrados consists of two-arcs of radii greater than the 
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Fig. 55, Spandrel Arches and Columns 


half-span, these arcs intersecting at the crown. A RIGHT ARCH is one termi- 
nated by vertical planes perpendicular to its axis. A SKEW ARCH is one 
terminated by vertical planes oblique to its axis. SPANDREL ARCHES are 
those which rest upon the back of the larger or main arch; they are called 
transverse when théir axes are parallel to that of the main arch (Fig. 55a) 
and longitudinal when their axes are at right angles to that of the main arch 
(Fig. 55b). ‘Spandrel columns are shown in Fig. 55c. 


Loads. Dead load includes the weight of the masonry itself, the weight 
of the spandrel filling and that of the roadway. The live load to be used in 
investigating a masonry arch is the greatest that comes or is liable to come upon 
its roadway, while for design those given in the specifications are to be em- 
ployed. Since the spandrel filling distributes the load to a large extent, 
uniform live loads are often used, about 150 lb per sq ft for heavy highway 
traffic and about 700 lb per sq ft for railroad traffic. Culverts and small 
arches are designed for a uniform live load over the entire span. Larger 
arches are to be discussed not only for full uniform load, but also for a live 
load extending over certain. portions. 

Earth-filled arches should be designed for uniform live load over the span and halt apes 
Arches with the roadway supported on spandrel arches or spandrel columns should be 
designed for uniform live load oyer the span, half-span, middle-third of the span, the 
outer thirds of the span, and narrow highway arches with spans under 1oo ft, and all 
railway arches for concentrated loads. Impact of live loads need not be generally con- 
_ sidered except for short span arches with arched or column spandrels. In northern’ 

latitudes a snow load of 25 lb per sq ft over the entire span should be considered for a 

highway bridge if a uniform live load of less than too lb per sq ft is provided for. Arches 

for aqueducts must be figured for the live load of the water. Wind loads are rarely 
* taken into account for the arch, but may be needed for a pier. 

In computations an arch one unit in width parallel to the axis is considered. The 
total live load over the portion considered being divided by the width of arch gives the 
weight per unit of width, and this may be reduced, for convenience of representation on 
the drawings, to « rectangl> whose height is that of an equivalent weight of masonry. 

A Horizontal Thrust H (Fig. 59, Art. 19) is produced at the crown when 
the arch is loaded symmetrically. For non-symmetrical loading an inclined 
pressure P acts at the crown, and its horizontal component H is also called 
the horizontal thrust for that loading. The semi-arch is held in equilibrium 
by the systems of forces consisting of the horizontal thrust, the vertical loads 
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and the reaction of the skewback. For any joint 2-2 the part of the arch 


on the right is held in equilibrium by tne horizontal thrust H, the vertical, 


loads W, and W, and the reaction of the arch below the joint. This reac- 
tion is equal and opposite to the resultant of H and the loads W, and W,, 
and the point r, where this resultant cuts the joint is a point in the resistance 
line, the definition of this term being the same as in Art. 8, except that in 
the arch the joints are not horizontal. The resistance line itself is a curve 
joining the points 0 ryror yr 475 


A Linear Arch is a curve which is in equilibrium under the action of a 


given system of loads; it is an equilibrium polygon with an infinite number 
of sides. In an actual arch the resistance line is a linear arch for the actual 
loading. Each kind of loading has a linear arch which corresponds to it 
and which holds that load in equilibrium. The three simplest cases are the 
following: (1) The linear arch for water pressure is a circle if the axis of the 


MG 
(a) Circle (b) Parabola (€) Trans. Catenary 
Fig. 56. Loadings for Linear Arches 


arch is‘vertical or if the depth of water over the crown is very large compared 
to the rise of arch (Fig. 56a). (2) The lincar arch for uniform horizontal 
Joad is the common parabola (Fig. 560). (3) The linear arch for a load of 
uniform density between a horizontal roadway and the curve itself is the 


transformed catenary (Fig. 56c). ‘Let @ be the half-span and b the rise of © 


a linear arch. Let» and y be abscissa and ordinate of any point in the curve 
with respect to the crown as an origin. Let c¢ be the depth of the load at the 
crown, and 7 =(b + c)/c. Then the equations of these linear arches are 


for circle, ; y=r- V7 x, where r = 14) + a?/2b 
for parabola, y = bx? /2a2 
for transformed catenary, y = ¢ (cosh (@x/a) — 1) 


in which @ is the Naperian logarithm of m+ Vex. Let w= load per 
linear unit at the crown. Then the horizontal thrust at the crown and the 
vertical reaction at the skewback are 


for circle, H,= wr—wh H = wr and V=wa 
for parabola, H=weleb and V=wa 
» for transformed catenary, H = wa*/cf? and V= (wa/@)sinh® 


The resultant thrust at the skewback is the square root of the sum of the 


squares of H and V. (For tables of naperian logarithms and hyperbolic 
functions see Sect. 1.) ‘ 

Curves for Arches. The central curve of an arch, that is, the curve 
lying half-way between intrados and extrados, may be the circle, the pa- 
tabola, the transformed catenary, the ellipse, or various combinations of 
these. In Fig. 57 are shown the first three curves for five different ratios 
of rise to span, these having been plotted from the above equations, 


The transformed catenary curves are for a height of roadway above the ~ 


crown equal to Yao of the span, or ¢= %oa. When the ratio of rise to 


\ 
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span is 1/10 or less, the three curves are practically the same. Economic 
CURVES, or those giving a minimum amount of masonry for various load- 
ings, have been determined to be as follows: (1) A circle should be used for 
water or other fluid material under‘a head which is large compared with the 
span. (2) A parabola should be used for a uniform load on the horizontal 
Projection, which is closely the case for an arch having spandrel columns or 
spandrel arches. (3) A transformed catenary should be used for vertical 
loads like those of Fig. 56c or for an earth-filled arch having a ratio of rise- 
to span less than r/4. (4) An ellipse should-be used for an earth-filled akch 
haying a a Ratio of rise to span greater than 1/4. 


Fig. 57. : Comparison of Curves for Arches 


The ‘transformed catenary is difficult ‘to Jay out and is unsightly, but an approximate 
«atenarian curve’ consisting of a compound curve made up of circles of different radii 
may be used. The parabola may be modified for the sake of appearance by short circu- 
lar curves at its ends, made tangent to the parabola and to the vertical side of the pier. 

When arches are built of cut-stone voussoirs, the cost of cutting each stone to a different 
curve more than offsets the saving in material resulting from using the theoretically 
correct curves. Many designers for this reason prefer the segmental arch, and for flat 
arches use the same depth of voussoirs from the crown to the springing line. The eco- 
nomic curves may be used advantageously for;concrete arches, because false-work may be 
Jaid out as easily for a parabolic; elliptical.or multi-centered arch as for a segmental arch. 

When the maximum waterway for a given span and height of crown is desired th 
ellipse must be used. The flatter the ellipse the greater the area of waterway. The 
flatter the arch, however, the greater the thrust and the larger and more ‘expensive the 
requisite abutments. For economic abutment design the ratio of the rise of the arch to 
its span should be as large as possible, 


The Span and Rise are, as a rule, determined by physical conditions. 
A creek or river must be spanned and: ample waterway provided. Road-— 
ways must pass under the bridge in fixt positions. Railway rights of way 
must be left unobstructed. Piers and abutments must be docated, if possible, 
where the cost of foundation isa minimum. Where the cost of foundation is — 
uniform from.end to end of bridge, a series of arches should for economy be of 
equal spans. When unequal spans are‘mandatory, the spans should be made 
as nearly equal as possible. The mise of the soffit of the arch is always 
governed by the necessary clearance under the arches or the necessary level 
of the roadway or by both. ; 3 
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The length of span and the curve of an arch are often determined by the necessities of 
fiver travel. The position of the piers should be made parallel to the thread of the 
current; this conditiom may necessitate a skew arch, and the clearance over certain por- 
tions of the river must be a maximum for clearance of vessels, or the waterway must be a 
maximum on account of freshets or ice gorges. 

Appearance is sometimes ‘the governing factor in selecting the curve of an arch. The 
semicircular arch best satisfies this demand, and next im sequence are the segmental, 
modified parabolic and basket-handle arches, A series of arches should, for appearance, 
always be of equal spans, unless the profile of the ground demands unequal spans; if of 
unequal spans, a symmetrical arrangement of spans is desirable. The number of spans 
should, for appearance, always be odd unless the number exceeds seven, in which case 
it may be odd or even. To increase the length of spans from the ends of the bridge to 
its middle, for aesthetic effect merely, does not give effective results and is very uneco-— 
nomical on account of the necessary increased width of piers. 


Economic Types. If the arches are of low rise or of high rise and under 
zoo ft span, the earth-fill bridge is generally the chéapest type. However, 


- if the foundations are poor, regardless of span, the three-hinged ribbed arch 


(Fig. 60) is the safer one and therefore the better type to use. If the founda- 
tions are neither poor nor first-class, the arches should be heavily reinforced 
with steel, to provide better for possible deformation of the arches due to settle- 


ment, however small. aie . 


If the arches are of high rise and spans over 100 ft, the arch with arched or column 
spandrels is generally cheaper. ‘This is due to the great cost of the retaining walls of 
earth-filled bridges. However, for very wide bridges where the cost of the retaining walls 
per foot width of bridge is small, comparative designs should be made before selecting 
the type of design. ‘The three-hinged ribbed type of bridge is generally expensive, due 
to the cost of the hinges and the added cost of two-faced masonry, or, if conerete, due to 
the added cost of form work. The column spandrel is used only for reinforced concrete, 
but it is cheaper than the arched spandrel. - 

Dimensions for Designs. The approximate thickness at the crown of 
an areh built of masonry, with portland cement mortar, is given in following 
table in feet, / being the span of the arch in ft. The thickness at the springing 
line may be approximated ‘by the following empirical rules in which the 
percentages are to be added to the crown thickness found from the table: 
(x) Add 50% for circular, parabolic and 
catenarian arches having a ratio of rise to b 
span less than 1/4. (2) Add 100% for 
circular, parabolic, eatenarian and three- 


centered arches having a ratio of rise to - t Fig. 58 

span greater than 1/4. (3) Add'150% for ; ne 
elliptical, five-centered, and seven-centered arches. These thicknesses should 
be measured along radial joint as in Fig. 58, namely at aa for cases (1) and | 
(2) and at bb for case (3). 


‘Thickness in Feet at Crown for Highway Arches (Original) 


2 Span in feet 
Kind of masonry : ti 


Under 20* | 20 to gso* 


50 to r50T Over rs0t 


First-class ashlar...| 0.04 (6 +) 0.020 (30 +2) | 0.00012 (11 000 +F) | 0.018 (75 +4) 
Second-class ashlar 

WOR WEG. ....--'% 0.06 (6 +2) | 0.025 (30 +2) 
Plain concrete... ... 0.04 (6 +1) | 3,020 (30 +1) 


Reinforced concrete | 0.03 (6 +) 0.015 (30 +/) 


0.025 (75 +1) 
0.020 (75 +1) 
0.016 (75 +1) 


0.00016 (11 000 +F7) 
0.00014 (11 000 +/") 
0.00010 (11 000 + J”) 


_* For culverts under a high fill, add 60%; for railroad arches, add 25% + For 
” Falleoad arches add ee: t For railroad arches add 15 %, 
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The Top Thickness of a Pier capable of supporting adjacent arches of equal span 


may be taken as 314 times the crown thickness. 


In a series of arches of move than five 


spans, abutment piers capable of resisting the entire thrust of one adjacent arch should 
be introduced at every third or fifth span, so that in case of failure of the foundations 


of one arch the entire series would not fail. 


The top width of abutment piers may be 


assumed at five times the crown thickness. 


Cost of an Arch Bridge in 1910 was approximately given in dollars as follows: 
For a bridge of concrete, plain or reinforced, Cost = 0.8 01 vd. 
For.a bridge of ashlar, Cost = 1.4 b/ Vd, 

in which b= the width in feet of the bridge, /= its length in feet, and d= the 


average depth in feet of the bed of the stream below the roadway level. These 
formulas cannot be used when foundation work is expensive. 


Long Span Ashlar Masonry Arches 


* Approximate. 


Plauen, Saxony......... 


¢ Lead in joints at 14 span from abutment. 


Span Rise Thickness 
Name Location in in at crown 
feet feet in feet 
Pittsburg, Pi* 025.076 150.0 36,6 4.0 
Elyria, Ohio.’ 5.0) 2255. 150.0 |+ 27.0 3.8 
Wheeling, W. Va........ 159.0 28.4 4.5 
Near Newcastle, Eng....} 159.9 79.9 4.6 
Gignac, France......:... 160 0 44.0 6.5 
Near Navaur, France....| 160.5 65.0 6.3 
Brioude, France......... 183.7 60.0* 5.3 
Wiesen, Switzerland. .... 180.0 68.0 5.9 
Near Coppel, Germany...| 187.0 55.8 5.9 
Near Uzerche, France....| 196.8 52.8 5.6 
Chester, England........ 200.0 42.0 4.5 
Thur, Switzerland....... 207.6 45.4 5.9 
Bogenhausen f.. ..| Bogenhausen, Bavaria... 209.9 21.4 3-4 
PGteMmeZemiits = erate Jaremcze, Austria. ..... 213.0 59.0 6.9 
Cabin John.:-....... Washington, D. C....... 220.0 57.3 4.2 
-+) Sidi Rached......... Algiers.76 3. -2209..oess 227.0 82.0 4.9 
RL TAZZOMstdateicn ene Near Trezzo, Italy....... 251.0 87.8 4.0 
Montangas.......... Francesi sai viacids «eas « 262.8 65.9 4.9 : 
Luxemburg..........55- 277.7 | aI0r.7 4:7 
Near Trieste, Austria....| 278.9 78.0 6.6 
295.3 56.4 4.9 


t Destroyed in 1427. 


Before laying out the spans and the curves of the arches, a contour map and profile 


of the site of the bridge should be made. 


On the profile the depth and character of the 


foundation and its overlaying material should be indicated. The position of the piers 
shouldbe located, with reference to economic foundation, clearance of waterway, road-— 
way and right of way; the spans to be made equal unless impossible or, on account of 
the cost of foundation, manifestly uneconomical to do so. The most economical type 
of bridge should then be selected and also the curves of the arches requiring a minimum 
amount of material, due consideration being given, however, to cost of labor of cutting — 


stones, clearances and appearance. 


19. Equilibrium and Stability 


Methods of Failure. A masonry arch may fail in the following ways. 


(x) By crushing of the masonry. 


(2) By sliding of one voussoir upon another. 
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Long Span Concrete Arches ; : 


Span Rise Thickness 


Name Location in in at crown 
feet feet in feet 
Plain Concrete: 
Connecticut Avenue. .|/Washington, D. C......... 150.0 75.0 5.0 
Neckarhausen *...... Neckarhausen, Germany....| 165.0 13.5 2.8 
Almandares t........ Havana, Cuba. ........2.. 190.0 32.5 rhs 
Walnut Lane......... Philadelphia, Pa... aa 233.0 70.3 5.5 
Rocky River... ..-|Cleveland, O.... 1a, «(sl tan 2OORO 79.1 6.0 
Monroe'St..5........ Spokane, Wash............ 281.0 115.0" 6.75 
Reinforced Concrete: 
Colorado St.......... Pasadena, Caleo ss cictcce cee - 204.0 77-4 3-7 
Meadow St.......... Pittsbatg, Pa... 0. 2h sees. _.| 209.0 46.1 5.0 
SULCGR ERM. fans one Gmunden, Switzerland..... 259.3 87.0 4.1 
ise! hes 8 aan eee Halen, Switzerland........ 286.0 112.0 3.8 
Larimer Ave......... Rittsburg, Pa... iacian oe 300.4 67.0 6.5 
PAW gio do 50:51 0;0,3 Langwitz, Switzerland..... 315.0 137.8 4.0 
GRMGRAICOMS ee cere uns, Grafton, New Zealand..... 320.0 90.0 ar 
iintos Sis Romie taly.: hae c.cjacun 328.1 32.8 0.94 
* Three-hinged arch. ¢ Built on pile foundations. 


(3) By one voussoir or section of masonry overturning about an adjacent 
voussoir or section. (4) By shearing. in a horizontal or vertical plane, this 
‘applying to solid concrete arches and not to voussoirs. (5) As a column 
- when the ratio of the unsupported length of an arch to its least width is greater 
-than rz. (6) From striking the centering before the mortar is hard or when 
the arch, tho stable under the full load, is not stable under its weight alone. 
-(7) By striking the centering or loading the arch during construction un- 
symmetrically. -(8) By settlement of the foundations. (9) By sliding upon 
the foundations. (10) By overturning about any point in the pier or abutment. 
Methods (8) and (9) are the most common ways of failure. All methods of 
failure, however, must be guarded against in design. 
- Just before an arch fails the forces acting upon it are in equilibrium, but there is no 
stability. For any degree of stability, however, the forces acting on the arch are in 
equilibrium. The conditions of stability are, in general, the same as those explained 
in Art. 8 for walls and dams. 


Conditions of Stability corresponding to the above methods of failure 
are as follows: (1) The unit ‘compression must not be greater than the safe 
unit compressive stress given in Art. 1. (2) The angle between the resist- 
ance line at any joint and a normal to the joint should be less than the angle 
of repose of masonry upon masonry. (3) The resistance line should lie within 
the middle-third’ of the arch ring; in reinforced concrete arches it may depart 
a small distance outside the middle-third, but there should be sufficient 
steel to take care of the tension which will develop upon the portion 
‘of such joints farthest from the-resistance line. (4) The greatest tendency 
to shear is in a horizontal plane for a high arch, and in a vertical plane for 

> a low arch; it is sufficient to calculate the shear for points near the springing 
line. and the frictional resistance in the vertical or horizontal plane should 
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be regarded as an additional factor of safety against failure by shear. (5) 
When the span is more than twelve times the width of the arch at the crown, 
either the crown width must be widened or the faces of the arch ring must be 
_ battered so as to reduce the ratio; for an arch formed of independent ribs, the 
ribs must be well bonded together by transverse walls. (6) The exposed mortar 
in the joints should always be inspected before striking the center, and in 
case of large concrete arches it is best to drill holes thru the last concrete 
placed, to make sure the concrete is set up within the interior of the arch 
ting; an analysis should be made to find whether the arch ring is stable under 
its own weight, and if not, the centering should not be struck until the total 
dead load rests upon the arch. (7) If the masonry above the arch is to be 
built after the center is struck, it should be built symmetrically; if for any 
reason this appears impractical, the arch must be analyzed for the desired 
unsymmetrical load. (8) Foundations for solid arches must be practically 
unyielding, and the allowed unit load should not, as a rule, exceed 50% of 
that for ordinary foundations. (9) The horizontal thrust on the foundation 
should be less than the vertical load upon the foundation multiplied by the 
coefficient of friction of masonry upon the material of which the foundation. 
bed is composed, or in case of hard or rotten rock, the foundation bed should 
be roughened; when piers and abutments rest’ upon piles, the piles should 
be driven parallel to the line of the resultant thrust or they should be braced 
by means of horizontal struts to unyielding foundation. (10) The line of 
thrust must lie within the middle-third of the piers and abutments, including 
the foundation masonry. : 
The External Forces (Fig. 59) holding a semi-arch in equilibrium are the 
vertical loads W,, W,, etc., the horizontal thrust H, a vertical reaction V, 
at the skewback, and a vertical shear V,.at the crown which is due to the action 
of the other semi-arch. When both semi-arches are loaded equally and- 
symmetrically then Y,=0. For the case where the position of the resist- 
ance line within the arch ring is known,.so that the half-span a and the tise 6 - 
of the linear arch (Art. 18) are also known, the forces V,, Vj, H are found 
as follows; first, the 
vertical reaction V, is 
computed in exactly 
the same way as for 
vertical loads on a sim- 
ple beam, by taking 
the center of moments 
at the right end of the 
arch; second, the shear 
V,, is equal to V, minus 
all the loads on the 
semi-arch under con- 
sideration; third, the 
3 horizontal thrust H is 
oni ss found by. taking mo- 
ments about r, at the left end, or Hb — V,a = SWI, in which the last term is ” 
the sum of the moments of the loads. : 
Example. For arch loaded symmetrically, let @= 30 and b= 21 ft: Wi= 3, We= 4 
Ws=7, Ws = 10, Ws; = 12 tons, their lever arms being 1;= 28, 1; = 16, 4h = 10, 
ly = 4,ls = 1.5 ft; here Vi = 36 tons and Vo=o0; H X 2r= 3 X 28 + 4 X16 + etc. = 
276 ton-ft, whence H = 13.1 tons. For arch with no load on right-hand span and above - 
loads on left-hand span: V; X 60 = 3 X 32+ 4X 44+ etc. = 1882 ton-ft, whence Vi =3r.4 
tons; Vo = 31-4— 36.0=— 4.6 tons, which actsdownward upon the right half-span or 
upward upon the left half-span; H x 21 —(— 4.6 X 30) = 276 ton-ft, whence 1 = 6.6 tons, 
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For a Three-Hinged Arch (Fig..60) the above method gives the correct 
values for V,, V, and H, since a is the half-span between end and middle 
hinge and 6 the rise of the middle hinge. For a common unhinged arch it is 

usual to take @ as the horizontal and 6 as the vertical distance between the 


Section 
Fig. 60. Three-Hinged Arch 


middle of skewback and middle of crown, but the values found are approx- 
imate only, since the assumption that the resistance line’ passes thru the 
middle points of crown and skewback joints is rarely correct, and since the 
method of computing V7, is not perfectly exact. 
The three-hinged arch in Fig. 60a cons‘sts of three ribs, which support the roadway 
on spandrel columns. Each rib has hinges at both ends and one at the crown, the hinge 
“ being a steel pin set in a pedestal and wpen which abuts the steel shoe which holds the 
end of the concrete arch: Another form is that in Fig. 60) where a lead plate or a 
steel plate covered with lead is placed between two abutting concrete surfaces; this form 
limits the resistance line to a smaller area, but can scarcely be called areal hinge. The 
lead covered steel plate hinge should be used only for arches erected as hinged arches 
but afterwards converted into solid arches by encasing the hinge in mortar or concrete. 
Stability against Sliding along any joint will be secured when the resultant 
of all the forces on each side makes an angle ? with the normal to the joint 
such that 2 tan ( is Jess than tan #, where ¢ is the angle of friction of masonry 
upon masonry (Arts. 3 and 8). Or, let # and NV be the components of the 
. resultant parallel and normal to a joint (Fig. 61) and f the coefficient. of 
friction; then iN /F should not be less than 2. After Vj and H have been 
found, F and _N ‘for any joint are computed by # =. sin e (W — V,) cos @, 
WN =H cos @ + (W — Vo) sin@, in which W is the sum of all the loads belenel P 
the crown and the joint, and fis the angle which the joint makes with the 
vertical. When F is positiv it acts upward; when negativ it acts downward. 


Stability against Rotation at any joint is secured when the resultant cuts 
the joint ab within the middle-third mm (Fig. 61), for the entire joint being 
then under compression, no tension or opening 
of the edges of the voussoirs will occur (Arts. 
6 and 8). 

Stability against Crushing of the material _ 
is secured if the compressive unit stress Sg at . 
the edge nearest the resultant is less than the 
allowable value given’ in Art.1. The average 
unit stress on the joint is N/A, where A is the 
area of the joint, and the unit stress at a is 
found by multiplying N/A by 1 + 6 ¢/b, where 
b is the length of the joint and e is the distarice 
from its middle to the point where the resultant 
R cuts it (Fig. 61). When R cuts the joint without the middle-third, this — 
’ rule must be modified unless the joint can take tension (Art. 6), 

At each and every joint thruout the arch the above conditions must be satisfied in order 
that security may prevail thruout. ‘The points cut by the resultants at all joints being 
connected by a curved line, the resistance line is constructed. The most important of 
the above conditions is that the resistance line must lie within the middle-third. Altho_ 
the word joint has been used in this discussion, all the conclusions apply to the imaginary 
radial joints of a plain concrete arch, j 


Fig. 61 
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20. Static Analysis of an Arch . 


The Static Method of investigating an arch is that outlined in a general 
way in Art. 19, and is so called because only the principles of statics are used. 
To determine the horizontal pressure H by that method it is necessary to 
assume its point of application at the crown joint and also the point of appli- 
cation of the resultant at the skewback joint. Then H can be computed 
and the resistance line be drawn within the arch ring, but there is no assur- 
ance that this is the true resistance line. It is, however, generally accepted 
that an arch has proper stability against rotation if a resistance line can be © 
constructed which will lie within the middle-third of the arch ring at all 
radial joints. Hence, different assumptions as to points of application are 
to be made and different resistance lines to be constructed, and the design 
should be pronotinced deficient in stability if a resistance line cannot be 
found which lies within the middle-third. 

‘The static method was used in America almost exclusively prior to 1900, While the 
elastic method (Art. 22) has the advantage that it determines both H and its point of 
application, yet the static method is still of great value in preliminary investigations. 

The Resistance Line can be constructed, after H has been computed, by 
help of the force polygon. In Fig. 59 the thrust # is laid off horizontally 
- and the loads vertically in succession; then from h as a pole the rays are drawn 
to the points of division between the loads, the last ray thus giving the mag- 
nitude and direction of the resultant R on the joint 5-5. An equilibrium 
polygon is then constructed, the first side being in the line of H produced, 
the second parallel to the first ray, and so on until the last side thru e gives 
the position. of R. The points 7,, 72, 73) 74 75, Where these sides cut the joints, 
are points in the resistance line, and the resistance line itself is the curve 
joining them. 

This force polygon is for the case of symmetrical loading on the arch so that the crown 
shear Vo is zero. The method, however, is perfectly general and may be used to give 
closely Mi gitar gad results for unsymmetrical loading by drawing Vo as the first vertical 

force in the force polygon, laying off its value 

, upward if the same is positiv and downward 
H if it is negativ. 

A Graphic Method of finding the 
horizontal thrust H is shown in Fig. 62 
for a simple case where only three 
loads are used for the saké of clear- 
ness. The arch has the live load on 
the half-span shown, while the other 

_ half-span has only dead load. The 

horizontal thrust is assumed to act at 
the crown at the upper middle-third 
limit, and the resultant at the skew- 
back is assumed to act at the lower 
middle-third limit. The correct hori- 
zontal thrust HT on the foregoing 
assumptions is that which will, with the. 
three loads W,, Ws, Wy give an 
equilibrium polygon passing thru the 
assumed point @ at the crown and the assumed point r at the skewback. The 
procedure is as follows: 

(x) The reaction Vi is computed in exactly the same way as fora simple beam. The 
crown shear Vo is found by subtracting the sum of the three loads from Vi. The load 
line for the force polygon is laid off from /, the distances 3-2, 2-1, 1-0, op being — 
equal on a proper scale to the values of W3, We, W1, Vo respectively. 
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(2) Assume pk in the force polygon to be the value of 7; with & as a pole draw the 
tays ko, kr, kz, k3, the last of which should be the resultant at the skewback if the assumed 
BH is correct. Above the arch, in order not to confuse the drawing, extend upward the 
lines of action of the loads and place the points a’ and r’ above ¢ and 7, and at the same 
vertical distance apart. Then construct the equilibrium polygon a’b’c’d’s, each side 
being parallel to the corresponding ray in the force polygon. ‘The last side d/s of this 
trial equilibrium polygon does not pass thru 7’, Extending its line of direction upward 
until it meets that of H’, there is found at h’ the point thru which the resultant of the 
vertical forces acts. Then a line joining 7’ and h’ gives the direction of the true resultant. 

(3) In the force polygon, draw R parallel to r’h’ then ph is the value of the horizontal 
thrust H on the scale employed. From h draw a new set of rays, and in the arch ring 
itself construct the equilibrium polygon abcdr, which must now pass thru the point r 
on the skewback joint. 

(4) This equilibrium polygon cuts the two radial joints at the points 7; and 12, these 
being points in thé resistance line, which is a curve joining a, 71, 72,and r. This curve 
lies everywhere within the middle-third of the arch ring, and hence there is full’stability 
against rotation. The direction and magnitude of the resultants acting on these joints 
are given by the rays hx and hz in the force polygon. 

An Actual Investigation of a proposed design by. the static method 
involves no principles not explained above. The practical procedure is as 
follows: (1) Vertical lines are drawn dividing the arch structure into an even 
number of parts, about 16 parts being used for a span of 80 ft. (2) The 
weights of the masonry and earth filling for each of these parts is found for 
an arch one unit in width, as also the line of action of that weight; earth is 
usually reduced to an equivalent height of masonry, and then the center of 
gravity of an area is the point thru which its weight acts. (3) For loads 
W,, W., etc., which act thru these centers of gravity the horizontal thrust 
may be found and the resistance line be located as above explained. (4) The 

* points assumed at crown and skewback may be the middle points for the first 
investigation, but the upper limit of the middle-third at one joint and the 
lower limit at the other joint may be used for other resistance lines. (5) One 
set of lines should be found for full dead and live load over the whole span, 
another for the case when the live load is on the left half-span only. Lines 
for other loadings may be sometimes necessary (Art. 18). 

The True Kesistance Line for a given loading is one that has the least 

average deviation from the neutral axis of the arch, this being the central 
curve half-way between intrados and extrados. After having drawn a resist- 
ance line which passes outside of the middle-third at one or more places, an 
attempt should be made to find another one which lies within it. For this 
purpose find on the drawing the two joints where the resistance line departs 
most widely from the neutral axis and select two points A, and A, on those 
joints which are nearer that axis, A, being’ on the joint which is the nearer 
to the crown. Let P, and P, be the sum of all loads between the crown and 
A, and Ag respectively, a, and dz be the horizontal distances from A, and A, 
to the lines of action of P, and P,, h = vertical distance from crown to Ay, 
and h’ = vertical distance between A, and A,; then the horizontal thrust H’ 
for the new resistance line and the distance ¢ from the crown to its point of 
application are (Cain’s Voussoir Arches, 1904) 

H’ =(P.a,—P,a,)/W’ t=h—-P,a2/H’ 
With this new horizontal thrust a second resistance line may be drawn and 
this should pass thru the points A, and A,. 

After the true resistance line is found, the degree of stability of the arch with respect 
to that joint is determined for overturning, crushing, and sliding tendencies in the same 
manner as explained in Art. 19. The resultant R for each joint is given by the correspond- © 
ing ray in the force polygon, and its component N normal to the joint may be constructed 
graphically for use in the equations which refer to compression and sliding. : 


. 


N 
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To Design an Arch by this static method, a drawing is made which seems 
to give good proportions and dimensions for the given local conditions and. 
loads, the thickness of the arch ring being assumed from. the data in Art. 18. 
‘Fhen several resistance lines are constructed, and, if none can be found which 
lies within the middle-third, the proportions or thicknesses are unsafe ones 
and must be changed. Another drawing with different dimensions is them 
made and resistance lines constructed for it. When several drawings or 
designs all furnish proper stability for the given loads, then that one should _ 
be chosen which can be built for the minimum cost. 


Cain’s Method of finding the crown thrust H and crown shear Vo for a case of un 
symmetric loading is as follows (Fig. 63). P,= weight of left half of arch and the load 
upon it, P2= weight of right half cf arch and the load upon it, P3= weight of the portion 
of the arch and load between a joint rr and the crown, other notations in the figure. It 
is necessary to assume the points of application of the resultants on the lowest joints 
mm, and nm and the point of application of the resultant upon some other inter-— 

mediate joint as at L, 


points thru which it is 
desired to pass the 
resistance line. All of 
the points should be 
taken within the mid- 
die-third of their re- 
spective joints. If I 
and LZ are on the more 
heavily loaded half of 
the span and K there- 
fore on the more lightly 
loaded half, 7 should 
Fig. 63. Unsymmetric Loading be assumed a little 
; below the middle of 
its jot and LZ and K a little above the middle of their joints. If J and LZ are on the 
lighter half and K on the heavier half, J should be taken a little above the middle of its 
joint and Z and K a little below the middle of their joints. The following formulas, 
(Cain’s Voussoir Arches, 1904) give the horizontal and vertical components of the inclined 
crown thrust and its point of application: 


Y= dy€1P1 — areoP2 + ageaPs Apa BEPLt adePo = axd3P’, 
exdg— ade exd3— egd2 


$= In-(4Pi— g1Vo)/H 


Limitations of Static Method. The old method of design gives curves of resistance 
which agree closely with those determined by the elastic method. The maximum unit 
stresses determined by the old method agree with those found by the elastic method 
within less than 10%, and usually the difference is less than 5%. It is therefore a safe 


method of design, and may, in general, be used for the design of an arch. As a check — 


- upon the final design the elastic method should also be applied in all important arches. 


The static method, however, ignores temperature stresses (Art. 24). Inclined loads, result-— 
ing from pressure of earth, may usually be treated more simply by the elastic method. 


Longitudinal Walls and masonry haunching resting upon the back of the arch do not 
exert their full weight upon the back of the arch, but, for safety, the full weight of walls” 
and haunching should be used in determining the line of resistance. 

A Retaining Wall resting upon the back of the arch exerts greater pressure upon ai 
arch at the toe of the wall than at the heel, and the pressure varies between the heel 
and toe, but it is exact enough to regard the pressure upon the base of the wall as uni- 
formly distributed upon the back of the arch. The ring stones should be tied by iron” 
cramps to the sheeting back of the ring stones, otherwise the horizontal thrust upon the 
back of the retaining wall may separate them from the arch sheeting. 


Change in Spandrel Loading. he line of resistance may be shifted in 
position so as to lie closer to the neutral axis, by ae the spandrel ae 


. 
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while J, L and K are~ 


cy 
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ing. For instance in Fig. 64, which is an arch of an earth-filled bridge, the 
“resistance line will be changed if transverse hdéllow arches are formed’ thru 

the haunches on each side of the arch; such hollow tunnels are used” in the 

longest masonry arch in the world, that at Plauen 

in Saxony. Changes in the spacing of spandrel 

columns will also modify the resistance line; such 

ehanges, however, should be mainly confined to 

“eases where errors in design are detected after 

the arch is erected and before the spandrel col- 

umhs are built. In an earth-filled arch it is 

manifestly impractical to change the line of re- 

sistance by changing the unit’ weight of the earth Fig. 64 

fill at selected points. 

Transverse Spandrel Arches (Fig. 65). “The spandrel columns or walls 

of transverse arches should not generally be spaced parallel to the span at 
‘ intervals exceeding about 17 of the span. The spandrel columns should 

not generally be spaced parallel to the axis of the arch, transverse to the span, 


{ 


Sa 45! Radius-------—--->| a 
Fig. 65. Connecticut Ave. Arch, Washington, D. C. 


at intervals exceeding about two and one-half times the thickness of the arch’ 
ring upon which the columns rest. When the columns are so placed, the 
load brought upon the back of the arch may be regarded as distributed uni- 
formly across the transverse section of the arch. In the case of a reinforced 
concrete arch this transverse spacing of the columns may exceed two and ~ 
one-half times the thickness of the arch. 

Fig. 65 shows the method of determining the resistance line for transverse spandrel 
arches, this being shown by a heavy dot and dash line, while the limits of the middle- 
third are shown by light dotted lines. ‘This arch is one of the main spans of the Connecticut 
Avenue bridge in Washington, D. C. The s5-foot arch ring is of concrete blocks and 
the arch sheeting of plain monolithic concrete. The arch is a full-centered one of 150 
ft span, and the span of transverse arches is 14 ft. The analysis shown is for a full 
uniform load over the entire span. ‘The resistance line comes nearest the edge of the 
middle-third at the joint jj, and the maximum compression there is 350 Ib per sq in. 


21. Throe-Einget Arches 


Advantages. (x) If the foundations are compressible, sien as pile or clay 
foundations, the three-hinged arch offers the best type, as it permits of con- 
siderable settlement without injury to the arch. (2) If the arch has a rise 
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of less than 4 the span, on account of the high temperature stresses ina 
solid arch, the three-hinged arch is the better. (3) Since the temperature 
stresses are practically nothing, and as the arch is statically determinate, higher 
unit stresses may be used than in the solid arch. 


Approximate Design. The crown thickness f, may be taken a little less 
than those given by empirical rules for the solid arch, ‘The thickness at the 
springing line may be approximately 1.25 ¢,, and that at the middle of the 

_ haunch approximately 1.5 ¢). Having selected these dimensions, the arch should 
be drawn to a large scale and be analyzed according to the static method. The 
cheapest type of the three-hinged arch is one of detached ribs supporting 
spandrel columns, altho there appears to be no reason why an arch with con- 
‘tinuous sheeting should not be used. In what follows the lower hinges will 
be assumed at the same‘level and the crown hinge at the middle of the arch. 

Dead and Live Load over fhe Entire Span. The weights and lines of 
application of the loads may be found as in the static method (Art. 20). 
As the loads are symmetrical, only the left-hand half of the arch need be 
considered. The crown shear is here zero. The crown thrust H, which is 
horizontal for symmetrical loading, may be computed from H = 2Wsz/b, 
in which W = any load applied upon the left half of the arch, z = horizontal 
distance from it to the left hinge, b = rise of arch measured from the hori- 
zontal line passing thru the lower hinges to the crown hinge. Knowing 
HH, lay off the load line, construct the force and equilibrium polygons as in 
the static method, applying H at the center of the crown hinge. If the 
graphical work is correct, the last line of thrust will pass thru the center cf the 
lower hinge. 

"For dead load on entire span and live load on the left half, let W= any dead load of 
the left half-span, W’ any live load, and z and 2’ be the horizontal distances from them 
to the left end hinge. Then 


Thrust H = (SW2+ 143W’'z’) /b Crown shear Vo=+ 3W’2//2a 
in which ¢ = half-span. For dead load over entire span and live load on the right half 
the same formulas apply, except that Vo is negativ. The force polygon for either case 
is then constructed as in Fig. 62, and the equilibrium polygon drawn, taking H and 
Vo as applied at the middle hinge; the last line giving the direction of the resultant thrust 
at the skewback should pass thru the end hinge. 

Special Method for Thickness of Arch Ring. The hinges may be 
drawn at the given points and the approximate loads of the spandrels and 
arch be applied as shown in Fig. 66. ‘These loads and their point of appli- 
cation may be determined: by a practically complete design of the spandrels 


Fig. 66. Three-Hinged Arches 


made prior to the arch design. The weight of thevarch ring may be approxi- 
* mated, using the dimensions recommended, but the arch ring itself need 
not be drawn. After computing H and V, for each case construct the equilib- 
rium polygons or thrust lines for (1) dead and uniform live load over the 
entire span, (2) for’dead and uniform live load over the right half-span, — 
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(3) for dead and uniform live load over the left half-span. The first line is 
shown in Fig. 66 as a full line, the second by a line of dashes and the third by 
aline of dots. After the lines are drawn, knowing, from the force polygon, the 
intensity of the resultant thrust at any point, the correct thickness of the arch 
ting at any point may be determined by keeping all thrust lines within the 
middle-third and the unit stresses within safe limits. If the assumed thick- 
nesses are found to be wrong, a second analysis may be necessary. 


This method, considering only dead load, or dead and uniform load over the entire 
span, may be used to determine the curve of the neutral axis of a solid arch, which will 
closely approximate the linear arch. This approximate linear arch would be the one 
requiring a minimum amount of material for any given loading. 

The Hinges may be structural or cast steel pins (Fig. 60a), or flat lead 
plates or steel plates covered with lead (Fig. 60b). The steel hinge requires 
to: be kept painted, but is advantageous because it locates the line of thrust 
mofe precisely than the other types. The lead hinge requires no main- 
tenance. Lead-covered steel hinges should be used only when, for founda. 
tion reasons, it is desirable to build the arch as three-hinged and convert it 
into a solid arch, after the full load is upon the foundations, by filling the 
spaces around them with solid grout. Lead and lead-covered. steel hinges 
should not have a greater pressure upon them than 1600 lb per sq in.. Adja- 
cent to the hinges, blocks of hard stone should be placed to withstand the high. 
unit pressure, or if concrete is used, it should be rich and heavily hooped. 

There has been some doubt as to the efficiency of hinges for spans of over rso tt, but 
nothing has been proven to their detriment, and the tables in Art. 18 mention two three- 
hinged arches which have long spans. A two-span ashlar bridge near Munich, Germany, 
which had arches of 144 ft span and 16 ft rise, failed in 1904, due to the masonry of both 
arches slipping off the skewback hinges. Stone hinges have been used, but not to an 
extent which would warrant their general adoption. 


22. Elastic Method of Anelysis 


The True Resistance Line for an arch ring is found in the static method 
by a series of approximations which start with assumed points on the crown 
and skewback joints. In the elastic method this true line is found without 
such approximations in its exact location. ‘This can be done entirely by 
computation, but graphic work may also be used to draw the equilibrium 
polygon within the arch ring after H and its point of application have been 
found. An arch one unit in length is considered; as in the static method, 
and the NEUTRAL Axis of the flexural forces is represented by a central line 
drawn half-way between intrados and extrados. The thickness of the.arch 
at any joint being called ¢, the moment of inertia of the surface of that joint 
for an arch of a unit length about the neutral axis is I= 42, ‘The BENDING 
MOMENT for any point on the neutral axis is the algebraic sum of the moments of 
all: the forces on one side of that point. A momentis positiv when it tends toin- 
_ crease the compression on the back of the arch, this being the: same conven-. 
tion as for beams (Sect. 4). The RESISTING MOMENT at any joint is the product 
of the normal pressure NV acting upon the joint and its distance e from the 
middle of that joint. The word ‘‘moment” when used without qualification 
applies to the bending moment. 

Notation (Fig. 67). At, the crown: Vp = vertical shear, H= horizontal thrust. 
Mo= bending moment, é)= distancé of H from crown of the neutral axis, Heo= resisting 
moment. For any point: x= horizontal distance from it to crown, y= vertical distance 
of it below crown, V= vertical shear, = bending moment, R= resultant thrust on 
joint, N = component of R normal to joint, e= distance of NV from middle point of joint 
or from the neutral axis, Ne= resisting moment. 


ty 
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Fig. 67. Data for the Elastic Method 


Preliminary Steps. (1) The arch ring is to be drawn to scale and be 
diyided into an even number of parts by the broken radial lines shown in 
Fig. 67, while half-way between these are drawn solid radial lines to represent 
joints. When the arch ring is of constant thickness, the arch divisions are 
equal in length; when it increases in thickness from crown to skewback, the 
lengths of the divisions are to be determined so that the ratio I/s shall be 
the same for all, s being the length of any division and J the average of the 
moments of inertia of the two limiting joints. Let the middle points of the 
joints be marked 1, 2, 3, etc., and thé coordinates x and y be found for each 
point by computation or measurement. (2) Let 2 =sum of the values of 
x for these points, 2x? = sum of the squares of the abscissas, Zy = sum of 
their ordinates, Zy? = sum of the squares of these ordinates. (3) Fora load 
W, placed at one of these points, let z denote the distance from it, toward 
the nearest skewback, to another middle point; also let Zz = sure of all these 
distances, that is, the sum of the distance of W from each of the points nearer 
the nearest skewback, 2zv = sum of the products of all values of z by the 
corresponding x, and Zzy = sum of all products of z by the corresponding 

'y; that-is, each z in the last two summations is multiplied by the # or y of the 
point back of W which corresponds to z, 

. For a Single Load W on the left semi-arch of Tig. 67, the elastic theory 
of the arch furnishes the following formulas, m being the number of parts 

into which the semi-arch is divided. 

nizy — Ly.Le 


; ; met 

For horizontal thrust, H=%W nS = (Sy) (A) 
For moment at crown, M,=(%,W2s-— H2y)/n (B) 
For shear at crown, Vo = % WE2x [2x7 » (C) 


Summations are for the half arch only. The value of H is always positiv; 
that of M, may be either positiv or negativ, depending upon the position of 
W. The formula for Vo gives positiv values only, this force acting upward | 
with respect to the left semi-arch, the load being on the left of the crown, but 
downward with respect to the right one. 

When W is on the right semi-arch the same formulas apply if z is measured from W - 
toward the right-hand skewback. For this case, however, the value of Vo is to be taken 
as negativ with respect to the left semi-arch, and positiv with respect to the right one, 

For two Symmetric and Equal Loads, such as W on the left and W on 
the right in Fig. 67, let W be the weight of each; then the horizontal thrust 
and crown moment due to both loads are double those found by the aboye 
formulas, while the crown shear V,.is zero. 

For Several Loads, the eeatan are to be applied to each in aan 
and the results added. Thus if one load produces a crown moment of edt 
Ib-ft and. another ral lb-ft, then for both loads Mf = —230 lb-ft. 
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“The denominator in formula (A) depends only on the coordinates of the curve and is 
independent of the span. Hence, when H is to be computed for several loads, the differ- - 
ent numerators should be added and then their sum be divided vy the constant denomi-< 
nator. Art, 23 gives an example. 

For any Joint whose middle point is at horizontal disttnde % from the 
crown, values of the moment and shear may be computed, after H, M,, 
V, are known, from the formulas 


M=M,+ Hy+V,x-2Ws V=V,-2W (D) 


where 2W is sum of all loads between that joint and the crown, and 2Wz 
is the sum of the moments of those loads with respect to the middle of the 
joint. The components of the resultant thrust normal and parallel to the 
joints are ‘ 

: N =Hcos@- Vsin@ F = Hsiné + Vcosé (E) 
where @ is the angle which the plane of the joint makes with the vertical 
(Fig. 61). The resultant thrust itself is R= “VH?+ V. 

Resistance Lines should be determined, -in the design of an important 
arch, for at least three cases: (1) For dead load only. (2) For dead load 
plus live load over the entire span. (3) For dead load plus live load on 
left of crown only. In each of the cases let Mand H be found for the crown, © 
and M and WN for any other joint, Then the distances from the neutral axis to 
the resistance line are 

At the crown, ¢,= M,/H At any joint,e= M/N (F) 


and thus that line may be located at every joint. Or, after having found e,, 

‘an equilibrium polygon can be drawn as in the static method, but here no 

approximation is needed, since H and ¢, being correctly found for the crown, 

the force and equilibrium polygons are immediately drawn in correct mag- 
nitude and position. 


The coefficient of friction which is necessary in gute that there may be full security 
against sliding along the joint is f= »F/N, in which F and N are to be computed from Z, 
and # should be 2 or greater. 

A common masonry arch is a statically indeterminate structure like a continuous beam 
or like a beam fixt at its ends. The elastic theory, by which the above formulas are 
deduced, makes the following assumptions: (1) that the material is elastic and obeys 
Hooke’s law; (2) that the material is homogeneous so that modulus E is constant; (3) that 
the arch is fixt at its ends so that a tangent there remains unchanged under the loading, 
(4) that the loads cause no change in the length of the span; (5) that the ends remain ~ 
in the same horizontal plane under all loadings. Altho it is often difficult ia practice 
to secure the complete observance of these assumptions, the theory gives correct results 
if they are fulfilled. When an arch is built upon piles or compressible soil the conditions 
(3), (4), (5) may be fulfilled only partially, and for such cases the three-hinged arch 
(Art. 21) may be preferable. For rock foundations the elastic theory is entirely satis- 
factory, and in an important case the old static method of trial and approximation ought 
not to be used, except as a check. ‘ 


23. Example of the Elastic Method 


Data. It is required to design a plain concrete arch for a double-track 

_ railroad which shall have a width of 24 ft, a span of 46 ft between centers 
of skewback joints, and a rise of ro ft from the springing line to the center. 
of the crown joint. The railroad track is to be 3.6 ft above the center of the 
crown joint, and the filling above the back of the arch will be earth, The 
live load per linear foot of track is specified as 4000 Ib. Assume the thick- 
néss of the arch as 1.42 ft at the crown and 2.14 ft at the skewback. Thru 
the given end and middle points draw a curve Sree: a parabola, 
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and lay off these two radial joints. Then draw the extrados and intrados 
curves so that the radial distance between them shall increase uniformly 
from middle to end, that is, so that the thickness.of the arch at horizontal 
distance x from crown is 1.42 + 0.0313 «. Following is an investigation of 
this proposed design (Fig. 67). 


(1) Divide the central curve of one semi-arch into four parts, of unequal length, those 
nearest the crown being the shortest. Let the lengths of these divisions, measured on 
the curve, be represented by 51, sx, 53, 5s. Let radial lines be drawn thru the middle points 

. of these divisions and their lengths 4, f2, /3, ts be found. Compute the ratios 43/51, 23/59, 
133 /s3, £°/s\; if these are equal, the division is correctly made; if not, the process must be 
repeated until four points 1, 2, 3, 4 are found for which these ratios /3/s have approxi- 
mately the same value. 

(2) Let the final results of this at be that the thickness of the four joints are 4 = 
1.52, = 1.72, fg= 1.90, 4y)= 2.06 ft; that the abscissas of their middle points are 3.22, 
9.47, 15.20, 20.50 ft, and that the corresponding ordinates are 0.21, 1.84, 4.62, 8.31 ft. 
These coordinates are entered in the second and third columns of the table below. 


(3) Drawing vertical lines at the limits of the four divisions, the loads for the points 
4, 2, 3 are, for an arch one foot in length, 477 


For dead load, Wi1= 4500 W2= 5400 W3= 7000 Ib 
For live load, W1= 2100 W2= 2000 W3= 1800 Ib 


The last load, W, in this: case, is not used, because by this method of division and com- 
putation it does not produce stresses in the arch; in reality, it does, of course, cause stresses, 
but they are small on account of its nearness to the skewback. In Fig. 67 the dead loads 
are shown for both halves of the span, while the live loads are shown only for the left- 
hand half. 

(4) The summations and quantities involving only » and y, which are required for use 
in the formulas of Art. 22, are computed and entered in the following table; the denomi- 
nator in the formula for H has the constant value 150.9 for all loads in all positions. 


(ay)?= 224.4 n= 4 


= 2 2 
ey So)ie asoligh [2 14:98) 20° = 93-83 |e 75Xes 


(5) The products and stimmations involving z, which depend upon both position of 
load and the other points of division, are computed and entered ina second table. Since 
the load W; is taken as applied at point 1, the values of z for it are found by subtracting 
the first value of » from each of the following ones; also for We the second value of x is 
subtracted from the following ones. The distances 22, 23, 4, shown in ‘Fig. 67 are the 
values of z for the load W3. 


Values of 2 Values of sy _ Values of ax 
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(6) Formula (A) of Art. 22 is now used to obtain the horizontal thrust caused by each 
load, and then Formulas (B) and (C) to find the crown moment and crown shear. For 
example, the work for the first doad is 


H = % Ws; (4X 210.4 531. 8) Jeo. 9= 1.026 Wy 
Mo = (4 W1 X 35.5 — 1.026 Wi X 14.98) /4= 0.595 Wa 
Vo = Y% Wi 595-5/751-3 = 0.396 W1 
This value of Vp is positiv if Wy is on the left and negativ if it is on the right of the crown, 
it being understood that the left semi-arch is the one for which the analysis is to be made. 
For each load in Fig. 67 the computed results for the crown now are 
for Wi, H = 1.026 Wi Mo= 0.595 Wi Vo = 0.396 Wi 
for We, H = 0.733 W2 Mo=—-0.645W2 Vo=0.208 We 
for W3, H = 0.320 W3 Myp=—0.535W3 Vo= 0.072 W3 
* (7) Only one case of loading will be here investigated, namely, that when the live load 
covers the left semi-arch only, as in Fig. 67. For dead load over the whole span, the 
values Wy = 4500, W2= 5400, W3= 7000 lb are to be inserted above, the products added 
and the sums doubled for H and M, while those for V cancel each other on account of 
_ the double sign. For live load over left semi-arch only, the values W4= 2100, W2= 2000, 
W3= 1800 lb are to be inserted and the products added. Thus, for 
dead load, H = 21 600 My = -— 9100 Vo=0 
for half live load, H = 4200 Mo = — 1000 Wo= +1400 
Lastly, the addition of these gives the final values for the case of loading shown in Fig. 67, 
namely, H = 25 800 lb, Mp=— 10 100 lb-ft, Vo= r400 lb. The negativ sign of Mo 
shows that it tends to produce tension on the back of the arch. 
(8) These final crown moments and shears reduce formula (D) of Art. 22 to 
: M == 10 i00+ 25 800 y+. r400x— 2 Wz, V= 1400-2W 
and the values of the moment and shear for each joint are placed in the table below. 
Also the first formula (E) takes the form N= 25 800 cos @~ V sin @, and the computed 
normal pressures for each joint are given in the last column. 


(9) Finally, the eccentricity e, or the departure of the resistance line at the neutral 
axis, is obtained for each joint by formula (F) of Art. 22, namely e= M/N. Following 
table shows that the resistance line is within the middle-third of the arch ring except 
at the crown and at joint 24nd skewback; the values of % ¢ are distances from neutral axis 
to limits of middle-third. The maximum compression 5; and the maximum tension 52, 
using the formulas of Art. 6 and using only the normal component NV of the thrust, are 


Maximum unit stress, 


Thickness, i icity “Ib per sq in 
t, feet 


— 0.018 
+ 0.322 
+ 0.294 
— 0.286 


— 0.572 
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computed for the joints under the assumption ‘that no rupture of the material occ 
under the tensile stress; if such occurs, then the compression on the other side is increa: 
to the value shown in the last column. 

Other cases of loading cannot here be investigated, but a live load over the éxitire sp 
or perhaps live loads W; and W2 acting on both sides of the crown, may produce a grea 
moment at the crown and raise the resistance line higher above the neutral surface. 1 
result of the investigations thus far made shows that the resistance line passes outs 
the middle-third at three points, and hence the design must be modified in order to 
satisfactory. This may be done by increasing the rise, by increasing the thickness 
the arch ring at the crown, or by introducing steel reinforcement. 

Above method, in its essential features, was first given in America by Howe (Arc 
1890), the formulas being materially simplified by Turneaure and Maurer (Reinfor 
Concrete, 1907); both formulas and tabulations are here given in somewhat differe 
form. The way of obtaining the loads and applying them above the'centers of the joi 
is regarded as not perfectly satisfactory. There is, however, nothing in the theory wh 
requires the loads to be applied at the points 1, 2, 3 in Fig. 67; they may be applied 
any other positions, but the x’s for any W must be measured from the position of W 
all the points between it and the skewback. 


23%. Arches under Water Pressure 


For an Arch with Vertical Axis the water pressure upon the extrados 
uniform for each arch ring or horizontal section. In circular arches the press 
is radial and produces uniform compression thruout each horizontal arch ri 
In a circular arch with a vertical axis let » denote the intensity of the wa 
pressure at a certain elevation, r = radius of the arch center line, T = the thr 
in the arch ring, then J = pr. In the design of arched dams the radius of - 
upstream face is usually taken as7. For an arch ring of unit height, S being 
allowable compression of the material per unit area, the necessary thickness 
the arch ring at the height corresponding to # will then be ¢ = pr/S. 1 
example, an arched concrete dam 20 ft high having a radius of 60 ft should hav 
thickness at base t = 20 X 62.5 X 60/250 X as 2.09 ft if the allowable u 
compression is 250 Ib per sq in. 


Practical considerations and the influence of indeterminate stresses will increase | 
thickness. The fixing of the arch at the abutments and possibly at the bottom is 
considered in the formula. Such fixing, together with unfavorable temperature stre: 
may increase the stresses developed in an arched concrete dam by as much as 100 perc 
of those given by the cylindrical formula. 


For an Arch with Horizontal Axis the intensity of the water pressure 
any point of the extrados depends only on the depth of that point below 
water surface and its direction is normal to a tangent to the extrados at fl 
point. If the arch is circular, bending moments as well as thrusts are develop 

For Symmetrical Arches, the loading (both dead and live loads) will 
symmetrical and the formulas to be used for finding the thrust and moment 
the crown are 

n=imy — Imzry im — Hxy 


yieme sore eh eae mag 


Il 
GO, | 


the summations being taken for the half-arch only; here m is the cantile 
moment at any point of the half arch, while the other symbols are the sa 
as given in the notation on page 735. 


Example: To design a plain concrete circular arch, which shall have a sf 
of 30 ft between centers of skewback joints and a rise of 8 ft from center 
springing line to center of crownjoint, to support a waterload the water surf 
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of which is 6 ft above the middle of the crownjoint. The arch ring to have 
uniform thickness. 

(z) An arch ring x ft wide will be considered. Assume a thickness of 18 in. Divide 
the half arch (Fig. 672) into 4 equal parts by dotted radial lines, while half way between 
these are drawn solid radial lines to 
represent joints. The weight of the 
arch and the water pressure are as- 
sumed to act at the centers of the 
equal arch divisions (that is, at the 
middle of the joints). The water 
pressure is calculated by taking its 
intensity at the intersection of the ex- 
trados and the joints, and by multi- 
plying this by the length of the divi- 
sion measured at the extrados. The 
direction of the water pressure so 
calculated is radial, since the pressure 
acts normal to the extrados. By tak- 
ing sufficiently great, we can come very near to the exact magnitude of the resulting _ 
water pressure. 

(2) With the given data the palais of the center line is 18.05 ft, and for the extrados’ 
18.80 ft. The length of one division at the center line equals 4.42 ft and at the extrados 
4.60 ft. The central angle for the half span equals 56° 10’. The weight of one arch 
division equals 4.42 X 1.5 X 150 or 995 lb. The radial water pressures are 1555, 1870, 
2505, 3395 lb for joints x, 2, 3, 4 respectively, the depths below the water surface of 
these joints at the extrados being 5.4, 6.5, 8.7 and 11.8 ft as scaled from the drawing. 
Taking horizontal and vertical components for each of these, the following table results: 


Foie | Weight ot | Sema zee” | Total versal | Monsonsl Come 
We Pressure, lb w3) Water Pressure, lb 
I 995 1545 2540 190 
2 995 1745 2740 670 
3 995 2050 : 3045 1440 
4 995 2220 3215 2505 


(3) The so-called cantilever moments m are now computed for each joint, using ; 
only the forces on the right of that joint. Fig. 67a shows that all these moments are 
positiv. Thus for joint 2 

%% =2540 (6.5—2.2)+190 (1.2—0,13) =11 130 lb-ft 
The-.following table gives values of m and other quantities needed in the computations: 


2 


y y m™ my 
O,igieta 0.02 ° ° 
Kin 1.44 II 130 13 360 
3.3 10.90 33 550 IIo 720 
6.25 39-06 67 630 422 690 
10.88 | 51.42 II2 310 546 770 


Inserting the values of the last line in the formulas on p.740 for 7 and M 0, the horizontal 
thrust of the crown is H = rz oso lb, and the bending moment at the crown is Mp = —1980 
lb-ft. Under the given water pressure, then, the stress at the crown is tension at the 
exttados and compression at the intrados. o 

’ (4) The bending moment M at any joint is now computed from the formula M = Mo 
+Hy—m. Then the normal pressure W at each joint is cases as in Art. 22 or found 
graphically, and finally the eccentricity e= M/N. 
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(5) The line of pressure can now be laid out by measuring the distances ¢ along the 
joints from the middle in the direction as indicated by the sign + or Sh and by con- 
necting the points so found. The unit stresses are highest at the springing, 147 lb per 
sq in compression and 27 lb per sq in tension. Since concrete unreinforced cannot trans- 
mit tension, either the depth of the arch ring must be increased or it must be reinforced. 


Arched Dams. Where the slopes of the valley are steep and are of rock 
suitable for abutments, dams consisting of a single arch span with vertical axis 
can be advantageously built under certain conditions. Such dams are designed 
on the assumption that the water pressure is resisted by arch action only, the. 
resistance by the weight of the dam being neglected in the computations and 
regarded as an additional factor of safety. The formula giving the necessary 
thickness of the arch (see the beginning of this article) shows that this thickness 
increases with the radius, the length of which can be expressed in terms of the 
thickness of the dam, the given water pressure and the safe compressive Stress 
of the masonry: 7 = fs/p. It is obvious, that for economy the thickness of 
the arch must be less than that of a gravity dam of the same height. Therefore, 
if 4: is the thickness of the gravity section at the elevation corresponding to , 
the arched dam will be economical only if the abutments can be conveniently 
‘joined with a radius considerably smaller that 4S/p; if the distance between 
abutments would necessitate a longer radius, the gravity type of dam would be 
the cheaper. 

The thickness of the arch, on the other hand, according to the formula,. de- 
creases with increasing values of the permissible unit stress. The records of 
the existing arched dams show a wide divergence in the compressive stress 
they are subjected to. These stresses vary from 155 lb per sq in in the Parkes 
dam, N.S. W., to 825 lb per sq in in the Bear Valley dam, Cal.; the recently 
built arched dams are strest from 300 to-350 Ib per sq in. With the latter 
stress it can be shown that the limiting value of the radius is about soo ft; the 
economical subtended angle being about 120°, the limiting length of the arched 
dam, measured at the crest is about 800 ft. In V-shaped valleys very consid- 
erable saving over arched dams with constant upstream radius can. be effected 
by keeping the subtended angle constant and accordingly reducing the radius 
at the lower parts of the dam. 


The Bear Valley dam (Calif., 1884), is a remarkable instance of the efficiency of arch 
action, being only 3.2 ft. wide on the top and 8.4 ft wide at a depth 48 ft below the crest. 
The resistance line for the case of reservoir full, obtained by considering it as a gravity 
dam, runs out of the section 12.5 ft below the top; this is a rubble dam, every stone of 
which was thoroughly bedded in cement mortar. The Salmon River dam, Alaska, 
is a constant angle concrete dam, 163 ft high, 44 ft wide at the bottom. It is described 
in Trans. Am. Soc. Civ. Eng., Vol. 78, by L. R. Jorgensen, the originator of this type of 
dams. Its maximum radius is 331 ft on the top, its minimum radius 147.5 ft at the base, 
the length of the crest is about 620 ft. The maximum compressive stress developed is 
330 lb per sq in at a point about 100 ft below the top. 


Multiple Arch Dams. Instead of building an arched dam with a single span it will 
more often be economical to use several arches having spans from 20 to 60 ft. Fig, 
67b shows a dam designed by Wm. Barclay* Parsons, for the Garoga fiver, its 
maximum height being 56 ft. On the left is 
Essed Dd a gravity spillway dam, and. on its right are 
rad seen three vertical arches of 60ft span, 3 ft 

we I thick at top and 5% ft thick at’bottom. These 


EGE eet ete peaks ELEVATION arches form the water front of the dam and 
the thrust from their water load: is carried 

PLAN back by four buttresses. 
= Great care should be taken to prevent such 


Fig. 670. , dams from sliding. Sometimes the water 
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front is inclined instead of vertical so that the normal water pressure may increase the 
load on the base of the buttresses and thus also increase the frictional resistance to 
sliding. 


24. Temperature and Deformation 


General Effect of Temperature. If a ring of any elastic material, as in ~ 
Fig. 68, is rigidly fastened to fixt abutments, the expansion of the ring under 
a rise of temperature exerts a horizontal thrust against the abutments. The 
abutments being immovable, the ring distorts, and the points dd retreat from 
the horizontal diameter ab. If the temperature falls, the ring is also distorted, 
but the points dd approach ab. Since the ring is still in equilibrium, the 
stresses at all sections will have undergone a change. ‘The removal of the 
lower half of the ring would evidently not affect the distortion of the upper 


—@) 


Fig. 68, Influence of Temperature 


half under the change of temperature, provided the upper half is rigidly 
fastened to the immovable abutments. The condition of the upper portion 
of the ring is approximately that of a solid masonry arch built upon a rock 
foundation. If the upper portion of the ring is of loose voussoirs (Fig. 68)),- 
that is, without mortar in the joints, it is evident that the arch would adjust 
itself with but little strain. In practice, however, the arch ring is held down 
by the loads upon it so that the stresses due to the loads are increased or 
diminished by a change in temperature. Fig. 68c shows a three-hinged 
arch which, disregarding friction of the hinge, is free to move under change 
of temperature without developing temperature stresses. : 

Changes in Crown Thrust and Moment occur when the temperature 
varies from the standard under which the design was made. When the 
temperature rises above the standard, the horizontal thrust is increased; 
when it falls below the standard, the horizontal thrust is decreased. Let 
H’ = the change in H due to a change of T degrees; let e = the coeflicient of 
expansion and Z = modulus of elasticity of the material (Art. 2); let «= the 
number of divisions into which the half arch ring is divided and m= the 
constant ratio I/s for each division (Art. 22); let Sy and Sy? be the sum of 
the ordinates and the sum of their squares for the middle points of the several 
joints; let ¢ = half-span of the arch. Then, for a rise of I’ degrees, 


ETenma 
4 re 
Horizontal thrust = H nay? — Gy Y- yy 
Crown Moment = M,/ = — H’3y/n Crown shear V,= 0 


The bending moment at any point due to this rise in temperature is M’ = 
M, + H'y. The computed values of H’, M,’ and M are to be combined 
with those found for H, M, and M in Art. 23 for the case of loading under - 
consideration. For a fall of temperature T is to be taken negativ. 

The standard temperature is usually assumed in the design at 50° Fahrenheit and a 
range of from 20° to 45° above and below it is allowed, or T=+ 20° for a spandrel filled 
arch and T=+ 45° for an isolated arch ring. The values ae M due to temperature are 
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most conveniently taken from a diagram, being the ordinates between the neutral 
axis and a straight horizontal line drawn at a distance (Sy) /n below the crown if the 
ordinate below the crown represents on a certain scale the value of Mj’. 


Example. For the arch discussed in Art. 23, the value of miso.45. Then for T =45° 
and E= 2500000 X 144 lb per sq ft, the horizontal thrust due to temperature is H’=+ 
27000lb. Hence under dead load the horizontal thrust ranges from 21 600+ 27 000 = 
48 Goo Ib at 959 Fahr. to 21 600™ 27 c00= = §400 lb at 5° Fahr. 


Temperature changes will often, on the basis of the formulas, cause the line of thrust © 
to pass outside of the middle-third of the arch ring. It does not, however, seem necessary, 
when temperature is considered, that the line of thrust at all joints, based upon-the max- 
imum moments, shall lie inside the middle-third. The following tabulation shows the 
Stresses, in Ib per sq in, as given by thé formulas, for an arch of 150 ft span with 4 
uniform thickness of 4 ft, the range of temperature being 40° Fahr. from the normal, 


Crown 


Skewback 


Concrete*} Ashlart | Ashlart |Concrete*| Ashlart | Ashlart 


40 35 65 
IIo 105 180 
150 140 240 
34° 320 550 
77° 720 1260 


* E= 2 §00 000 |b per sq in and ¢= o.occ0060. + For average joints, E= 4 000 000 
and ¢= 0.0000035, # For very thin joints, E= 00a 000 and e= 0,0000035. 
t 


Shortening of the Arch Ring under the compressive stresses would 
produce the same effect as a decrease in temperature if the compression were 
‘uniform thruout. If S = average compressive unit stress in the arch ring, 
this being found by taking the average of several values, or known in advance 
by specification, then the shortening per unit of length is S/Z instead of eT, 
cP toed Horizontal thrust H’ = sage i . 

riz = 
- n=y’ —(3y) 
while the expression for crown moment is same as before and crown shear 
is zero. For the numerical example of Art. 23, this value of H’ is = 5300 lb, 
or about 25 % of the thrust due to dead load. 


The Deflection of the Crown under load may be closely found by the 
following formula. For dead Joad, or for full live load, it is 
f=(M 3x + Hixy — Wax) /mE , 
in which the summations are for the half span only, as in Art. 23. For any 
loading on the right of the crown the deflection of the crown is 
f=(M 2x + Hixy + Vi2x*= 2Wex) /mE 
"and this expression applies also to any loading on the left of the crown if 
the negativ sign be used before V,. 


For Temperature Changes the deflection of the crown is much greater than that due . 
to the loads, and it may be computed from 
we eTa (nixy — 2x39) » 
nzy? — (ay)? 
For very flat arches this deflection should be computed and allowance be made for the 
same in the cambering of the centering. For arches laid up in alternate blocks, t 
shrinkage of the concrete may cause more deflection than that due to the loads. 


: 
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Tests made by the Austrian Society of Engineers on masonry Par ranging in span 
from 6 to 75 feet, have confirmed the correctness of the. above formulas and hence also the 
validity of the modern elastic theory. See Engr. News, Nov. 21, 1895, and April 9, 1896. 


25. Diagrams and Influence Lines . 


Formulas for a Three-hinged Arch (Fig. 69a). For a single load on left 
of the crown, : 
H = Pa (i —k)/2b Vo= P(x —k)/2 71a Sh 


The moments are shown by the vertical lines above and below the arch curve. 
The moments at all hinges are o. If the ordinate DD, to some scale equals 


4 ‘ toy 
(a) Three-Hinged Arch ; : (b) Solid Arch 
' Fig. 69. Moments due to Load P 


the moments at Di, then the moment at any other point equals the length 
of the vertical line at that pqint included between the neutral axis ACB and 
the resultant R, or Re, measured to the same scale. Or the moment at any 
point equals H multiplied by the vertical line or ordinate included between 
ACB and R;, or Rz, measured to the same scale as the arch. For uniform 
load over the entire arch, H = wa?/2b, while V,=0.and M,=o. The 
resistance line is a curve passing thru the hinges; ae may coincide with the 
neutral axis or'may lie above or below this axis. 

Formulas for a Solid Parabolic Arch (Fig. 69b). For a single load P at 
a distance ka from the crown, 


y1=2 b(2—§ k) [x5(x —hk) yo=2b(r+5 k)/15(x1 +k) A =15 Pa(1—k*)?/326 
Vo=P(2-3k+h)/4 M,=- Pa(g-16k x18 k?—s5 k4) /32 . 


“The reaction locus, or the locus of the intersection of all loads with their result- 
ants, is a horizontal line 0.2 b above the crown of the neutral axis. The 

- ™oments are shown graphically at all points of the arch. This may be drawn 
for any load by laying off the reaction locus and y, and yz computed by formulas. 
This moment diagram should be interpreted in the same manner as explained 
for the three-hinged arch. For uniform Toad over the entire arch, H = wa?/2 6, 
while V,= 0 and M,=o. 

The following Table for Solid Parabolic Arches is useful in obtaining 
H, V,, and M, for a single load P at a distance ka to the left of the crown. 
The aulnbers of each column should be multiplied by the factors shown in 
the first‘line. ‘This table may be used for the design of earth-filled bridges 

or for arches with spandrel arches or columns, if the loads are applied at 
tenth points. By use of forniulas this table may be extended to cover all 
classes of parabolic arch design. The table may be used as a close approxi- . 
mate check for all positions of loading tes for non-parabolic arches in which 
ba is less than 0.5. 
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Thrust, Crown Shear, and Moment for Solid Parabolic Archeg : 


H Vo Mo 


0.4687 Pa/b | + 0.5000 P| + 0.0938 Pa 
0.4593 + 0.4252 + 0.0494 
0. 4320 + 0.3520 + 0.0161 
0. 3881 + 0.2818 — c.0069 
0.3308 + 0.2160 — 0.0203 
0. 2636 + 0.1562 = 0.0254 
0.1920 + 0. 1040 — 0.0240 
0.1219 + 0.0608 — 0.0181 
0.0607 + 0.0280 — 0.0103 
0.0169 + 0.0072 — 0.0031 
0.0000 + 0.0000 — 0.0000 


Ooo OI AUAWHH 


Hooo990909990 


An Influence Line is a line whose ordinates represent the values of a 
function as a single load travels over the span, the ordinates being drawn at 
the positions of the load. Thus in Fig. 70a let a load P travel from the left 
end A of the span to the middle C. Then the influence line for the hori- 
zontal thrust H is constructed by laying off from AC an ordinate at each 


(a) Three-Hinged Arch (b) Solid Arch 
Fig. 70. Influence Lines ° 


position of the load to represent the value of H for that position. Since H 
varies as the first power of &, the influence line is straight and it is only necessary. 
to determine the ordinates for k= 0 and k=1. For the three-hinged arch 
both H and V, are o when the load is at the springing line, and reach their 
maximum values at the crown, while M, is always o. For the solid arch with 
fixt ends, Fig. 70b shows influence lines for Hi, V, and M, which have been 
constructed by the help of the preceding table. For both cases the ordinates 
for the other half span have the same values as for CA, except that those for 
V, are negativ, or the load travels from C to B. ‘The influence lines clearly 
show that loads near the crown produce the greatest thrusts, shears, and 
moments, 


26. Construction and Erection 


Materials of Construction. In selecting the material of which the arch is 


to be built, the designer must be governed by the available materials in the ; 


jocal market, due consideration being given to labor conditions. If cement, 
sand, and broken stone are cheaper than cut stone, the arch should be built 
of concrete, provided, however, architectural conditions do not demand stone. 


For arches over rs5o ft span, in which the cost of the false-work or centering © 


may exceed $5.00 per cu yd of the arch masonry, the stone arch may be 
cheaper than the concrete arch, but usually this will not be so. Occasionally 
when labor rates of cutting and setting stone are low and stone can be 
quarried at abnormally low rates, the stone arch may be cheaper for all spans. 

Tf the foundations are compressible the reinforced concrete arch with 1% of steel is 
preferable, as it can better withstand deformation without failure. It is not correct to 
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figure the reinforcement as carrying the total bending moment at all joints as is occasion- 
ally done, while the concrete is assumed to take the thrusts only. Such assumptions 
result in an absurdly high percentage of steel. However, when the cost “of false-work 
is abnormally high, ds for an arch of large span over a deep gorge, the percentage of 
reinforcement may be made high so as to reduce the amount of concrete and therefore the 
load upon the false-work. In such cases the cost of the false-work governs the design. 
As steel can never be strest higher than 15 times the maximum compression in the 
concrete, or about 7500 lb per sq in, a large percentage of steel is not generally econom- 
ical nor is a steel of high strength advantageous. 

Tn a large work where the amount of arch construction is small, it is often better to 
build arches of stone, as they may not get the inspection care necessary for concrete. 
When stonecutters and setters are first-class and labor poor, the stone arch is the safer 
arch to build, altho if first-class inspection can be had, concrete work can be well done 
under nearly all conditions. 

In order to decrease the cost of work at the quarries, it is common practise to make 
the youssoirs of a stone bridge of the same depth from the crown to the springing line, 

fi as in Fig. 77, and to 
E haunch the arch with 
concrete or rubble. 
When this is done the 
arch should generally 
be designed regarding 
the haunching as load 
and indirectly as a 
factor of safety. By 
Fig. 71. Concrete Voussoirs - bonding this haunch- 
ing with stone yous- 
soirs, however, they may be regarded as acting together and the combined masonry 
may be analyzed as an arch, in which case it is suggested that the safe working unit com- 
pressive stresses be taken as 70% of those recommended in the tables of Art. 1, for the 
weaker material. i 

For arches over roo ft span it is not good practise to-use cut ring stones with the arch 
sheeting of rubble, concrete or brick, due to the great difference in the modulus of elasti- 
city. Where large concrete arches, which should be built in alternate sections, are faced 

with stone voussoirs, the difficulties of erection are much increased. - 

The Architectural Details for all masonry bridges should be simple and 
logical. The accentuation of the roadway by an ornamental but simple 
coping and parapet, the accentuation of the ring stones and springing blocks 
by projection and simple ornamentation, the apparent strengthening of the 
abutment adjacent to the arch by projection, all tend to enhance the appear- 
ance of the bridge. The paneling and ornamentation of the spandrels, 
more commonly seen in concrete bridges, injure the appearance of the struc- 
ture and lower the magnitude of its scale. No amount of ornamentation will 
relieve the awkward appearance of a bridge where spans and arch.curves 
have been illogically selected. The ornamentation of a bridge depends 
upon its location. Where appearance is of paramount importance, a bridge 
should be designed so as to be in harmony with the surrounding landscape, 
present and future, whether it be rural or formal 


Drainage. The roadway of a masonry bridge should have drains at either’ 
side of the roadway at intervals of 30 to 40 feet, for a level roadway, and 100 
feet when the roadway is on a grade. These drains should have a minimum 
diameter. of 2 inches and preferably 3 inches. The minimum area of a drain 
in square inches should be a = A /200, where A = area of the surface drained 
in sq ft. If a drain is placed at every 4o ft of each gutter for a bridge so ft 
wide, A = 50/2 x 40 = 1000sq ft and a= 1000/200= 5 sq in. If the drains 
are at roo-ft intervals, A= 50/2 X 100 = 2500 and @ = 2500/200 = 12.5 sq 
in. The drains should be designed with an intake trap, and the entire drainage 
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system carrying the water to the ground should be so designed as to permit 
of easy cleaning. : 

False-work, The lower portion of an arch of large rise up to about 30° 
from the horizontal, known as the umbrella, needs comparatively little vertical 
support during its construction and therefore may be usually built without 
centering. Arches are generally built upon a centering of timber or steel. 
If of timber, the load of the arch is generally transmitted to the foundations 
by posts which may be vertical or approximately normal to the soffit, altho 
occasionally the centering is built as a Howe truss or timber arch. ‘The later 
types are used when a large clearance under the arch is necessary during con- 
struction. The trussed center is generally expensive, due to expensive car- 
pentry work and the fact that the timbers are more severely injured and have 
less market value after their use. The trussed center is undesirable because 
of its excessive deflection under the added loads of the arch during construction, 
The crown of a trussed center of the arch type rises as the lower arch loads 
are built upon it and its lower portion falls. When the upper arch loads are 
placed, the reverse is true, and therefore there isa tendency for the upper loads 
to crack the lower portion of the arch at about the middle of the haunch. 
To prevent this it is better to load such centering at the crown with a tem- 
porary load or to build the arch in alternate sections as described hereafter. 

Steel centering is more expensive than timber unless in a large series of arches it 
may be used several times. It is generally built of the arch trussed type and is therefore 
subject to the foregoing criticism. Further, it is materially affected by temperature, and 
would better not be used for large arches unless the arch is built in alternate sections. 

‘The centering should be designed for the lowest practical amount of settlement and 
deformation. Concrete arches have been built without centering and with a portion of 
the arch load, during construction, carried by the steel reinforcement, in which the rein- 
forcement was built as an arch. ‘These methods have no general application and result 
in economy only in abnormal cases. fs 

Methods of Construction. All. arches must be built. symmetrically, 
That is, the centering must be loaded equally on either side of its middle. 
Stone arches under 75 {ft span may be built continuously from springing 
line to crown, but unless the centering is abnormally unyielding for spans 
over 40 ft hair-line cracks will occur at one or more joints, showing that the 
tensional value of the mortar is destroyed. Where the span is over 75 ft, 

_ these cracks may amount to%inch. Asa result, when the centering is struck 
there will be a settlement of the crown of at least one inch. Therefore for 
spans of over 75 ft the masonry work should be laid up in alternate sections 
as shown in Fig. 71. The sections are numbered in the general order in 
which they should be built. The sections last built, called the keying sec- 
tions and marked K, should be as small as will permit the men to work. 
The length of the larger sections should not exceed about rg ft. In arches 
built of voussoirs each of which is composed of more than one stone, the 
masonry blocks should be ‘tracked back.” This is not shown in the figure. 


Plain and reinforced concrete arches under 4o ft span should be built as continuous 


work between umbrella points if possible. Arches of plain concrete over 40 ft and under _ 


75 {t may be built continuously from the springing line to the crown; if over 75 ft the 
alternate block system should be used. i : 


Reinforced concrete arches over 4o ft and under 100 ft span may be built in longitudinal 
ribs 3 or 4 ft wide, so arranged as to incorporate 2 or more ribs or lines of reinforcing 
steel. If so built the centering should be made very stiff, so that having one rib complete, 
the adjacent rib will not so deform the center as practically to strike the center under the 
first rib before the concrete of that rib is hardened. If built in ribs, transverse reinforce- 
ment should be used to tie the ribs together. Reinforced concrete arches‘over 100 ft 
span would better be built in alternate blocks because of the danger of an adjacent longi- 


\ 
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tudinal rib striking the centering under the completed ribs. The longitudinal rib method, 
however, has been successfully used in spans over 100 ft. As all centers settle and de- 
form, the steel reinforcement becomes more or less buckled in construction and therefore 
will not be found in its theoretical position. In the construction of large arches it appears | 
better to have the reinforcing steel in lengths not exceeding 30 ft, the lengths to be 
spliced after the large blocks have been placed. The splice may be an overlap, a bolted 
or a riveted joint. In concrete arches the concrete should be laid in horizontal courses 
or, where the inclination of the soffit is not too great, in courses parallel to the soffit. If 
alternate concrete blocks are used, the size of each block should be such that it can be 
completed as continuous work. Several keying blocks can usually be made in a day. 


When arches are built in alternate sections the large blocks must be supported by stone, 
concrete or steel piers or columns until the key block masonry is in place (Fig. 71), or tie. 
rods may be used as shown. The stresses in these piers or tie rods may be computed by 
resolving the weight of the blocks normal and tangent to the sofhit (Fig. 71) and deducting 
the friction, W=oq= weight of block. N= op= normal thrust against the centering. 
T= pq= tangential component. of is a line making an angle with N= the angle of 
friction of masonry upon wood. Then /g is the total stress in the pier P, due to the 
weight of block abcd. When the ang!e pog = or < fof, the block exerts no pressure upon 
P. The upper strut P; may bring additional load upon P, due to the tendency of the 
upper blocks to stide down the arch centering: If tie rods are used, the stresses are found 
in a similar manner, but in that case the accumulated stress in the tie rod ¢ is due to the 
lower blacks. As the arch centering settles or deforms, the block above the pier P rotates 
about the foot of the pier P and in consequence the pressure at the top and bottom of the 
pier is applied close to’ the edge. It is therefore suggested that when stone or concrete 
piers are used the unit compressive stress be taken at 49% of those given in Art. 1. 


Striking or Lowering of the Centering should be done gradually. The 


wedges or sand boxes should be lowered symmetrically, beginning at the 
crown and working to the springing lines. In a series of arches the centering 


between abutments or abutment piers should be struck simultaneously, 


Fig. 72 : Fig. 73 


The centering, which should be designed to carry the load of the arch, only, 
may be struck before the portion of the bridge above it is built, if the arch 
is stable under its own weight. If this is not done, expansion joints should 
be provided in the upper masonry, otherwise this masonry will crack, should 
there be any settlement of the crown of the arch, upon striking the center. 
Fig. 72@ shows such joints for an earth-filled bridge, the expansion joints being 
marked 7, and 726 is a cross-section of one of these joints. Fig. 73 shows 
expansion joints in arched spandrels; they need only be left open, the span- 


_ drel arch centering remaining in place, until the large arch is struck. As 


the rise and fall of an arch, due to temperature, has a similar tendency to 
crack the masonry above the arch, such expansion joints are desirable to 
prevent temperature cracks, The joints of Fig. 73, when made permanent, 


should be about x inch wide, and the spandrel arches should be reinforced 


with steel so as to act as beams and cantilever beams. The spandrel expan- 
sion joints of the Walnut Lane Bridge, described in Trans. Am. Soc. of C: E., 
vol. 65, p. 423, are of excellent design. Expansion joints should extend from 
the back of the arch to the top of the parapet. 
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The permanent paving of earth filled bridges should not be laid for two years after the 
earth fill is placed, as the settlement will crack and warp the pavement. The filling 
should be spread in layers and thoroly rammed to decrease the amount of settlement. - 


27. Large American Masonry Arches 


Cabin John Bridge at Washington, D.C., completed in 1864, is the longest 
stone arch and the one having the largest ratio of span to width of bridge in 
America. It is further notable as the first American example of the use - 
of hollow or cellular abutments. The arch was built up continuously from 
springing line to crown. ‘The clear span is 220 ft and the rise is 57.3 ft. 

Walnut Lane Bridge at Philadelphia, Pa. (Fig. 74), completed in 1908, 
is the largést masonry arch in America. The main span consists of two 
detached parallel plain concrete arch ribs each supporting spandrel arches 
upon which rest low spandrel walls. These walls support steel I beams 
encased in concrete and the concrete jack arches of the floor. The main 
arch was built in alternate blocks. 

The Edmondson Avenue Bridge at Baltimore, Md. (Fig. 75), com- 
pleted in 1909, has piers and arches of plain concrete. The spandrels and 
floor system are of reinforced concrete. The order of building the large 
arch in alternate transverse blocks is shown in the sectional elevation. 


The Bellfield Bridge at Pittsburg, Pa. (Fig. 76), is a stone arch built in 1900, - 
It is the only large masonry bridge in America built with longitudinal spandrel 
arches. The necessary great width of the outside walls which must resist 
the spandrel arch thrust limits this type of construction to special cases. The 
face wall in section C-C is marked abutment wall. The Bellfield arch was 
built continuously from springing line to crown. c 


The Watertown Railway Bridge at Watertown, Wis. (Fig. 77), was com- 
pleted in 1904. It consists of a series of four stone arches one of which is 
shown in the figure. It is built on pile foundations. The arch ring is of 
uniform depth from crown to springing line. 


The Pennsylvania R.R. Bridge at New Brunswick, N. J (Fig. 78), oon 
sists of a series of stone arches having spans between 51’00” and 72’ 00”, 
Two of these arches are shown in the figure. 


Connecticut Avenue Bridge, Washington, D. C. (Fig. 79), was com- 
pleted 1907. It consists of five 152-ft spans and two 82-ft spans. It is built 
of plain concrete. The coigns, belt courses, copings and other ornamental 
details were cast upon the ground, drest and set in place as ashlar blocks. 
These details are indicated, in part, in the figure. Each spandrel arch nearest 
a pier and nearest the crown of the main arch has an expansion jeint at its 
crown. These spandrel arches are therefore not true arches, and were re- 
inforced with steel so as to act as simple and cantilever beams. 


28. Piers and Abutments 


River Piers are subject to the action of ice and floating matter which 
impinges against them in times of flood, this causing injury to the masonry, 
while the current may scour around the foundations and cause settlement 
or even overturning. To give full security against these causes the founda- 
tions must be properly made (Sect. 6) and the shape of the pier itself should 
be such as to deflect floating matter. The upstream end of the pier is often 
made triangular in plan below the high-water line in order to split and deflect 
laterally floating ice; this form of nose is largely used in latitudes where the 
stream freezes or becomes choked with floating ice. For rivers where there 
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is but little ice a rounded end is considered preferable, since then the current 


splits at a farther distance upstream, and thus floating matter is deflected 
_ before it strikes the end of the pier. 


Base of Rail 
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Fig. 77. Railroad Bridge, Watertown, Wis. 
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. Hlevation of Ribbed Skew Arch 
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Fiz. 78. Railroad Bridge, New Brunswick, N. J. 


freer) 
102080 
Section through Abutment Pier 


Fig. 79. Connecticut Ave. Bridge, Washington, D. C. 


The Cross-section of a Pier is usually much larger than is required to 
carry the vertical loads only, since the above causes and the action of wind 
upon a high pier are considered in designing it. Unless the pier is founded — 
upon impervious rock and the masonry is so built as to prevent water enter- 
ing below the base, the unit weight of the masonry below the water line is : 
to be diminished by 6214 lb per cubic foot. In what follows the base of the pier 
is considered as the section at the top of the foundation. : i 

Example. A river pier of concrete for a bascule bridge is shown at Gin Fig. 80, One-_ 
half the length of the bascule leaf is seen in its elevated position, the middle being at C, - 
which falls toward the right as the leaf closes. The bascule is operated from pier F, 50 ft 
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from G and the operating strut makes the leaf stable against wind pressure when the span 
is open. The length of the pier is 30 ft, its average thickness 12 ft, its height above top of 
foundation 4o ft, and high and low water is 30 and ro ft, tespectively, above the base. 
The pier is assumed to be built upon pervious rock, so that its effective weight must be 
reduced from 150 lb per cu ft to r56— 62 = 88 Ib per cuft. Then the weight of the pier W1 
for high water is 745 tons and for low water 968 tons. The wind pressure being 30 Ib 
per sq ft, the horizontal pressure P; against the pier is 4.5 tons for high water and 13.5 
tons for low water, the point of application of above the base being (p1) 35 ft and 25 ft, 
respectively. The wind pressure 
P2 against the leaf is 33.8 tons 
and the point of application of 
‘same is d = 37.5 ft above the 
top of the pier The weight of 
the leaf Wgis 24 tons. The con- 
dition of stress at the base AB 
of pier G will be as follows: On 
account of pin connection at the 
top of the pier, only direct (com- 
pression or tension) and shear- 
ing forces can be transmitted 
from the leaf to the pier. The 
moment Ped will have the effect 
of diminishing the weight of pier 
G by 33 X 37-5/50 = 25.4 tons 
and of adding the same amount 
to the weight of pier F. At 
high water, therefore, Wi = 
719.6 tons and at low Water 
942.6tons. The total horizontal 
shear transmitted at the top of 
the piers P2, can be regarded as 
being divided equally between . x ; 
piers G and F, through the steel Fig. 80.—Piers of Bascule Bridge 
strut shown on the figure. The 7 
shear acting on top of pier G, therefore, is P2/2 = 16.9 tons. The equation of moments 
for computing e, the distance from the middle of the base of pier G to the point where 
this resultant cuts the base is We = Pipi: + Po/2h, where W = Wi-+ Wo, the weight of 
the pier plus that of the leaf and h is the height of the pier. For the case of high water, 
this givese = (4.5 & 35 + 16.9 X 40)/743.6 = 1.12 ft and for low water e = (13.5 X 25 
+ 16.9 X 40)/966.6 = 1.05 ft both coming within the middle-third of the base. The 
average Compression of the base is 743.6/360 = 2.06 tons per sq ft at high water and 
966.6/360 = 2.69 tons at low water.» From Art. 6, the maximum compression on the 
base at A is 2.06 (x +6 X 1.12/12) = 3.22 tons per sq ft for high water and 
2.69 (x +6 X 1.05/12) = 4.10 tons per sq ft for low water. { 

If the leaf when open were fixt with respect to pier G, that is without an operating 
strut, as shown to pier F, the stress. conditions would be different from those just deter- 
mined. In that case the wind moment would be transmitted from the leaf to pier G and 
there would be no reduction in weight due to wind. 

Wind and Eccentric Loads. Art. 7 explains the general principles and an 
application to a river piet of a double-track bridge will now be made. Fig. 81 
represents the-loads Wi, W2, Ws, W4, applied at a distance c from the middle 
of the length of the pier and at a distance c’ from the middle of the width. Gen- 
eral expressions for the longitudinal eccentricity ex and the transverse eccen- 
tricity ey on the base of the pier are ¢ 

éx =[Pipi 1(W1 +W1—W —Wa)el/W ey =[Pope +(Wi +W2 —Wa —W)c')/ 
in which W denotes the total weight on the base, Pi is wind pressure on the, 
end of the pier applied halfway between water line and pier top, while Ps is 
Wind pressure on the side of the bridge transferred to the pier top thru the 
bed plates. The full wind pressure of 30 lb per sq ft cannot act in both of 
these directions at the same time, but a wind blowing diagonally might pro- 
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duce about 21 lb per sq ft in both directions at the same time. 
in high piers supporting long spans many cases of wind direction should be 
considered, as also many cases of span and track loading, in order to obtai 


the condition which produces the maximum 
and minimum unit stresses on the rectangle 
base which are computed by the formulas of 
Art. 7 after «and y have been found. 


The most dangerous case will generally be that 
when the loads W1 and W2 of the longer span in- 
clude live load, Wz and W« being dead Joad only, 
while P; is due to full transverse wind pressure on 
both spans. For example, !et there be two double- 
track spans, one 4oo and the other 200 ft long, 
dead load being 2000 and live load 4000 Ib per 
lin ft per track, so that W1= 600, W2= 600, W3= 
200, and W4= 200 short tons. The wind pressure 
is 450 lb per lin ft for the loaded span and 200 for 
the unloaded one, so that for transverse wind P, = 


90 tons and P2=o. Let the pier be 16 by 24 ft 


on base, height = 21 ft and weight = 320 tons after subtracting the weight of displaced 
water, Then W = 1920 tons and, for c= 6 ft and c’= 3 ft, the formulas give ex = 0.98 ft 
and ey= 1.25 ft. Finally, from the formulas of Art. 7, the stress at corner 1 of the pier 
is S;= 9.6 tons per sq ft compression and at the opposite corner 5;= 1.4 tons per sq ft 


compression. The resultant lies within the kern of the base, and hence compression 


everywhere prevails, 


_ Tendency to slide or rotate may be diminished when the pier is on a rock foundation, : 
by the use of anchor bolts (Art. 7). If the current is very strong, or if it is probable _ 


that the river may become choked with ice, round dowel rods, extending for at least 40 
diameters into both rock and pier, may be used as seen in pier F of Fig. 80. 

Piers of Arch Bridges are subject to horizontal thrust from 
the skew-backs of the adjacent spans, and the difference of these 
acts at the top and causes an overturning tendency. The ordinary 

@ arch pier should be analyzed for one adjacent arch without live 
load and the other adjacent arch with live load over the whole 
B Span. It is not necessary to consider thrust due to temperature 
or rib shortening except when two reinforced concrete arches of 
widely different ‘spans rest upon the same pier and the larger arch 


Fig. 82 


has a rise of less than % the span; 
even then the consideration of these 
thrusts may be an unwarranted 
refinement. If the pier is an abut- 
ment pier it should be analyzed 
for either arch standing and the 
other arch removed and for both 


fourth pier in a series of arches 

» should be built wider than the 
others so as to act as an abutment 
in case of failure of one or more of - 
the arches. 


standing and the right arch removed. 


The pier is arbitrarily divided into horizontal courses for the purpose of analysis. The 
resultant pressures are shown for each ‘joint, and the resistance line passes thru the 


points where the resultants cut the joints. 


For each joint the distance e from the middle 


to the resistance line is measured and then the maximum stresses may be found from the 


arches standing. Every third or — 


Fig. 82 shows graphic ert on an : 
abutment pier for the case of the left arch _ 


‘ 
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formulas of Art. 6. The resistance line should lie within the middle-third of all joints. 
The inclination of the resultant thrust at each joint and at the foundation should be 
noted and the safety factor against sliding be determined. 

Abutments for Arches. The 
method of analyzing the portion 
of an arch abutment which 
takes the arch thrust is similar 
to that used for piers, except 
that for an earth-filled bridge 
the earth pressure against the 
abutment should be combined 
7 » with the other forces. For a 
Section 8-S single span, the cost of the 

; abutments often exceeds the 
Fig. 83 . cost of the arch. The U abut- 
‘ 4 ment, Fig. 83, is uneconomical 
except for a very wide or very low bridge. If built upon a compressible 
foundation a crack cc will usually form at the junction of the transverse and 
longitudinal walls. This may be prevented by steel rods rr or by providing 
_an expansion joint at ce. ~ 
In the design of U abutments the earth pressure against the back of the Jongitudinal 
walls may be less than against an ordinary retaining wall, since the wedge of earth which 
exerts pressure against the back of the wall is smaller. At the approach end of the abut- 
ment, the earth at the outside of the wall is effective in resisting the earth pressure at 
the back of the wall. It is not believed advisable, however, to materially decrease the 
masonry at the approach end =n this account, as the outside fill may be disturbed by 
future excavation. As an additional factor of safety against rotation, the longitudinal _ 
walls may be tied together by steel rods. 


Section b-b Section a-a 


Longitudinal Section 


Fig. 84. Cellular Type of Abutment 


_ A good type of abutment is shown in Fig. 84 for the case where the earth pressure 
is against the outside of the walls. The interior is cellular as shown in the plan or hori- 
zontal section 6b. The earth thrust is taken by. the interior walls acting as buttresses, 
ss being a line at the top of the outside earth-filled slope. The cells below ss may be 
partially filled with earth to help resist the pressure of the outside earth. Above this 
line the masonry walls may be changed to columns, as they carry only vertical loads of 
the roadway. The abutment may be built of stone, plain concrete, or reinforced con- 
crete. If built of stone or plain concrete, the masonry should be arched as shown by 
dotted lines in the sections aa and-bb; if built of reinforced concrete the arches may be 
changed to flat slabs as shown in full lines, 


Owing to lack of knowledge regarding the material that may be deposited behind 
abutments by contractors, no very definite computations regarding earth thrust can gen- 
erally be made. Probably a horizontal pressure equal to one-third of that of water will 
be sufficient for most cases. 
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SIMPLE TIMBER CONSTRUCTION 
29. Working Unit Stresses 
The Recommended Unit Stresses for railway bridges and trestles, which 


were adopted by the Association of Railway Superintendents of Bridges 
and Buildings, 1895, and modified in 1904, are given in the following table. 


Safe Allowabie Working Unit Stresses in Pounds per Square Inch 


Kind of timber 


Tension 


Compression 


End 
bear- 
ing 


With Grain 


lus of 
elasti- 
city 


Factor of safety 


Five 


White oak 
White pine... - 
Southern long- 
leaf pine... . 
Douglas fir... 
|Short-leaf yel- 
low Pine.. waa 
Red pine 
(Norway pine) 
Spruce and 
eastern fir... 
Hemlock. ..... 


1400 
1100 


.| 1400 


1200 


rI100 


Bdeloo} 


For timber containing large or loose knots, the unit stresses recommended are high. 


The unit stresses are for unseasoned timber. 


They may be used without considering 


_ impact and may be increased 20% for highway bridges and trestles and 30% for pro- 
tected timber not subjected to impact, as in a building. The average ultimate breaking 
unit stresses may be obtained by-multiplying the working unit stresses by the factor of 


safety at the top of columns. 


The unit stresses for columns whose ratio of unbraced length to least width is 15 or 


over must be reduced by column formulas. 


The modulus of elasticity for unseasoned 


timber should be taken as given in the table based on a factor of safety of 2. &, for 
seasoned timber, may be used with a factor of safety of one or double that given in the 
cable, unless in designing itis important that the flexure of a beam or the shertening of 


a column shall not exceed a requisite limit. 


For instance, in a building, beams support 


ing an ornate plastered ceiling would better be figured, using the value E /2 given in the 
table. 2 cannot be used to determine the shortening of timber when the pressure is 
applied to side grain, such as the pressure of a post upon a cap or sill. 

For continuous heavy loading, or loading causing reversal of stress in a member, 80% 
of the table stresses are suggested. The strength of timbers in old exposed structures 
should not be assumed higher than 80% of the table stresses, and only the section exclusive 
of rotted or partially rotted portions should be considered as effective. Old timbers 
should be bored at frequent intervals, in order to determine the effective section. . ’ 
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Permissible Unit Stresses for Timber in Pounds per rk: Inch 
From Building Laws of Cities. 


«1 {District 
} Baltimore} Boston |Chicago| eu wat “| of Co- el 
Kind of stress] Kind of timber 1908 190% 1917 (eid 1017 
Yellow pine 1200 | 1200 1200 |- 
White pine 800 800 700 
Paden Spruce & Va.Pine 8c0 800: 800 
Oak 1000 |. 1000 12co 
Hemlock ‘G0 eee ae. 600 
(fect PRA cal eee 
RRS eee Te TOO ol ret cer Net ees Or 900 goo I4oo 
Yellow pine... .. BOO Wercetie sehertarsrrese I000 1000 1600 
Compression | White pine... ... 1219; Mom |e te AL Lal tty 800 800 1000 
with the {Spruce & Va.Pine BOONE ths etaprelpa ett ee 800 800 1200 
grain Locusts. .000. TAOS? Mbepelele wt sins tate re 1200 | 1200 1200 
Chestnuts ai {.)| ReISES IMO FEL Be 500 SOON. 
Hemlock....... 600 JOO: jearatelts 800 
(ALS ese 600 800 800 1000 
Yellow pine..... 600 - 600 600 1000 
Compression | White pine..... 400 400 400 800 
across Spruce & Va.Pine 400 400 400 800 
the grain |Locust......... TOGO} PRs Na 1000 1000 1000 | 
Ghestopbhects Fe Me laeaky. are EL 1000 1G00! Pia). 2: 
Hemlock....... SOOry aps traevieva Perea at SOQ tip. Hest 800 
Yellow pine.....]......... 1200 1200 1600 
White & Va. 
pine & spruce. 800 800 
Transverse Foon! Boe 
bending 1200 I200 
800 800 
Gomh stot 
Yellow pine..... 100 70 7° 150 
White pine..... 85 40 40 100 
. Spruce & Va.Pine go 40 50 100 
Shear with aoe a seo noe 
BEE ETHIN) | Looustarcouanespercorreriteesaces| forces: roo Tha wea 
BIN ona. 8 clas ah tparaccte olla as be 100 
Yellow pine..... 500 500 500 1000 
White pine...... 350 250 250 500 
Shear Spruce & Va.Pine 350 250 320 500 
across the |Oak........... 720 600 600 ro0o 
grain Hoctist... 5. resi came tecbide bs cicl's cent ee 720 FAO wl \n reer 
Hemlock....... 350. B70 ie Nei 600 
Chestnut....... 150 Bohl Araseds Aral Revers 


In Designing only the net section of drest timber should be considered. 
Undrest seasoned timber is generally a little scant of the listed or nominal 
cross-sectional dimensions. Dimension sticks are generally accepted when the 
dimensions do not underrun more than inch: Joists may underrun 4 inch 
jn width and 14 inch in depth, 


i 


\ 
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30. Properties of Timber 


Unit Weights of various kinds of timber are given in Section 4. As an 
average value 40 pounds per cubic foot or 3.3 lbs per foot board measure 
‘may be used; this is closely the actual weight of commercially seasoned 
southern long-leaf pine and also of chestnut. 


Sizes and Specifications. In designing small structures, the size and 
lengths generally available in the local. market should be used when possible. ~ 
Special sizes and long lengths are expensive. Standard lengths are in multi- 
ples of two feet and usually do not exceed 20 to 24 ft. Standard cross-sectional 
sizes of undrest timber are in multiples of 1 or 2 ins. 


The standard sizes and lengths, classification and specifications vary thruout the 
United States. Bulletin 71, published in 1906, by the U. S. Forest Service, gives the best 
available information on this subject. There are about fifteen lumber-manufacturing 
associations in the United States, each of which has its own rules and specifications for 
sizing and classifying or grading timber. The meaning of timber terms and the names 
of timbers vary in different sections, and it is usually only by inquiring of the local mer- 
chants that the buyer can be sure that he is ordering what is wanted. 

Indentation under Side Grain Compression. The information contained 
in the following table has been taken from the Census Report of 1880, 
Volume g, Forests of North America. The table is based on seasoned dry 
wood, having the pressure uniformly applied. In practise, due to reason- 
able carpentry inexactness, the pressure is not uniformly applied, nor are the 
timbers dry or seasoned with laboratory care. The writer has noted that the 
indentation of commercially seasoned white oak, long-leaf yellow and short- 
leaf pine and white pine in exposed structures is about 0.05 inch for the 
allowable side grain unit pressures given in Art. 29 and approximately 
0.10 inch for double the allowed pressures. It is suggested that in com- _ 
puting the amount of side grain indentation or compression 0.05 inch be used 
for all exposed timbers under the safe load unit pressures and o.10 inch for 
double these unit pressures. For thoroly seasoned timber in a housed struc- 
ture and for first-class carpentry work, it is suggested that the indentation be 
computed as o.o1 inch for one-half of the loads given in the first-column of 
the following table. 


Pressures in Pounds per Square Inch Required to Produce given Side Grain 
Indentations in Timber 


Pressures are applied across the grain. 


Indentation in 


Kind of wood inches . Relative 
—————— | hardness 


White oak...... Sccrors 
White pine 
Yellow pine, long-leaf.... 


Douglas fir 

Yellow pine, short-leaf... 
Red pine (Norway) 
Spruce and Eastern fir. . . 
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Coefficients and Angles of Friction © 


Kind of surface. Position of fibers with reference to 
direction of sliding 


Wood on wood, undrest, side grain, fibers parallel 
Wood on wood, undrest, side grain, fibers at right angles..... 


Wood on wood, undrest, end grain on side grain 

Wood, undrest, on rough metal 

Wood, undrest, on smooth metal... ... 

Wood on wood, drest smooth 

Wood drest smooth on smooth metal... - 

Wood on masonry. See Art. 3.............seeeeee ee 2 pisfaree ita seat eew steer sess 


These coefficients are average values for dry seasoned wood as determined by com- 
parison of published data. Fundamental Ideas of Mechanics by Morin contains good 
data on this subject. Soft, wet or unseasoned timber usually gives higher POSTON: 
altho very green timber under small loads gives lower values. 


When very heavy loads are applied, the fibers interlock and give higher 
values. End grain timber on side grain and metal on wood under heavy 
loads bite into the wood, tearing the fibers (Fig. 85) 
and causing mechanical restraint against sliding. 


If unguents are used and the pressures are small, the 
coefficients of friction may be reduced 50 or 75% of the 
tabulated ones. If the pressures are as great as those given 
in Art. 29, the unguent is squeezed out, the fibers bite 
into each other and the coefficient of friction will not be 
reduced. 

Friction shotld not generally be regarded in the design of framed structures except 
as an added factor of safety. For temporary structures or simple members of permanent 
ones, such as battered posts of a highway trestle, it may properly be considered, but 
it is suggested that not more than 50% of the tabulated coefficients be used. 


31. Beams and.Columns 


Wooden Beams are generally of rectangular section and of uniform depth, 
and. only such beams are considered in what follows. A beam should be 
designed so that the extreme fiber stress due to bending, the maximum hori- 
zontal shear, and the compression across the grain, at the end bearings, do not 
exceed the allowed unit stresses, and so that the maximum deflection does 
not exceed a limit which is fixt by the use to which the structure is to be 
put. For highway bridges and trestles this limit is generally 1400 of the 
span, for railway bridges and trestles 100, for plastered ceilings %¢o and for 
ceilings supporting shafting %499. When a beam is laterally unbraced and 
the ratio of length to width exceeds 20, the safe extreme fiber stress in 
Art. 29 should’ be reduced as follows: 


Ratio of length to width......... 20to 30 30to 40 4otoso 50 to6o 
Percentage of reduction.......... 25 34 42 50 


Wooden beams are often continuous over several supports and may be 
so figured, but most designers compute all timber beams as simple beams. 


To design a beam for any loading, the depth d should be assumed, consistent with 
the general governing conditions and’the fact that beams over 12 inches deep cost more 
per board foot than shallower ones. Having selected d, the width of beam can be deter- 
mined by the proper formulas, selecting values for the unit stresses from Art. 29. The 
greater width should be used. For long and shallow beams the flexure formula will 
generally govern, for short and deep beams the shear formula. 
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If the amount of deflection is important, formulas for depth in terms of. 
deflection and unit stress should be used. The end bearing area A should 
not be less than V/Sz, in which Sz is one-half of the allowed unit stress 
across the grain; this is recommended because flexure of the beam makes the 
pressure upon the front of the bearing greater than that at the back. 


Safe Loads in Pounds Uniformly Distributed for Rectangular Beams 
One Inch Wide : 


For an allowable fiber stress of 1000 pounds per square inch, 


pan Depth of beam in inches. — 
a | 


The weight of the beam need be considered only when the ratio of ‘span to depth of 
_ beam is large. For concentrated loads at the middle of a beam, divide table safe loads 
by 2. For fiber stresses other than 1000 Ibs, correct safe loads of table. 


Safe Loads Uniformly Distributed for Rectangular Beams One Inch Wide 


For an. allowable horizontal shearing stress along the grain of 100 Ibs per square inch, 
Depth in inches... 4 6 8 10 12 14 16 18 20, 42d, ag 
Safe load, pounds 530 800 1070 1330 1600 1870 2130 2400 2670 2930 3200 


‘ 


The weight of the heam need not be considered, because when the shearing strength 
of a beam governs the design the weight of the beam is negligible, For short and deep 
beams these values will generally govern rather than those in the preceding table. 
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The Deflection formula for a beam 1 in wide under uniform load may be 
written f = 270 (l/d)3W/E. Following table gives values of 270 (/ays for 
yacious spans and widths. In this formula,? is exprest in ft, / andd inin, Win 

_ Yb of total load in beam divided by width in inches. 


Values of € in the Formula, Defiection = CW/E for Beams One Inch Wide 
and Uniformly Loaded 


Depth in inches 


, Since E varies considerably for woods of the same species, and for different degrees 

of seasoning and for variations in moisture content, the constants for intern ediate dey th 
may be selected by inspection. For a concéntrated load at the middle of a beam multi- 
ply the value of C by 1.6. 

To Design a Beam for a span of 15 ft undersal uniform load of 4000 Ibs, deflection 
not to exceed 499 X span, the beam to be of white oak. Art. 29 gives an extreme 
fiber stress of 1200 Ibs er sq in for white oak, Using the first table of this article, assum- 
ing a depth of 12 inches the safe load is 1070 |b, but as this table is for a fiber stress of 
tooo Ib per sq in, the safe load for an oak beam 1 inch wide= 1070 X 1200/1000= 
1280 |b. As beams come in widths which are generally in multiples of x inch, select a 
_ beam 4 inches wide. 


The allowable horizontal shearing stress, with the grain, for white oak, 
_ is 200 lbs per sq in, The preceding tabulation, based on shear, gives for 
an oak beam 1 inch wide and 12 inches deep 1600 X 200/100 = 3200 ]b. For 
a beam 4 inches wide, the safe load = 12 800 Ib. Therefore the dimensions 
q of the beam are governed by flexure rather than by shear. ; 


’ 
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From Art. 29, E=1 500 000 |b if a factor of safety of 1 is used. For the given span and 
depth C=530 and f = 530X 1000/1 500 000 = 0.35 in, which is less than 400 X span, 
and hence satisfactory. The safe compression across the grain is 500 lb per sq in, and 
using one-half of 500 Ib, the area of the end bearing must be at least 4000/2 X250=8 sq 
in. Since the beam is 4 inches wide, the length of bearing required is 2 inches. 

If the ratio of length of unbraced span to width exceeds 20, the safe loads of the table 
must be reduced by the percentages given in the first part of this article. For example, 
the ratio=180/4=45. Therefore the safe load=1280X0.58X4=2970. If this beam 
is detached so that it has no lateral support in its length, the width should be increased ~ 
to 6 ins. if the beam supports joists or stringers or a floor fastened to it, it may be re- 
garded as braced laterally and the 4-inch width may be used. A timber beam which is 
not braced at one or more points very seldom occurs in practise. 

Columns. The following formula adopted by the American Railway 
Engineering and Maintenance of Way Association, 1907, is recommended; 

S,=S (1 -//60d) 

*n which S, = safe working stress for the column, S = safe end-bearing stress, ' 
compression with the grain (Art. 29), / = length of column, d = least side of 
column, and / and d are exprest in the same unit. Columns may be designed 
oy the formula or by the following table which is based on it. Columns 
abutting against side-grain lumber, at top or bottom, must usually be pro- 
vided with caps or shoes of hard wood or metal, otherwise the pressure upon 
the side grain will be excessive. 


Safe Loads for Square Columns in Units of 1000 Pounds 
Based on safe end-hearing compression of tooo pounds per square inch. 


Unbraced Size of column in inches 
length = 
in feet 14X14] 16 X16 


For any a unit end-bearing stress the oe load can be ‘obtained by proportion. _ 


Example. Design a white oak column 20 ft Jong to support a load of 100 000 ibs. 
From Art. 29 the safe end-bearing compression for white oak = 1400 Ib per sq inch 
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Therefore the safe load for an oak column=1.4 X table safe load. From the sixth 
column select the nearest larger size, which gives a safe load of 100 000/1.4=71 400 lb, for 
1 12 by 12 inch section, Or the safe load of a 10 by ro for one inch width =60000/10= 
9000 lb, Dividing, 71 400/6000=11.9in. A column 10 by 12 inches can therefore be used. 

Notched Beams. Beams are frequently notched at their ends in order 
‘0 cut down clearance and to bring the top surfaces of adjacent beams to the 
same level. They are also occasionally notched at intermediate points to 
lear other parts of a structure, such as the top lateral rods of a-highway 
eck bridge. When notched at the ends, the strength of the beam is mate- 
‘jally decreased if the depth of the notch is a large percentage of the depth. 
For beams whose depth is great compared to their length, the effect of notch- 
ng is greatest because such beams. fail in horizontal shear. It is suggested 
hat in designing beams wirh end notches the actual end depth be used to 
ietermine the horizontal shearing stresses, or the safe load based upon: hori- 
‘ontal shear, and that only 80% of the allowed horizontal shearing: stresses 
siven in Art. 29 be used. 


When the notches are at or near the middle of the ees the depth of the beam, in 
letermining the extreme fiber stresses or the safe loads based on same, should be regarded - 
is the net depth. It is further recommended that only 80% of the allowed fiber stresses 
in-l the safe loads based thereon be used. Report of the Chief of Engineers, U.S. A., 
(883, p. 1496, contains valuable tests upon the subject ‘of notches. 

Knots. Beams containing large or loose knots should not be used, unless an allowance — 
9e made for same. Beams containing knots should be placed with the knots in the’ 
-ompression side of the beam, that is for simple beams, the knots should be at the top. 


32. Fastenings 


x 

Nails for ordinary structural work are of two general types, cut nails of 
rectangular cross-section tapering from head to point and wire nails of cir- 
cular cross-section without taper. Both types are usually of steel. Cut and 
wire nails of larger cross-section than common nails are called spikes. Boat 
spikes, used for very heavy timber work, have larger cross-sections than 
ordinary spikes. A clinch nail is similar to a cut nail, but is so made that 
i may be clinched or bent down, so as to better withstand shock or vibration. 
They are often made of wrought iron. 

Screws are preferable to nails for permanent work and work subject to vibration or 
shock, when a joint or connection of great strength is desired, and for lumber which splits 
eadily under the driving of nails. : 

“The common sizes of cut and wire nails and spikes and the approximate number per 
ound are given in the following tables. The numbers per pound are approximate, as . 
lifferent manufacturers use slightly diferent standards of cross-section, taper, and head. 
Nails are usually designated in size by the “‘penny’’ system. For instance, a 3-inch nail 
alled a ten-penny nail (written rod.), probably because such nails once were sold at 
en pence per too. A keg of nails or spikes weighs 100 lb. 


Square Steel Boat Spikes 
Approximate number in a keg of 200 pounds 


Length of spikes in inches 


1140 | 940 1 Te eae (nei bey apy) (RET 
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Nails and Spikes 


Steel cut nails and spikes + Steel wire nails and spikes 


Number } Number | Number Number |Number |Number 


oye Length common} spikes | clinch Size Length common} spikes | clinch - 
: i nails per} per f|mails per aah nails per} per nails per 
spenes: pound-| pound | pound inches | pound | pound pound 
ad. z 74° 400 od.| 1 : 960 
3d. | 14 460 260 | 3d. 1% 615 
rad. | 1% 280 180 — 322 
5d. 194 210 194 250 
6d ‘2 160 2. 200 
7d. | 2% 120 2%. 154 
8d. | 244: 88 2% 106 
od. | 254 93 234 85 
tod. EE 60 3. 74 
red. | 3%. 46 314 57 
16d. | 3% 33 34 46 
20d. 4 23 4 29 
asd. | 4% 20 4Va 23 
3od. £3 17 . 
4od. 
sod. 
6od. 


Screws for structural work are divided into two general types, wood screws 
and lag screws. Lag screws (Fig. 93q) are used for heavy timber work. 
Lag screws are often used instead of bolts where it is difficult or impossible 
to place thru bolts. 


Wood Screws Approximate Screw Gages Lag Screws = 
| Diameters 
in 
inches* 
546 to 
| 516 tor, 
~ B4g tor 
12 to 30 Bho tor 
12 to 30 54g tox 
12 to 30 54g to 1 
4 ‘ av 546 tor 
Flat heads are com- Other gages may be Tetor 
monly used. approximated by pro- 7 ake tox 
portion. The tor 
A hole should be bored, for a wood screw, less To tor 
than the diameter of the shank and about one-half Ao tor 
its depth before inserting. the screw. The screw % tor 
should not be hammer driven. Fora lag screw a hole - % tor 
should be bored slightly larger than the diameter of the ‘ UWtor 
unthreaded shank and for its length. A second hole 
should then be bored at the bottom of the first hole, Lag screws may bé ob. 
less than the diameter of the threaded shank and tained with Pew ote 


about one-half its length. or square heads, 


* 
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Strength of Nails. Nails are seldom used in permanent structural work 
where the strain is parallel to the length of the nail, but for scaffolding such a 
fastening is not uncommon. The following formulas for safe loads on a nail 
were determined from a comparison of tests on the resistance to pulling out. 
They are for nails having a depth of penetration of at least 449 the length of 
the nail and when driven across the grain. 


- Cut nails in oak, P = 7d Cut nails in yellow pine, P= 4d 
Wire nails in oak, P= 4d Wire nails in yellow pine, P = 214d 


in which d is the number of penny weight of nail. For example a 6od. cut: 
nail in oak, if driven perpendicular to the fiber, has a safe resistance to pulling 
out of 7 x 60 = 420 pounds. 

If driven parallel to the grain use 50% of the above values. * If subject to shock, the 
resistance Of the nail to pulling out is very low as was shown by W. C. Riddick in 18g0 
and as may be observed when a nailed plank is struck by a sledge in the demolition of 
timber structures. Nails should never be depended upon for important joints, in either 
temporary or permanent structures. 

The Safe Lateral Resistance of Nails driven across the grain may be 
approximated by the following formulas, in which P is in pounds when: d 
is the penny weight. 

Cut nails in oak, P= 12d Cut nails in yellow pine, P= 74d 
Wire nails in oak, P = 1014 d Wire nails in yellow pine, P= 7d 

Nails should be driven ‘at right angles to the ccr tact surfaces. When nails are driven 
parallel to the grain, use 60% of the tabulated \ahes: Jor shock see preceding para- 
graph. The nails should not be driven closer to each other than about 4 their length 
nor closer to the edge of the timber than akout 14 their length. It is generally imprac- 
tical to develop the full strength of timber by the use of nails. 


Safe Resistance to Pulling Out, in Pounds per Linear Inch, 
of Wood Screws when Inserted across the Grain 


Gage number 


Kind of wood 
4 | 8 12 16 | 20 
White oak.,....| 80] 100 | 130 | 156 | 170 
Yellow pine...:| 70 | 90] 120.| 140 | 150 
White pine..... 50] 70] 90] 100 | 120 


These values are exprest in pounds jer lineal inch of the threaded portion. For 
wood screws inserted with the grain use €0% of these values. The lateral resistance 
_ of screws is unquestionably much higher than nails, and it is thought that safe design will 
“result if the safe resistance of a No.-20 page screw bé assured at double that given 
for nails having the same length, provided the full length of screw thread penetrates the 
supporting piece of the two pieces connected. 


Safe Resistance to Pulling Out, in Pounds per Linear Inch of Thread, of 
Lag Screws when Inserted across the Grain 


Diameter in inches As Douglas fir and Yellow pine 
are quite similar woods, it is thought 
that the values recommended for 
the former may be safely used for 
the latter. , 


Kind of wood 


A Dowel or dowel pin is a pin of wood or steel extending into adjacent 
parts of a structure (Figs. 86 and 87) to keep them from being displaced. 


\ 


‘ 
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Wood dowels are also called tree nails. Steel dowels are troublesome in 
renewals. Dowel pins are usually not computed to transmit stress. They 
should be made a tight fit and extend at least 4 diameters into side-grain and 


Tete ae 


Fig. 86 - Fig. 87 Fig. 88 


6 diameters into end-grain timbers It is better to use two rather than one 
toajoint. Tree nails are occasionally computed to transmit stress, the strength 
of the connection being regarded as 1% the shearing strength of the cross- 
section of the nail. They are often substituted for bolts in lumber work 
below high water. In Figs. 86 and 87, the dowels or tree nails are marked D, 
In Fig. 88, the tree nails fastening grillage planks are marked T. 

Drift Pins or drift bolts are long pins of steel or wood, usually the former, 


_ driven thru the timber and into an adjacent timber to hold them together 


and to transmit stress. Drift pins are made with or without heads. Round 
pins are preferable and whether round or square, a hole should be driven 
having a diameter from 70 to 80% of the diameter of the bolt and for the full 
length of the bolt. Boat spikes may be used for drift pins. 


Safe Resistance to Pulling Out, in Pounds per Linear Inch, 
of Drift Bolts when Driven across the Grain 


Diameter in inches 


For yellow pine it is suggested - 
that the values of Douglas fir be 
used. For drift bolts driven with 
the grain use 50% of the tabular 
values. 


Kind of wood 


White oak... .... 
White pine--.... 
Douglas pine... . 


Common Bolts (see Sect. 4) are generally preferable to nails, screws or 
drift pins. The holding power of bolts will be given in the design of joints. 
SrRap BOLTS are bolts with a strap at one end. They are used for the 


Fig. 89 : Fig. 90 Fig. 91 


purpose of fastening the end of one timber to the side of another timber, 
Fig. 89...Common bolts are often used with steel straps as in Fig. 90, ame 
steel gussets or plates as in Fig. 91. ¥. 
Washers are metal disks placed under the heads and nuts of bolts to sie 
tribute the pressure upon the wood over such an area that the unit compres- 
sion will not exceed a safe limit. Washers are of three types, cast iron (Fig. 
92, a, d, e, f), steel or wrought iron (Fig. 92 b, c) or malleable iron (Fig. 92g). 
Washers of standard sizes and shapes may be bought from the manufacturers. 
For bolts over two inches in diameter, special cast-iron washers (Fig. 92d). 
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dre often used. This type of washer is very expensive unless a large number 
of the same size are required. Beveled, cast-iron washers (Fig. 92, ¢, 7) of almost 
any angle of bevel may be purchased from the manufacturers. 


Fig. 92. Types of Metal Washers 


When the tension in a bolt is at right angles to the base of the washer, the washer should 
be designed so that the compression upon the wood, due to tension in the bolt, will not 
exceed the allowable compressive unit stresses of Art. 29 by more than 50%. Standard 
washers, preferably cast-iron ones, can be used when the bolts are not strest high in 
tension. In many joints the bolt is not strest in tension, and standard steel-plate or 
cast-iron washers can be used. The manufacturers’ standards for wrought and steel- 
plate washers are usually too thin and too small in area to develop the full strength of 
the bolts. The circular steel-plate washer is particularly lacking in this respect. 


Wrought-iron or Steel-plate Round Wrought-iron or Steel-plate Square 
Washers Washers 


Size of Approximate Area of 


For size of bolts see round plate washers. 
Cast-iron Washers 
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The ‘size of hole in washer is 4g in 
larger than the diameter of the bolt up to 
and including bolts 1 in in diameter. For 
larger balts the hole is 1% in larger. 


The size of hole in washer is 1% in larger 
than the diameter of the bolt up to and 
including bolts 144 in in diameter. For 
larger bolts the hole is 14 in larger.” 
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To design a washer, divide the tension in the bolt by the safe unit compression of the 
wood and add the area of the hole of the washer, which yives the gross area required. 
Its thickness, if of wrought iron or steel, should be at least Y its width or diameter. 
If of cast iron (Fig. 92a), the thickness should be not less than about 14 its diameter. 
If of the type shown in Fig. 92d, it may be designed similar to cast-iron shoes, the unit 
pressure upon the bottom of the washer being the allowable compression upon the wood. 
If the tension in the bolt is small use standard washers. 

If the washer is bevelled (Fig. 93n), the pull on the washer should be resolved into 
the components shown by the arrows and the pressure upon the wood in either direction 
P or N should not exceed the allowed safe limits of Art. 29. The washer should be se 
designed that the line of pull and the line of resistance P and NV meet in a point. 


(@ 


Fig. 93. Common Timber Joints 


Common Joints are shown in Fig. 93. @ isa butt joint. 5 is a bevel joint. 
cis housing. d is single notching. ¢ is double notching. / is ‘halving, 
g is beveled halving. i is cogging. i is dovetail halving, 7 is a dapped 
joint. & is a double-step dapped joint. / isa head block. m is a lap joint. 
pis a bird’s-mouth joint. gisa lag screw 


33. Compression Joints 


The Butt Joint, shown in Fig. 94, is used to splice columns and struts. 
The ends of adjacent sections should be sawed at right angles, and in important 
work the ends should be drest to an even surface. If the contact surface 
or ends are not flush and true, the column is loaded eccentrically. This 


‘ 
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joint need not be computed, but braces should hold the lower or upper sec> 
tion of the joint to correct alignment, so as to prevent buckling of the column 
at the joint. 

A Column with beams framed into its sides (Fig. 95a) must 
not be reduced at section A, so that the unit compression 
exceeds the safe end-bearing compression. The beveled dap 
may not give sufficient end bearing for the beams, in which 
case the beam bearings may be increased as in Fig, 95a, by 
use of angles (Fig. 95b) by bolted side blocks or by use of side 
and bent plates (Fig, 95c). 


Example (Fig. 952). Girder 100 inches, columns 10 X 10 inches, 
both southern long-leaf pine. Load on upper column =70 000 Ib. End 
beam reaction each=10 800 lb. The allowed compression across the 
grain=350 lb per sq in. It is suggested that only 50% of the allowed 
unit compression be used, as the flexure of the beam causes greater 
compression at the front of the support than at the back, ‘The mini- 
ities mum bearing area of the beams = 10 809/175 =61.7 sq in. As the beam 

is to inches wide, the length of bearing should be 6 in. As the load on 
Fig. 94 the upper section of column is yo ooo Ib and the safe bearing on end 
grain is 1400 lb per sq in, the minimum reduced area of the colurnn=7o0 000/1400= 50 sq 
in. Therefore the length of bearing on the column for each beam may be 22 in, The 
additional length of end bearing needed for each beam= 6 — 24% = 3% in, This may 
be provided by using 342 x 34% x84 inch angles as in Fig. 95a. The load on each 
angle will be 10 800 X3.5/6=6300 lh. ‘The bolts are in single shear. . 
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Fig. 95, ~ Struts Framed into Beams 


Bolts should be selected of such diameter that the shear will not exceed safe limits 
and s0 that the compression upon thé wood brought by the bolts will not exceed the 
allowed stresses of Art. 29, At least two bolts should be used. The shear on the ends 
of each bolt=6300/2=3150 Ib. %4-inch bolts will be safe against shearing and bearing 
of the angles on the bolts. As the bolts bear on the end grain of the wood, the safe bearing 
for the two bolts is=2 X* 84 X10 X 1400=21 000 pounds, which is much greater than the 
load, ‘The proper size of bolts may be more easily ‘selected from the tables. 

The joint of Fig. 95b should be designed similar to Fig, 95a- The load on block. B 
is transmitted to its end b. The lines of action of the pressure at the top and bottom of 
the block B are not coincident. The eccentricity ¢ causes a couple whose moment 
equals the load multiplied by e. This couple is resisted by a couple consisting of the 

acting jn tension and the adjacent wood acting in compression parallel to the length 
of the bolts. The arm of this resisting couple may be considered as equal to 7 e; in 
which e; equals the distance from a point halfway between the bolts to the shoulder 4, 
The washers should be designed to develop the tension in the bolts without stressing the 
timber higher than allowed in Art. 29, 

Tn the joint of Vig. 95c, the end- bearing area of the beams i is increased by bent plates 
or channels marked C. The load on these bent plates is transmitted ‘to the side plates 
thru bolts B, and the load on the side plates is transmitted to the post by bolts 1. 


Joints at Top and Bottom of Columns. When beams rest upon the 
top of a column, a hardwood holster marked B, Fig. 96, may be used to 


\ 
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decrease the side-grain conipression upon the ends of the beams. In this 
ease the unit side-grain compression may be excessive Upon the bottom of 
the bolster. ‘To decrease this compression, the tops of 
the columns may be wideiied a8 in Fig. 95b. Cast-iron 
caps of the type shown in Fig. 97, a, }, are often used 
at the tops of columns of buildings. ‘The compression 
upon the side grain of caps and sills, at the top and 
bottom of columns, will generally be excessive if the 
columns be designed to take the maximum safe loads 
and the top and bottom of the columns are not Fig. 96 

widened similar to Figs. 95,96. In trestles it is often cheaper to design 
the columns for loads which, without widening the top and bottom, do not 
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Fig. 97. Metal Caps for Timber Columns 


produce excessive side-grain compression upon the caps and sills. Joints 
like Fig. 95d exposed to the elements hold water and rot quickly. 


Dapped Compression 
joints (Fig. 98) may be 
designed as follows. As- 
sume that-a load of 80000 
Ibs is to be transferred 
from the middle 12 inxz2 
in white pine timber marked 
S: to two outside white 
pine timbers marked -5S». 
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End View The length of the block B 
should be such that it will 
Fig. 98. Dapped Compression Joint not shear along the lines aa, 


and bb;. Using | a white oak 
-block which has a Ronzontal shearing value of 200 Ibs per sq in, and: assuming that the 
depth of the side pieces S2 will be 12 inches to correspond with the middle pieces $j, the 
length of the block 
must be at least 
80 0900/2 X12 X200= 
17 in. The length of 
bearing in each side 
timber, since the safe 
end-bearing compres- - f 
sion on white pine= ©18 ele t 866 | 6660 


x100 Ib per sq in, ele ele eee! ece 
must be at least 
80 000/2 X 12 X r100 Fig. 99 Fig. 100 


=3 in. A sufficient 
number of bolts with standard washers should be used to clamp the wood Bee 
together and prevent displacement of the block. The outside timbers Sz may have the 
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same cross-section as the middle timber S;, unless //d for S2>7/d for Si, in which #/d 
is the ratio of the length of the timbers to their least width. 

Fig. 99 shows a half-lap compression joint with side or fishplates. Fig. 100 shows a 
compression joint in which the timber A is continuous and timber B is spliced. F isa 
fishplate and A acts as a fishplate in splicing B. 


34. Tension Joints 


Plain’ Fishplate Joints (Figs. 102 and 103) can be economically used for 
small timbers or large timbers under small unit stresses. The fishplates 
marked F may be of wood or steel. The design of a joint with metal plates 
(Fig. 103) is similar to that for wood plates, excepting that the strength of 
the bolts in shear and bearing on the metal 
must be carefully considered. Round bolts 
are generally used and are the only ones con- 
sidered in what follows. Square bolts make 
the cost of the joint greater, but as they offer 
greater bearing area for the same diameter or 

Fiz. 401 width, they are slightly advantageous in reduc- 

ing the number of the necessary bolts. When 

planks less than three inches ‘thick are joined by bolts they may be designed 
without considering the bending of the bolt. 


Fig. 102 ‘ Fig. 103 


The following table may be used in determining the safe loads upon 
bolts of plain fishplated joints. In this class of joints, the bolts are not in 
fension, and therefore standard washers, preferably of cast iron, may be used. 
The bolts should be taut so as to bring the pieces tightly together, to prevent 
nuckling of the side plates and to exclude moisture. Both values given by the 
table should be considered and the lesser safe load be used. 


Safe Bearings and Uniform Loads for Bolts 
Safe bearing 


-load, lb per 
lin in 


Safe uniform load in pounds for dimension 
in inches as shown in Fig, 101. 


The safe loads per lineal inch of bolt in the second and third columns are based on a 
afe end-grain hearing of 1000 Ibs per sq in and a safe side-grain bearing of 100 lbs per 
qin. It is evident from these values that the direction of stress in a bolted connection 
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should be parallel to the grain. For other allowed unit stresses the safe loads may be 
obtained by proportion. 

The safe uniform loads in the table are for the entire bolts, based upon an extreme 
safe fiber stress of 22 500 lb per sq in. Tor higher or lower assumed safe fiber stresse: 
the safe load can be obtained by proportion, 

Design of a Plain Fishplate Joint with wooden fishplates (Fig. 102). 
The timber A to be spliced is a 2 in X 8 in.southern long-leaf pine tension 
member, strest to 1200 lb per sq in of net section, see Art, 29. It will be 
assumed, in order to get the approximate net section, that two bolts will be 
necessary in the same plane at right angles to the length of the member and 
that the area of each hole equals 1 sq in, Therefore the approximate neét 
section equals 16-4= 12 sq in. The total tension in the member = 120¢ 
x 12= 14400 lbs. Using the same kind of wood for the fishplates, as fot 
timber, A, their gross area must be 16 in. Therefore use two 1 in X 8 in 

. fishplates. 

The Number of Bolts required may be obtained by assuming any conven. 
lent diameter of bolt and finding the safe load on the bolt as a restrainec 
beam, taking the length of the beam as the distance between the center lines 
of fishplates and finding also the safe load upon the end grain of the timber: 
against which the bolts bear, “[he smaller safe load should be used. Divid- 
ing the smaller safe load upon the bolt into the total stress 14 400 lb, the 
number of bolts necessary may be obtained. This work is much simplified 
by using the table on p. 771. 

Assuming that a 34 in bolt will be used, the table shows that 2 inches of the length o! 
the bolt will bear upon the end grain of the tension member and also of the fishplates. 
The safe end-bearing compression for Jong-leaf pine=1400 lbs per sq in. Therefore 
the safe load upon a 34-in bolt =. 750 X 2 X 1400/1000 = 2100 |b. 

From-the table the safe uniform load for 34-in bolt=3720 lb. Using the lesser value. 
or 2100 Ib, the number of bolts required =. 14 400/2100=7. As the fishplates are wide 
there should be two lines of bolts. If one line were used the splice plates might buckl 
and the splice would be very long. Use six %-inch bolts, which are safe in bearing for ¢ 
safe load of 6 X875 X2 X1400/1000 = 14-700 lb, 

The distance between adjacent bolts of the same line from each other and from the enc 
of the tension member and the fishplates, must be such that the unit horizontal shearing 
stress will not exceed 80% that allowed in Art. 29. The reduction of 20% is made or 
account of a splitting action transverse to the line of tension when round bolts are used. 
For square bolts this reduction need not be made. Bolts tend to shear the wood in tw 
planes tangent to the top.and bottom of the bolt. There are six 74-inch bolts on eithes 
side of the joint and the length of the bolt in the tension member and in the fishplate: 
is 2 in. The safe horizontal shear with the grain is 150 lb per sq in. Therefore the 
distance between the bolts must not be less than 14 400/6 X2 X2 X150 X0.8 = =sin. Ade 
t inch for the bolt hole, which is assumed as 14-inch larger than the bolts. The distance 
from the ends may be 14 inch Jess than between bolt holes, as only half of the bolt hole 
need be added. Use 51% inches for end distances. 

Tabled fishplate joints are commonly used for heavy timber work. They 
offer the best type of tension joints and should be used in permanent work 
where practicable. 

Design of a tabled plate joint with wooden fishplates (Fig. 104). Southern 
Jong-leaf pine will be used in both the tension member, A, which is to be 
spliced and the fishplates. From Art. 29, the safe stresses per sq in for long- 
leaf pine are: for tension with the grain 1200 1b; for end-bearing compres: 
sion 1400 lb; for side-bearing compression 350 lb, and for shear with the 
grain 150 lb. The fishplates # are to transmit the full tension of the mem- 
ber across the joint, which in this example is 56 000 lb. The size af the tension 
memiber is 8 X ro in. 

° The tension to be transferred to and carried by one fishplate =56 colnet 1b. 
™he net area therefore must be 28 000/1200=23.3 sq in. A bolt should be placed 
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at i, the end of each timber A, to hold it firmly and to keep the fishplates from buckling. 
Assume all of the bolts in the jot to be 34 in and their holes 74 in. The net width of 
the fishplate is then xo— 74=9 4 in. Dividing the’net area by this net width gives the 
net depth, thus 23.3/9.125=2.56 in. This should be made the same at f and g The 
fishplate receives its tension thru the end grain bearing of the shoulders of the tables 
T TT T, which bear against the end grain of the tables of the main tension member A. 

Assume 4 tables in each fishplate, two either side of the middle of the joint. Two tables 
should be used only for small timbers. The net area of each shoulder should therefore 
be 28 o00/2X1400= 10 sq in. Since the tables are the same width as the depth of tim- 
ber A, or ro in, the depth of the tables should be 10/ro=1 in. The total depth of the 
fishplates must therefore be 2.56++-1=3.56in. The nearest standard size timber is 4 in, 
which should be used. 


The length of the tables on the fishplates is determined by the necessary shearing 
strength, with the grain along lines bb. Since there are two tables on either side of the 
joint, the required area for each table is 28 000/(2 X150) =93.3 sdin. If is the length 
of the table, then ro x is the gross area, from which must be deducted 2 Xo.60, the area 
of two bolt holes, since two lines of bolts are necessary because of the great width of the 
fishplates, which might buckle if only one line were used. Then 10 #—(2Xo.60) =93.3 
from which x=9.45 in. The tables of the main timbers A are generally made the same 
length as-those of the fishplates. When no bolts go thru the tables of the timber, they 
may be made shorter than those of the fishplates. 

‘The bolts do not transmit the stresses by bending as in the plain fishplate joint, but 
by tension. The tension in the fishplate and the compression upon the shoulders, shown 
by arrows in Fig. 104, do not act in the same plane, thus gausing a couple, =(28 000/2) e 
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Fig. 104. Tabled Fishplate Joint 


for each table, where e=one-half the net thickness of the fishplate + 14 the depth of the 
shoulder, or 134+ }4=2.0 in. The moment of the couple for each table =(28 000/2) X 
2.0=28 000 Ib-in. This moment must be resisted by a couple consisting of’ tension in 
the adjacent bolts and compression in the adjacent portion of the fishplate and timber A 
acting in a direction parallel to the bolt. The arm of this couple may be taken at }4 the 
length of the table or 4.73 in. The stress in each bolt hence =28 o00/(2 X 4.73) =2960 Ib. 
A 34-inch bolt has a net area of 0.302 sq in, and therefore, based on the allowed tension, 
the strength of the bolt = 4830 lb, hence 34-inch bolts can be used. The bolts should 
be tightened to their full working strength when constructed, and as this is difficult to 
determine in practise, an excess of strength is. desirable. For the same reason it is sug- 
gested that for this type of joint the side grain unit compression under the washers should 
not exceed that allowed in Art. 29 

The washers must have a net area of 2960/350=8.5 sq in. A standard cast-iron” 
washer may therefore be used. If a standard washer cannot be used, the gross area 
should be determined by adding the area of the hole in the washer, and from this gross 
area the diameter or width of the washer computed. 


Fig. 105 shows a modified type of Fig. 104. This joint is costly, but as the 
bolts are not located at the minimum section of the main timber or fishplates, 
the area of the bolts need not be deducted in figuring its strength. Fig. 106 
shows a common eccentric tabled splice: Timber A is continuous in this joint, 
while B is epliced, by C, ; 
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Fig. 106. Eccentric Tabled Joint 


Lap Joints (Fig. 107c) are often used in temporary work; they are inefb- 
‘ent but quickly and inexpensively made. ‘To compute this joint either in 
‘ension or compre-sion assume that the bolts take a bending moment = the 


Fig. 107. Scarf Joints 


tension or compression x the distance e. The shear in the bolts and the 
compression on the timber brought by the bolts must also be computed. 
The following table is convenient in finding the safe resisting moment and 
safe shear in the bolt, while the safe bearing on the bolts may be obtained 
from the table on p. 771. The shearing resistance may be increased by 
the use of hardwood or iron keys, shown in the figure. on, 

Scarf Joints (Figs. 107,6, c) are used to transmit tension or compression 
and sometimes flexure. They are less efficient for tension than fishplated 
joints, but may be used when the tension is small. They are more generally 
used to transmit compression stresses with possible small reversal of stress 
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Fig. 108, Four Types of Tension Joints re Baal 
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Safe Stresses for Bolts when Used in Timber Connections 


For ~ 
resisting 
moment 


For 
tension 


2.020 275 
3.230 540 Unit stresses used in 
4830 930 this table are: for tension 
6 720 1480 | 16 000, for single shear 
8 800 2 205 ro 000, and for resisting 
II 100 3145 moment 22 500 Ib per 
14 290 - 4310 |sqin. 
16.910 - 5 745 Values for tension are 
20 720 7460 | for net area, values for 
27 940 11 835 shear for gross area. 
36 830 17 670 
48 37° 25 155 
59 510 34 475 
73.920 45 935 
86 850 59635 


35. Joints in Flexure 


Built-up Truss Members are occasionally designed for both compression 
and flexure. Cases of this kind can usually be avoided and should be when- 
- ever possible. Compound 

beams built of two pieces of 

timber, one above the other 

(Figs. 109, 110), have been 

used, but in present practice _ 

trussed beams are generally 
‘ employed if beams of single 

timbers cannot be obtained of 
large enough dimensions. The general method of designing a compound 
beam is given below. When such a beam is in compression, as the top chord 
of a Howe truss, directly supporting : 


floor beams intermediate between 7 ; 
panel points, the direct compres- 1O\/| Oy | viel @ i 
sion stresses must be considered 


in determining the cross-sections, { 


A Compound Beam should be ans i 1 Ls 
designed so that the horizontal 
shear between the adjacent timbers _ Fig. 110 
is properly taken icare of, so that 
when the beams bend under the applied loads they. will not slide upon each 
other. If no such provision were made, the strength of the beam would be 
equal only to the sum of the strengths of each timber acting independently. 
Compound beams cannot in practice be made as strong as those of single 
timbers of equal dimensions, and the deflection of the former exceeds the 
deflection of the latter. For properly designed compound beams of well- 
seasoned timber carefully framed together and keyed with metal wedges the 
difference will not be material. 

For temporary structures the two timbers ‘may be fastened together by a continuous 
~ sheeting of planks, well spiked to the main timbers as in Fig. 109. The thickness of 
each side piece should be at least % of the width of the main timbers and the nails should 
extend at least 14 their length into the timbers. On the basis of Kidwell’s tests (Trans 
Am Inst M E, vol. 27) it is recommended that the strength of this type of compound 
beam be taken at 70% of a solid beam of equal dimensions. x 
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For permanent work, keys of hard wood or metal should be used and the pieces 
fastened together by bolts as in Fig. 110. The efficiency of keyed beams on the basis 
of Kidwell’s tests will be taken at 75% for hardwood keys and 80% for, metal keys. 
The keys are generally made of wedges or tapered pieces so that they may bé made a 
driving fit; they are also made of flat plates or cast iron blocks without taper. It is thought 
that a stronger and stiffer beam will result by the use of wedged or fapered keys: 

To Design a Compound Beam with iton keys, since the efficiency is taken 
at 80% that of a solid beam of the same dimensions, multiply the load upon 
the beam by 1.25, adding the weight of the beam, determined by approximate 
design, and use this.increased load to determine the stresses and necessary 
dimensions. From the bending moment determine the hecessary dimeén- 
sions of the beam, making the width of beam approximately %o its depth. 
Compute the vertical external shears at governing points and draw the ver- 
tical shear diagram. Determine the total horizontal shear between the point 
of zero shear and the ends of the beam. The number of keys in each half 
of the beam may be assumed,+and five is a desirable number. Making 
all keys of the same size, the compression to be resisted by each key equals 
the total horizontal shear in the left or right portion of the beam divided by 
the number of keys. As the horizontal shear will be different to the right 
and left of the point of zero shear, in am eccentrically loaded beam, the com- 
pression to be resisted, per key, or the number of keys, may be different in, 
the right and left. portions of the beam. 


To find the. positions of the keys, divide the right and left areas of the shear 
diagram by vertical lines into as many equal areas as there are keys to the 
right and left of the point of o shear. This may be done graphically or by 
trial. Fig. 112 shows 2 shear diagram.for an ecg¢entrically loaded beam 
divided by vertical lines into equal areas. 
The position of each Key is: fixt by the 
vertical lines of division. . The keys should 
be placed back towards the ends, and not 
in front of the vertical lines: They are 
shown on the horizontal axis of the dia- | 
gram. ‘The dimensions of the keys must 
be such that the safe end compression on 
the wood is not exceeded. The distance Fig. 111 
between keys must be such that the safe 
horizontal shearimg stresses are not exceeded. The end keys may be moved 
back of the point of support to decrease the unit horizontal shear between the 
first and second Keys from ‘the end. 

Stresses in the bolts and their sizes may be determined as in the design of 4 tabléd 
fishplate joint. Additional bolts should be used to bind the timbers together... The 
friction. resulting from the tightening of the bolts increases the strength of the beam, 
‘but to an indeterminate amount, and should not be depended upon in design. ' 

If the keys are of wood, the bearing of the end grain of the timbers against the side grain 
of the keys will govern their cross-sectional dimensions. If the keys are inclined, - 
stress in the bolts and also the available shearing area between je ae will be increased. 
For inclined keys, the shearing area of the timber for any key may be regarded! as ex+ 
tending from its outer end’ to the middle of the next key. The’ breadth’ of a Key should 
not be less than twice and preferably not less than 2% times its! thickness, 


36. Trussed Beams 


For Spans exceeding, 20 ft or ‘when the loads are oe aige suave 
head: room permits, trussed beams may economically be used. For e 
the trussesi should: be generally as deep as: head room permits. Trus beams 
are of two types (Fig. 112). Type a, isi used: when available headroom is) 
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below the beam seats and type 2 when the head room is above. The mem- 
ber aca of both types may be of a single timber or of two or more timbers 
placed side by side. Usually each timber aca is a single unspliced piece extend- 
ing from end support to end support. When it is of a single timber, . 
the tie rod or rods of type 1 pass thru oblique holes bored thru the ends of 


Type 2 
Fig. 112. King Types of Trussed Beams 


the piece. If it is of two or more pieces, they are separated so as to allow 
the tie rod or rods to pass between them. Type x should be designed with 
ends of tie rods made adjustable, or with an intermediate portion of rods, 
made adjustable by turn-buckles, or preferably with both adjustments. 
The adjustable tie rods should be made taut when erected, which causes 
initial stresses in the beam, and if the tightening is not carefully done, the 
strut ce may be pulled out of the vertical. The base of ce in type 1 should 
be made wide to better withstand unequal tightening of adjacent tie rods. 
For Spans over 25 ft.or when the head room is small or when loads are 
concentrated at two intermediate points, types 3 and 4 (Fig. 113) are preferable 


Ley Fig. 113. Queen Types of Trussed Beams 


to types x and 2. The struts be and cf are generally placed vertical in these 
types, but they would be more efficient if placed so as to bisect the angle be- 
tween the horizontal and  in¢lined portions of the rods. In the design of all . 
beams, the line of action of all piecés intérsecting in a joint should meet in 
@ point, or secondary stresses must be considered. 

Type x (Fig. 112) may be designed by the following formulas, in which 
W in lbs=total load on beam. .(x), WaEN. W 1s UNIFORMLY DISTRIBUTED over 
the length of beam, P: = compression in ce = 6W; Ps = compression in ac = 
5W1/32h; Ps =tension'in ae = 5Wm/16h; and S: = P2/bd = unit com- 
pression in ac, due to direct compression. To find the maximum unit 
compression in ac, add to S: the flexural or bending unit extreme fiber stress, 
due to the load acting upon ac as a beam. The extreme fiber stress due to 
bending .S; = 2.25 Wi/bd*. To find the maximum unit fiber stress add 
Ss to St, or use the formula S=W/I/ (5/h-+72/d) /32 bd, All -lengths, are 
exprest in.feet, except that band d, the width and depth of the chord aca, 
até exprest in inches. .P:, P2 and Ps are exprest in pounds, and S:, S; and S. 
in lb per sq in. (2) WHEN W Is CONCENTRATED at the middleé of the beam, 
Pi=compression in ce=W; P2=compression in ac=Wi/4h; ‘Ps=tension 


~ 
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in ae= Wm/2h. For this loading there are no flexural stresses except those 
due to dead load of the beam, which, excepting in long spans, under small 
loads, may usually be ignored. 

Type 2. The stresses will be of the same intensity as in type 1, but the 
character of the stresses will be reversed. ce and ac will be in tension, and ac 
in compression. If the load is uniformly distributed, the foregoing flexural 
formulas may be used, but the maximum unit stress in ac will be tension. 


, Elevation 


Fig. 114. Beam Trussed with Steel Rods 


Example, Fig. 114. To design a trussed beam, type 1, span 26 ft, depth of truss 4 ft 
load, exclusive of weight of truss, 1500 lb per lin ft, using long-leaf yellow pine for top 
chord and vertical post. The compression in ce= $4 X1500 X26 = 34X39 000=24 375 lb. 
Assuming that the ratio of length of ce to its least. width will be less than 15, the cross- 
sectional area of ce=24 375/1400=17.4 sq in. The direct compression in ac=5 WI/32h 
=39 600 lb. The necessary cross-sectional area of ac therefore =39 600/1400 = 28.3 sq in. 
The extreme fiber stress in ac acting as a beam, Ss=2.25 Wi/bd®. Use a safe ex- 
treme fiber stress 80% of that given in Art. 29 in order to allow approximately for direct 
compression. From the above formula d= 2.25 W//bS3. Assume b=12 in, and for 
S3 substitute eight-tenths of the allowed extreme fiber stress or 1200 X0.8 =960 lbs per 


sqin. Then d = V/ 2.25 X 39 000 X 26/12 X 960 = 14.1 in, The maximum fiber stress 
per sq in, due to direct compression and flexure, is S=W1 (5/h-++-72/d)/32 bd =1160 Ib 


per sq in. The weight of the truss per lineal ft approximately 1.3 of the weight per . 


lineal ft of the top chord aca or 1.3 X12 X14/12 X3.3 =60 lb, where 12% 14/12 equals the 
number of board ft, and 3.3 equals weight of a board ft of timber. As this weight is only 
4% of the load, it may be ignored. Instead of using 80% of the allowed extreme fiber 
stress, the necessary size of ac due to bending may be found by formula, using the allowed 
extreme fiber stress and adding the necessary area for direct compression. 

For the top chord 3 planks 4 X14 inches will be used, separated so as to allow two steel 
rods to pass between them. This chord will be assumed to be stiffened laterally by a 
plank floor. Allowing 16000 lb per sq in in the tie rods, the net section A in sq in 
for S=16 coo and P3 =sWm/16 h=41 740 is A =2.6.sq in, or the two rods having a diam- 
eter of 114 inches may be used if the ends are not upset. If the ends are upset, two rods 
of r 4 diameter may be used, as they have a combined area slightly i in excess of 2.6 sq in. 
The pieces of the top chord should be separated, so as to permit the insertion of the rods 
and their upset ends, 

As the necessary cross-sectional area of ce based on end compression is 17.4 sq in, 
a timber 3 by 6 inches might be used if the columnar reduction is not too great. The 
safe load for a 6X6 long-leaf pine column 8 ft long =26 300X1400/1000=36 800 Ib. 
Therefore the safe load for a 36 column 4 ft long’ =36 800/2=18 4oo lb. A larger~ 
sized member must therefore be used, which might be readily selected from a table. 
For stiffness and simplicity of end connections, 6 by 8 inch timber will be used. 


A cast-iron cap may be advantageously used at the top of the vertical strut to transmit 
the pressure to the s{de grain of the top chord, The width . the top must be sufficient 


a 


i 
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to engage the top timbers, and its length must be sufficient to reduce the unit side-grain 
compression to that allowed in Art. 29. A metal foot of cast iron or steel should be used’ 
to reduce the unit compression upon the end grain of ce within a safe limit. The width 
of ce was, in this case, increased. to'8 inches in order to receive the rods, which, on account 
of the top chord construction, are 5% inches. apart on centers. The washer at the 


‘ends of the tie rods must be of such size that the end-grain compression will not exceed 


the assigned safe limits. 

The Design of Type 3 (Fig. 113), when the three panel lengths are all 
equal, may be made as follows. *W = total load on beam in pounds. (1) W 
UNIFORMLY DISTRIBUTED. ‘The stresses P, in the vertical struts = 11/30 W. 
The end reactions brought by ab and cd acting as beams = 4/30 W. The 
stresses in the various members acting as a truss may be determined graphi- 
cally or analytically. To the stresses so determined the flexural beam 
stresses in the top chord of type 3 and in the bottom chord of type 4 should 
be added. The following approximate forniulas are easily applied when 
the panels are of equal lengths. They are sufficiently accurate for practical 
purposes. P,= compression in be or ¢=%W; P, = P,= compression 
in ad = P, = tension in ef = Wl/9 h; P,= tension in ae and fd = Wm/3 h. 
The extreme fiber stress per sq in, in the top chord panels acting as beams = 
S,=Wi/b@. The maximum extreme fiber stress S = W1/bd (1/9 h+1/d). 


_ (2) For 4% W on EAcH VERTICAL stRUT. Let P, = compression in be or of = 


4@W; P2= P= compression in ad = P = tension in ef = W//6 h; P,=tension 
in ae and fd = Wm/2h. For this loading there are no flexural stresses except 
those due to dead load of beam, which may be usually ignored. 

' Design of Type 4. The stresses will be of the same intensity as in type 3, 
but the character of the stresses will be reversed. be, cf and ad will be in 
tension and ae, ef and fd in compression. If the load is uniformly distrib- 
uted, the flexural formulas of type 3 may be used, but in this case the maxi- 
mum stress in ad will be tension. 


$7. Grillages and Wharves = 


Grillages of Timber are used on the tops of piles or upon foundation beds 
to support PapsOnry. Fig. 115 shows a design of a grillage supporting a 
masonry retaining wall. The top of the 
grillage blocks B should not be higher than 
about 18 inches above low tide and the 
bottom timbers should not be so low that 
they must be laid by divers. The sizes of 
timbers may be computed by means of the 
beam formulas and tables., As the timber 
is under water the unit side-grain compres- 
sion should be taken at 75% of that given 
in Art. 29. The caps C and blocks B, which 
help prevent the masonry sliding on top of 
the grillage, should be drift bolted or lag. 
screwed, using long special screws, to the top of the piles. The grillage 
plank A should be fastened to the caps with ship spikes. 

Grillages supporting Building Bearing Walls are of the type shown in 
Fig. 116. These grillages should not be used except where they will -be 
permanently wet. The bottom course of plank should be at least 2 inches 
thick and the top course at least 3 inches thick, provided that the clear spacing 
of the middle timber does not exceed 18 in. This middle timber must be 
designed so that the extreme fiber stresses do not exceed those specified in 


Art. 29. The bearing of the top plank upon the middle timber will not 
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need to be inyestigated, except for soft wood. As in the preceding design, . 
only 75% of the specified unit side-grain compression should be used. 

The middle timber should be figured as a cantilever beam whose length is the pordds % 
extending beyond the outer edge of the wall. The’load upon this cantilever beam equals’: 
the allowed safe load on the founda- : 
tion bed X J; X ¢ (Fig. 116). If the 
depth of the middle timber be as- 
sumed, its width may be determined 
by 

: b6=36 wlyc / Sd 


7} alba 
and net Pa S 
b=3 whie/2 Syd 
where } = width of timber in inches, 
based on, extreme fiber stress, bi = Fig. 116, Grillage for Wall 


width of timber in inches, based on 

horizontal shearing stress, J;=portion of middle timber extending beyond the edge ot 
wall in ft, d=depth of beam in inches, ¢ = distance between consecutive middle timbers 
in ft, w=safe load on foundation in Ib per sq ft, S=safe extreme fiber stress in lb pet 
sq in, S;=safe horizontal shearing stress in }b per sq in. For shallow beams the width } 
will generally govern, and for deep beams the width };; the greater width should be used. 

Wharves. The width of a wharf or pier is usually governed by local and 
commercial conditions, and its length by such conditions and regulations 
of the United States government. The direction of the length of a wharf, 
as a rule, should be perpendicular to the bulkhead wall or shore line. In 
narrow rivers this direction may be made oblique to the shore line, the outer 
end being farther down stream than the shore end, This arrangement 
facilitates the entrance of vessels into slips between adjacent wharves. Timber 
wharves are of two general types: (1). having the floor system or deck supported 
on piles; (2) having the floor system or deck supported upon timber cribs, 
The first type is generally the better and cheaper and should be: built wher- 
ever conditions permit. It cannot be built where the bottom of the river 
is too hard for pile penetration, When a small penetration, from 4 to 10 feet, 
may be gotten, the requisite stiffness and holding power of the piles may- be 
obtained by using riprap. ‘The riprap, if of small stones, may be ‘placed, 
in whole or part, in advance of the pile driving. ‘This is unusual practice, 
and if adopted, the pile points should be shod with iron. 

The top of the deck of a-wharf must be above high water, but low enough 
to permit the economical loading of vessels at low tide. The wharf should be 
designed with the greatest practical free waterway, so as not to obstruct 
the flow of water, sewage or ice. Pile piers are usually built with piles in 
transverse rows 8 to 12 ft on centers, the piles in the rows being 3 to ro ft on 
centers. The close spacing is for heavy loads or where the pile resistance 
is small. When timber cribs are used they extend for the transverse width 
of the wharf and are usually spaced 15 to 35 ft on centers. Where cost of 
cribs and their foundations is high, trussed spans may be found economical 
for distances much over 25 ft. A wharf need not, as a rule, be braced longi- 
tudinally, as the impact of vessels in this direction may be taken care of by the 
bulkhead wall or the earth at the shore end, and as the length of a wharf is 
generally much greater than its width, the force of impact is distributed over 
a greater number of piles than when the force acts in a transverse direction. _ 

The lines of transverse piles should be placed as nearly parallel to the thread of the 
current as possible. They should be strongly sway braced, the braces being carried” 
down at least as low as low tide. If the piles are to be driven into soft bottom or deep. 
water or in a rapid current, riprap or batter piles should be. used to stiffen the wharf 
against the impact of vessels, A horizontal stick of 12 by 12 inch timber, 20 ft long, 
nesbpcting its weight, acting as a cantilever, will deflect 44 inch under a load of too Iba 
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applied at its end; if 40 ft long, the deflection will be about 2 in. Wharf piles if Manraced 
and under the impact of vessels, are cantilever beams whose” length. equals the distance 
from their top to firm river bottom. If the upper portion of the piles is sway braced 
sufficiently, the length of pile, acting as a ¢antilever under vessel impact, is the portion 
below the bottom of the sway bracing. As the deflection under a given load varies as 
the cube of the length, it is evident that the sway bracing should be carried down as 
low as possible. ite 
* Guard or fender piles should be used to protect the structure from abrasion of aie 
ying alongside, and clusters of piles should be placed near corners to protect them. 
In deep water, or where the river mud is deep and for large vessels, the clusters should 
-onsist of from 10 to 50, piles. The corners of wharves for large vessels should be rounded 
ind strongly reinforced. The rounded corner makes it easier for boats to enter slips 
»etween the adjacent wharves. 


A timber wharf in fresh water or in salt water where marine wood borers do not exist, 
asts about 30 years, with minor repairs and floor renewals. To increase the life of a 
wharf all joints and bearings should be treated with a preservative; drift bolts should 
»e driven below the tops of the timber, and the hole thus formed filled with taror asphaltic 
cement. Large washers should be used under all bolt heads.and, nuts, and the bolts 
should not be tightened so as to break the outer weed fkers. When wecd fieces are 
in contact and it is possible to force them into closer contact with bolts in order to exclude 
water, this should generally be done. Beams built up of two or more pieces and all 
joints:should be packed at least x inch apart, using metal packing pieces or separators. 
The timber should, in general, be so designed as to permit as mvtch circulation of air 
around each piece as is possible. Wooden floors should be built so as to drain the rain 
water to outlets. Leaving open joints between adjacent floor planks in. order to get rid 
of rain water decreases the life of a floor subject to vehicular travel, due. to the pounding 
of the wheels across the joints and the abrasion of the edges by horses’ feet. Exposed 
timbers will last longer if beveled so as to shed water freely, Creosoting lumber, if well 
Jone, increases the life of the structure. : 

In fresh water the portion of the pile between about 1 ft above low water and high 
water usually rots before the rest of the structure. By making the caps continuous over 
several piles, the rotted pile tops may be removed and replaced without reroving the top 
timbers. In fresh water, piles generally last longer with bark removed above low tide. 
in salt water, piles in warm climates are attacked by marine borers which generally enter 
the piles between high tide anda point about 4 {t below low tide. ‘They may continu 
heir destructive work above high tide and many feet below low tide. ‘They never ente, 
he wood below the mud line. Wood borers are classified by the Forest Service as Teredo, 
Xylotrya and Limnoria, Che!ura and Sphaeroma. ‘The first two are commonly called 
Teredo and the latter three Limnoria. ‘These borers do not live in fresh water nor in 
alt water containing much sewage, but may exist in brackish water. The average length 
of time in which the Teredo and Xylotrya have destroyed barked and unprotected piles 
n the Gulf of Mexico ranges from 1 to 5 years, the minimum time being sometimes only 
. few months. Circular 128, U.S. Forest Service, gives methods of ‘frotection. 

Live Loads for Wharves range between 75 and 750 lb per sq ft for con= 
sentrated loads of wagons, unloading apparatus, trains, ard posts of wharf 
buildings. ‘The lighter loads are used for excursion boat landings, the 
neavier for commercial wharves. A commercial wharf at Washington, D.C., 
was designed for a uniform load of 350 Ibs per sq ft. ‘The necessary sizes 
of timbers were determined from the preceding beam formulas and tables. 
All the parts of the structure should be well bolted, drift bolted, spiked on 
ag screwed together, so that the wharf will act as a unit under the impact 
of vessels. As the piles between high and low water decay before the other 
portions, except the floor plank, the unit stresses in the piles should be taken 
at about 50 % of those recommended in Art. 29. This will usually be takem 
care of by the proper application of pile formula. 

The cost of pile wharves varies between $0.75 and $2.00 per sq ft of flocr, sepesdias 
upon the depth of water, nature of foundation necessity of batter piles or riprap, and the 
loads to be carried. Wharves of the crib bridge type cost between $1.50 and) fs:c0 
depending upon similar conditions. 
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FALSEWORK AND TRUSSES 
38. Trestles 


_ Timber Trestles are generally used for semi-permanent work when theit 
first cost is less than an earth fill or an earth fill and culvert, if a stream of 
water is to be taken care of. When permanent work is desirable, there is 


usually no sound reason for timber trestle construction, other than the lack — 


of funds, because, due to the high cost of lumber and timber maintenance, 
an earth fill or steel structure will be cheaper in the end. Trestles usually 
consist of a series of bents 
spanned by beams or string- 
ers. Each bent generally con- 
sists of two or more. vertical 
posts, depending upon the 
width of roadway and the 
load to be carried, two outside 
battered posts, a cap and sill, 
and sway bracing. ‘The out- 
side posts are given a batter 
of from 14% to 3 inches in r2 
inches, and the bent is sway 
braced to resist lateral force 
such as wind or rack of a 
locomotive. The roadway or 
track is carried upon string- 
ers, which should be con- 
tinuous over twospans. Fig. 
117 shows a common form of 
trestle less than 30 ft in height 
as used in 1906 on the Balti- 
more and Ohio R.R. Tres- 
tles over 30 ft high are 
generally built in stories of 
from 15 to 30 ft in height, as 
in Fig. 118, which shows the i 
1908 standard of the New. Pile Foundation Concrete * 
York, New Haven and Hart- » For repairing” Foundation 
ford RR. In this design the pp teithe Piles 
bent is framed into two ; 

separate stories, the second 
story being erected upon the 
cap of the completed. story 
below. This is the more we Sea a Doeea cara 
common design and is easy Diagram of Longitudinal Bracing 
to erect, but occasionally Fig. 117. Trestle, Baltimore and Ohio R.R: 
the vertical and batter posts 

are made continuous from top to bottom of trestle. This latter method re- 


duces to a minimum the number of joints where end grain bears upon side 


grain. This is desirable, as the side grain is often injured by such com= 
pression, and in the case of sills dampness is retained by the broken fibers 
and rot takes place rapidly. Trestles over 50 ft high are sometimes built 
with pairs of bents framed into towers at intervals of 20 to 30 ft, the stringers 
being compound or trussed beams. z 2 


NI 
Concrete Foundation 
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Concrete Foundation  3'x10"t 018 1 Feet 
x 


Diagram of Longitudinal Bracing 
Fig. 118. High Trestle, New York, New Haven and Hartford R. R, 


Longitudinal bracing for railway bridges must be designed to take the thrusr or = 
braking train, which may amount to 75 000 to 100000 Ibs. The longitudinal bracing 
should not only consist of horizontal struts between bents to take compression, but the 
bents should also be X braced as shown in Fig. 117. For highway trestles the bracing 
may be of smaller cross-section and the X bracing at less frequent intervals. Where 
the trestle is of short length and there are solid, abutments of earth, timber.or masonry 
at either end, the X bracing may be safely reduced in cross-section. 

‘Trestle Design. The sizes of the stringers and posts can be obtained from 
the timber tables and formulas, using the specified loads given in Sect. 8, 
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but it is advisable to increase the dimensions so determined, to allow for 
dlecay. Stringers rot quickest where the ties or flooring rest upon them and 
where they rest upon the caps, as dampness lodges in such joints. The 
stringers of railway bridges should be packed 1 to 2 inches apart, so as to 
permit circulation of air, using metal separators or packing spools, as in 
Fig. 117. Bolts should pass thru the spools, having large washers at their 
ends so as to permit the bolts to be tightened without injury to the fibers. 
The sizes of the posts depend upon the safe allowable compression upon the 
side grain of the caps and sills, see Art. 29. It is therefore desirable to use 
hardwood caps and sills when possible. The caps and sills should have 
about the same dirnensions as the posts. Asa rule the posts can be so placed 


with reference to the stringers that there will be practically no bending stress ~ 


in the caps, and similarly there will be none in the sills, the function of caps 
and sills being to hold the posts in position and transmit shear. The posts 
may be drift bolted or mortised to the caps and sills. 

The bottoms of sills should be supported by masonry so as to be at least 12 in above 
the ground. If the trestle consists of piles driven into dry ground, the piles at ground 
level will rot badly in 5 or 6 years, and as the life of a trestle is from ro to 14 years, it is 
advisable to double, or nearly double, the number of piles per bent, in order to allow for 
decay, or cap the piles with masonry, as in the extreme righi footing of Fig. 117. 

Bracing. Good examples of sway bracing are given in Figs. 117 and 118. 
For highway bridges the sways may be lighter. Use %4- or preferably 1-inch 
bolts for fastening sways. The design of this bracing for trestles under 30 ft 
high is generally made on the basis of precedent, the effect of wind being 
small and the other stresses indeterminate. For higher trestles the wind 
stresses should be computed as guide in the selection of proper size and in the 


design of joints. ‘The horizontal struts or girts of the logitudinal bracing 


should not, for railway work, depend upon a single bolt for the transmittal of 
stress, but such stress should be transmitted by end bearing. For railway 
trestles the struts should be from 6 by 8 to 8 by 12 inches. For highway 
trestles, the span being longer, the size should not generally be less than 6 by 
6 in, The longitudinal X bracing need not be used in every panel, except 
for railway trestles on curves ; 
over 7°. In high railway 
trestles on curves over 8°, the 
centrifugal forse of the moving 
train should be further guarded 
against by additional braces on 
the convex side of the trestle. 
The sizes of the X braces can- 
not be determined by compu- 
tation, but should be selected 
from existing designs. The 
details of all trestle work 
should be simple. When 
pieces are in contact they should . 
be. drawn. tight, to exclude 
water, and where possible they. ; 1 
should be separated at least x i Fig. 119 waa 
in and preferably 2 in to allow f i tad 
circulation of air. The cost of labor should not exceed about $15.00 per 1000 
ft B.M. In the design of high trestles, in order to decrease the number of bents 


the span of the beams is reduced by means of corbels and A frames.as shown 


in Fig. 119, thereby permitting a greater distance center to center of columns, 
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Life of Trestles. may be increased by the use of wood preservatives, such 
as creosote, ahd all surfaces in contact or which have been disturbed by ax 
or adze, all screw and bolt holes and the tops of all drift belts should be thoroly 
coated with similar preservatives. The tops of caps and stringers are often 
eovered with sheet zinc of iron to protect them from water and hot cinders: 
These coverings are unquestionably of value as fire protection, but as they 
dectease the circulation of air, it is doubtful if the life of the caps and stringers 
is prolonged thereby. : 

Construction Trestles are for teriporaty tise, and therefore in selecting 
the sizes for posts the side-grain compression fidy be take 50% higher 
than allowed in Art. 29, and no allowance need be made for rot, Trestles 
for light industrial tracks and small gage construction tracks require only light 
transverse and longitudinal bracing. In making earth fills from temporary 
trestles constructed therefor and ftom old trestles corstructed fot semi- 
pettanent tise, as railway trestles, the lateral and longitudinal bracihg, and 
in high fills even the caps and sills, may be broken by the fall or weight of the 
material or its settlement. Such fills should be brought up evenly on either 
side of the axis of the trestle so as to diminish the possibility of large and 
sudden movements of the fill, which occur most frequently in fills made upon 

_ side hills. It is often advantageous to remove the bracing when it is reached 
by the fill so as to prevent the pull in the bracing, under the load of the fill, _ 
from distorting the posts and even breaking them. This is a matter which 
can be determined only after the charaéter of the fill and contours of the 
ground are khown. If the bracing is old and rotted it is often best to put 
on a new and substantial bracing before starting the fill. 

When earth fills are made from trestles of piles driven into 15 to 20 ft of mud, sudden 
movements of the mud and newly made fill frequently not only break the bracing but 
snap off the piles and demolish the entire structure, Such trestles should be built of piles 
of large diameter, driven to hard pan and heavily sway braced, and the sway bracing 
témoyed when reached by the fill. But even with these precautions sudden failuré may 
take place, 

39. Floors for Trestles and Bridges 


Floors for Steel Highway Bridges are illustrated in Fig. 27 of Sect. 8. 
Th designing the roadway joists concentrated wheel loads may be regarded 
as distributed over two joists, when the distance center to center of joists 
does not exceed 21% ft and the flooring {ts at least 3 inches thick. In main- 
tenance work, when the center distances do not exceed 2 ft and the wheel 
Joad is not applied near the outer line of stringers, it may be regarded as 
distributed over three joists, provided the flooring is at least 3 inches thick. 
The front roller of a steam roller may be,:computed as equally distributed 
over all joist which it cati cover or partially cover. The wheel loads upon 
cross ties of electric railways may be tegarded as distributed over three ties. 


Roadway Flooring may consist of asingle thickness of 3-or4-in plank, the 
distaice between centers of stringers not exceeding 9 times this thickness; 
g-ii flooring should be used for light and infrequent travel and 4-in where 
itis heavy and continuous. Roadway plank shotild be laid with a transverse 
grade of frori r to 1%4 inches in ro ft, to drain the water tothe sides of road- 
way. In bridges Over x6 ft wide, the plank may be cut in two lengths and the 
level of the foadway raised at the middle. FLooR PLANK should be laid 
shiig, as the planks at open joints are torn by the horses’ shoes and the floor 
i8 made very rough ard wears quickly, They may be laid transverse to the 
bride or oblique; the former method is slightly cheaper and appears equally 
gatisfactory. Planks need ofily be drest on one side, but all joints should. be 
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adzed smooth when the floor is laid. Roadway plank should have a uniform 
’ width of 12 in, altho if ordered in variable widths of 8, ro and 12 inches, a 
saving of about $3:00 per rooo B.M. results. When variable widths are used 
it is necessary in making repairs to select particular widths of plank for each 
defective one replaced, which is troublesome. For bridges having little 
travel the life of the flooring depends upon the rotting of the timber, and 
therefore timber which rots slowly, such as long-leaf pine, is desirable. For _ 
bridges carrying heavy and continuous travel the floor does not rot but is 
worn out, and. therefore the harder and tougher woods such as’ white oak, 
chestnut oak or rock oak are best. 


Three-inch flooring should be fastened’ to the joists with 6-in nails and four-inch with 
7-in nails. Flat-head wire nails are more easily driven than round-head nails. Well- 
seasoned hardwood floors often require holes to be bored in advance of driving nails, 
but most commercially seasoned oak and all pine flooring may be nailed down without 
such holes. All frooring should have a one-heart face. The heart face should be laid 
down for light travel and up for heavy. The general rule is to put the heart face down, 
but experience with bridges in Washington, D. C., shows, that as a rule, it should be up. 


The life of the flooring under light travel is from 4 to 5 years, and under heavy travel 
3% to 4 years. In the latter case probably 10% of the plank will have to be replaced 
before a general replacement is made, using a low grade of timber. ‘The cost of tearing 
up and relaying plank floors for roadways should not exceed $6.00 per 1000 B.M. The 
. cost of maintaining bridge floors, including cost of timber joist, assumed to last 12 years, 
and on the basis of timber at $33.00 per ro0oo B.M. and labor of relaying at $6.00 per 
rooo B.M., is about 5 cents per square foot per annum. 

Double floors consisting of a 3- or 4-in creosoted subfloor, laid with 14- to 2-in open * 
joints and having a wearing floor of from 114 to 2 in, are sometimes used. ‘They should 
never be used with untreated plank in the subfloor. A creosoted subfloor lasts 12 or 15 
years. The lower planks are laid transverse or oblique to the bridge and the upper ones 
at anangle of from 45° to 60° with the ones below. The subfloors should be nailed to 
the joists with 60d nails, using two per joist, and the top planks nailed to the lower floor 
with two 4od nails at intervals of 2 ft. This type of floor has the advantage of cheap 
resurfacing at’ frequent intervals, and therefore usually gives a smoother roadway than 
single planking. The first cost and the difficulty of getting properly creosoted timber 
militate against the use of this type. . 

A Roadway Joist should be at least 3 inches thick and should not deflect 
more, than 1400 of the span under the full load. The general sizes of joists 
used are 3 by 12, 3 by 14, 4 by 14 and 4 by 16in. When they rest upon the 
tops of floor beams they may lap or butt, if there is sufficient bearing. When 
lapped, an air space of 44 inch should be left between the lapping ends to 
permit circulation of air. Neither bridging nor fastening of the joist to the 
floor beams is. necessary, unless, planks thinner than 3-inch are used. The 
floor will be too heavy to be disturbed by wind. : 

Long-leaf pine and oak joist last from 12 to 15 years, provided they are selected of such 
depth that they may be turned over once, Joists rot where the planks rest upon them, and 
when this depth reaches an average of one inch they should be turned and used until the 
top of the joist, in the new position, rots about the same amount. Long-leaf pine joists 
are better than oak joist, as they do not warp, and pine rots from the outside and oak 
often from the inside. White pine joist have lasted from 25 to 3¢ years in Washington, 
D.C. The painting of the top of joists with a timbér preservative is recommended. 

Sidewalk Flooring should be 2 inches thick, drest one side, 6 or 8 inches 
wide and supported by joists not over 2 ft on centers. They should be laid 
snug, as open joints make rough floors and the public object to seeing thru 
the open cracks of floors of high bridges. Pine floor planks may be spiked 
with two 2od nails per joist and oak ones with two 30d nails. Floors should 
be given a transverse grade of % inch per ft. SrpEWALK JoIsTS are usually 
3 by 12 or 3 4 14 inch, placed 2 ft on centers. These joists should be fastened 


ret 39 F loors for Trestles and eeedees 787 


‘to the floor beams, as sidewalks are usually narrow, of light weight per sq ft, 
and if the joists are not fastened the floor may be disturbed by amy altho 
cases of this kind are extremely rare. 

When steel stringers are used the planks in or country bridges are often wane 
by clinching the nails under the flanges. The best arrangement is to bolt spiking strips 
4 to 5 inch thick to the flanges of the beams, countersinking the bolt heads. 

Wheel Guards should be provided on either side of the roadway to protect 
the adjacent trusses or to act as a curb protection for the sidewalks. They 
should consist of 4 by 6 or 6 by 6-in string pieces supported upon two- or 
three-inch shims, 6 to 12 inches long placed at intervals of 4 to 6 ft on centers. 
The roadway water should drain thru the openings left between the shims. 
. Guard rails should be bolted to the joists or floor beams, the bolts passing thru 
theshims. Joints in the string pieces should be made at the shims and with 
halved laps. ‘These rails should be protected with steel angle facings when 
laid upon’a steep grade, as they are often used by teamsters as brakes. 

Electric Railway Tracks may be supported upon cross ties or directly 
upon longitudinal stringers, the latter method being used when the bridge 
also carries vehicles. Cross ties should not be less than 6 by 6 in when the 
stringers are 64% ft on centers. For a greater distance they should be de- 
signed to carry the maximum wheel load, assuming a distribution of this load 
over three ties, the fiber stress not to exceed 1200 lbs persqin. ‘The openings 
between ties should not exceed 6 inches. ; Every fifth tie should be bolted 
to the stringers and every fourth tie to the guard rail. ‘Ties should be notched 
from % to 1 inch over the stringers and made a tight fit. Guard rails 
6 by 8 in should be placed on either side of the track at a distance of 3 ft 7 in 
from the center of track and notched 1 in over ties.. Splices should be made 
over ties with bolted half laps. 

Solid Timber Floors covered with ballast have been used for trestles and 
have given satisfactory results. The timber is creosoted and not afterwards 
cut if it can be avoided. When cut the end surfaces are painted with creosote. 
This type of floor is expensive to build and maintain and is somewhat difficult 
to inspect, but is regarded as 
offering a good protection 
against fire, decreases noise 
and gives a better track than 
the common type of floor. 
Arguments for and. against 
this type of floor are given 
with interesting detail in the 
Proc of Assoc of Railway 
Superintendents of Bridges 
and Buildings, Oct., 1906. 
Fig. 120 shows a ballast trestle 
floor on the El Paso and South 
Western R.R. 

Railway Trestle and 
Bridge Floors. ..: Figs. 117 

y\y and 118 show typical trestle 
Fig. 120 - timber floors and Fig. 121 

, shows floors for Howe bridges. 
The specifications of the American Bridge Company for 1900 give the follow- 
ing clauses relating to such floors: 

The floor stringers shall be placed generally 614 ft between centers, the ees 
‘distance between centers of tracks i 13 ft. 
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The floor shall consist of cross ties 8 by 8 inches if the stringers are placed 6% ft 
between centers. For greater distances they are to be proportioned to carry the maxi- 
mum wheel load distributed over three ties, the fiber strain on the timber not to exceed 


Fig. 121. Floors for Howe Bridges . 


rooo pounds per square inch.. The ties shall be spaced with openine: not exceeding 
6 inches, and shall be notched down ¥% inch and have a full bearing on stringers. 


Every fifth tie shall be fastened to the stringer by a 34-inch bolt. 
There shall be guard timbers 6 by 8 inches on each side of each track, with their inner 
faces not less than 3 ft 3 in from center of track. They shall be notched r inch over 


eyery tie, and shall be fastened to every third tie and at each splice by a %4-inch bolt. 
Splices shall be over floor timbers with half and half joints of 6 inches lap. 


40. Falsework for Bridges 


Truss Bridges are generally erected upon timber trestles or scaffolds 
consisting of vertical timber posts and outside batter posts, supporting caps 
upon which rest longitudinal stringers (Fig. 122). The bottom chord of 
- the bridge is laid upon the falsework and blocked several inches above its 
correct position to allow for settlement of the falsework under the load of the 
bridge. Bents are usually placed at panel points of the bridge, but where 
clearance makes it necessary the panel loads may be carried at any point 
of the stringers. sid 


_ 
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Small and light bridges may be erected by gin poles, which are timber 
masts: guyed in a vertical position and carrying a block and tackle at their 
tops, by means of which the separate truss members are hoisted into their 
positions. Most bridges are erected by overhead travelers consisting of two 
or more bents braced together to form a tower. The traveler rests upon 
steel wheels which travel upon rails laid upon the timber stringers. The 
falsework must be designed to carry the weight of the bridge and traveler. 
Where there is danger from injurious freshets or where there must be large 
clearances maintained as for navigation, trussed falsework, generally of the 
Howe bridge type, is used. This falsework may be erected upon temporary 


go> 


of Track 


Sree) 
4 [ old Bridge ’ 


“= Old Bridge 


I. 


r, 
C. 


Side Elevation 
Fig. 122. Bridge Erection, Baltimore and Ohio R.R. 


timber trestles or upon pontoons. Fig. 122 shows the falsework and traveler 
used on the Baltimore and Ohio R.R, in erecting a small bridge. 


Design of Falsework. The loads to be carried. by the falsework consist 
of its weight, which, except for trussed falsework, is negligible; the weight of 
the bridge, including the girders, but not necessarily the stringers and floor 
resting upon same, and the weight of the traveler and operating engine. 
In the design consideration must be given to wind pressure exerted upon the 
bridge and the traveler, and where a stream is to be bridged the effect of ice 
and débris carried by freshets must be regarded and preferably the erection 
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completed within a period of time when ice gorges or serious freshets are 
least probable. Where trussed spans are used, slightly higher unit stresses 
may generally be used than are allowed for permanent work, as the period 
of erection is not sufficient for a material deterioration of the timber. The 
trusses should be of first-class carpentry work so as to reduce the truss deflection 
to a minimum and should be strongly sway-braced. 

When viaducts or bridges overland are erected, the falsework may consist of a series 
of ordinary trestle bents resting upon either mud sills or spread timber footings. The ~ 
trestles for water work are generally formed, in whole or part, of piles. When the trestles 
are over 30 ft high they are generally built in stories of from 15 to 30 ft high, the timbers 

_ of adjacent stories being tied together by fishplates, so as to transmit tension resulting 
from wind pressure upon the bridge and traveler. 

For light bridges the trestle sills, posts and caps may be of 6 by 6 or 8 by 8 in timbers, 
the sway and longitudinal bracing of 3 by 8 in timbers and the stringers of 6 by 12 in 
timbers.. I'or most bridges the siils, posts and caps should be 12 by 12 in, the sway and 
longitudinal bracing 4 by ro in, and the stringers § by 16 in. The approximate dimen- 
sions of the timbers should be determined by-computation, but as stiffness and sometimes 
weight are governing factors, the sizes should generally be larger than theoretically re- 

uired. 

" All falsework should be designed so as to permit of e¢onomical erection and demoli- 
tion and so that the timbers will not be materially iniured for-future use. _ Bolts should 
be used-instead of spikes, and beveled, mortised or other expensive joints avoided. The 
cost of erection should not generally exceed $12.00 per 1009 ft R.M. 

‘ The Settlement of the Falsework under its full load should be a minimum 
consistent with economy. A practically unyielding foundation should be 
constructed; the number of horizontal joints and particularly the number of 
joints where end grain bears upon side grain should be reduced to a minimum 
and the unit compression upon side grain should not exceed those allowed in 
Art. 29. The probable settlement of the falsework, exclusive of foundations, 
may be approximated as follows: (1) By figuring the columnar shortening, 
c, in inches, by means of the following formula, c=24 S//E, in which S is” 
the unit compression per sq in, / =length of column in ft, and Z the modulus 
of elasticity. “When pile foundations are used the length of piles should be 
added to obtain the total columnar length to be used in the formula. (2) By 
allowing 46 in settlement’ for each horizontal joint for “taking up” and an 
additional 4g in at each horizontal joint where end grain bears upon side 
grain for “biting” of the grain into the side grain, provided the unit stresses 
-of Art. 29 are not exceeded. The total settlement will be the total of that 
obtained from (x) and (2). , 

In railway bridge renewals or other bridge erection where the falsework carries heavy 
locomotive or vehicular loads the locomotives or heavy vehicles may cause settlements 
of the falsework foundation so much greater than the deformation of the timber, that the 
latter is negligible. Frequently, even in highway bridge construction, falsework founda= 
tion settlements of from 6 to 12 inches occur without serious mishap. The panel points 

_ are wedged up as the falsework pettles, but in design such settlements should be guarded 
against. 

Design of Travelers. The traveler should be designed to carry the 
heaviest bridge members and withstand the pull of the tackle and wind 
pressure. The bridge members are lifted by means of block and tackle 
fastened to the top timbers, as seen in Fig. 122. The loads are transmitted 
to the falsework thru the columns, marked C. The wheels and wheel bear- 
ings at the feet of the columns need not be designed to carry the gross load, 
as the traveler is blocked up when hoisting. The bracing should be heavy 
so as to withstand the racking action of the hoist. «It is not subject to refined 
computation, and hence the designs of previously riage efficient ss 
should be consulted: : y 
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41. Falsework for Arches 


Masonry Arches-are built upon temporary falsework, called centers: or 
centering, usually of timber consisting of parallel frames, bents or ribs with 
top members whose upper surface is cut to the curve of the arch soffit. The 
top members may be joists, or bows, also called back pieces, may be used. 
Upon the top members plank called lagging are laid which support the stone 
youssoirs or concrete sheeting of the arch. Wedges are placed at convenient 
points of the falsework to-lower sections of it after the arch is built. The 
wedges may be located at any point between the soffit of the arch and the 
falsework foundation. All arches should be built up symmetrically and the 
centering designed for such loading.’ 


The Centering for Short Span Arches, when the span is under ro ft and 
the arch is flat, may be built of single planks on edge with tops cut to curve 
of soffit, supporting lagging drest on one side and supported ‘at the ends by 
posts resting upon wedges, as at'a in Fig. 123. If the centering is built for 
a stone or brick arch, the lagging may be laid with open joints not wider than 
¥ the width of voussoirs or bricks; if for concrete, tongued and grooved 
lagging should be used. For spans over 6 ft, the top member or bow may be 
in two pieces tied by small battens (b in Fig. 123), the curve of the arch being 
cut out of the top piece. ‘To save labor of cutting bows when the barrel of 
the arch is long enough, the bows may be placed’ 4 or’s ft’ on centers’ and 
2-or 3-in lagging used. The lagging and bows are computed as beams and 
the posts as columns under the full load of the arch, In buildings, 1-in 
lagging is generally used, supported on two or three bows about 12 inches 
on centers. When the arch is flat and the span is over ro ft, intermediate 
props or posts are generally used to shorten the beam length of the bow; 
2- to 4-in lagging may be used, the bows being placed 4 to 6 ft on centers. 


Fig. 123 Fig. 124 
Centers for Short Span Arches 


When the arch has a rise of over % the span, centering of the form of 
Fig. 124 may be used. The bow may be made up of two or three planks 


breaking joints and nailed together. For economy the bows should be as _ 


far apart as possible, preferably 4 to 6 ft, using from 2- to 4-in lagging. For 
the larger spans, the thicker lagging is the more economical. A center post 
should be used for spans oyer 10 ft, and when this cannot be done, the bottom 
piece, T, should be stiff and strong enough to carry the load brought by the 
tadial braces. This load is indeterminate, but in design it may be assumed 
“at %4 of the total load of the arch, the bow also carrying %4 of the load as an 
arch and the balance being carried by the masonry arch acting as a com- 
Pression member. : 


\ 


| 
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This type of centering may be used up to spans of go ft, but for spans over 15 ft one or 
two lines of horizontal girts should be used for each frame to take care of the horizontal 
thrust of the arch load. A girt, marked G, 
is shown in dotted lines in Fig. 124, 

Unbraced arch centering of type shown in 
¥ig. 125 should neyer be used, except where 
other forms are impossible, and then only 
for spans under 29 ft, as it deforms badly, 
rising at the crown when loaded at the 
hhaunches and sinking at the crown under = 
the crown loads and is at best risky. By , Fig. 125. Bow Centering 

-placing a temporary load at the crown, the — 

change in the form of the curve can be lessened. If used at all, the carpentry work should 
be first cass, the abutting sections of the bows ip intimate contact, wedges of shingles 
being used just prior to loading if the shrinkage of the timber has caused the joints to open. 

Centering for Arches over 30 ft span may be of four types. (x) Arches, 
(2) Howe trusses, (3), Bowstring trusses, (4) Bents, The first is expensive 
to, build, gives small salyage for lumber, deforms badly under loading and 
therefore requires temporary crown loading and causes cracks at the haunches 
during the arch construction unless loaded in alternate transverse sections, 
Where a deep) gorge is to be spanned it may be economical. The second 
type is objectionable for general use for the foregoing reasons, except that the 
crown will net rise when the haunches are loaded; Maximum stresses should 
‘be determined for all web members under various stages of loadings. There 
is no reason for using this type except to utilize existing available trusses, 
The curve of the arch must be built up by additional timbers resting upon 
the top chord at panel points, For the design of this type see Art, 44. 

Bowstring Centering, shown in Fig. 126, has been used extensively for 
spans up to roo ft, and may be necessary for arches over streams, but should 
never be used where intermediate supports can be gotten, as in Fig. 127, 
or where vertical posts may be carried to intermediate foundations. It has 
all the objections giyen for type x, but is cheaper to build and deforms less. 
This type is preferable to. the Howe truss bridge type. Bowstring centering 
should be built with Warren bracing, as in Fig, 126. The stresses in’ the 
various members should be computed for the centering, one-third, one-half, 
two-thirds, and fully loaded, and each member designed for the maximum 
stress. Reversal of stress will take place in the bracing, and all joints of this 
bracing should be made with straps or gussets to transmit tension as in 
Fig. 126. The crown of this centering should always be loaded with a tempo- 
rary load of about % the total arch load, but even with this precaution hair 
cracks will generally develop at the haunches, showing that the tensional 
value of the mortar has been destroyed. 

Fig. 127 shows a modification of the bowstring centering which was used in the con~ 
struction of the Massachusetts Ave. culvert, Washington, D. C. The bowstring truss 
was designed to be moved ahead in sections upon the bottom bents or A frames. Eight 
bows were struck at one time and skidded upon pipe rollers resting upon a stringer track. 
One additional A frame was erected in advance in order to permit of this movement. 

The Bent Type of Centering is recommended for the construction of 
all arches where clearance does not prohibit its use, Its first cost is generally 
least, it deforms less than the other types, and gives the greatest salvage of 
lumber. Its design should not be begun until the method of building the 
arch has been determined, If the arch is to be built up continuously from the 
springing line to the crown, it should deform or settle less than if built in- 
either longitudinal rings or alternate transverse sections, But however 
strongly built, if the arch is built up continuously cracks will develop at aif 
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aunches when the crown is built. ‘This of course will not be so if the arch 
small enough to be built complete in a day. ‘The stiffer the center, the 
naller the cracks. These cracks are not serious, except in the-case of a 
inforced concrete arch they may permit the infiltration of water and the 
isting of the steel, and they are the cause of the abnormal sinking of the 
‘own of the arch when the centering is lowered. Where the cracks are 
tger than hair cracks, the masonry above the extrados of the arch should 
ot be built until the centering has been lowered sufficiently to close up the 
‘acks, otherwise the closing up of the cracks in the arch may crack the upper 
asonry. 
Tf the arch is to be built in longitudinal rings three or four feet wide, each ring to be 
mpleted in a day, which is common practice in the construction of reinforced concrete 
‘ches, the centering should deform or settle Jess than if built in transverse blocks, but 
ay deform more than if built continuously for the full width of the bridge. When 
uilt in alternate transverse blocks, a settlement equal to 114 in per 100 ft and propor- 
onally for larger or smaller span, is good practice, but a less settlement is desirable. 
or arches in longitudinal rings, the settlement should be less than half this amount, 
ad for arches built up continuously from the springing line to the crown a smaller settle- 
ent should be gotten if possible. Since the settlement of the falsework varies almost 
Tectly as the distance from the foundation to the crown, arches of large span and rise 
ad those over deep gorges or valleys should be built in alternate sections, whereas arches 
soa and rise over flat ground may be built according to the other methods, 
T Types of Centerings of Bents. The first type (Fig. 130), which is 
sed for concrete arches, generally js designed so that the load upon the lagging 
transmitted to joists spaced from to to 24 inches on centers, supported 
trar Werse caps resting upon yerlical or inclined posts. In the second 
I » Fig. 128, which is generally used for stone arches, the lagging rests 


ces. \ 
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directly upon bows spaced from 3 to 6 ft on centers, the bows being supported 
by the posts. In Fig. 128 the voussoirs are shown supported by wedges, but 
usually lagging is used in lieu of wedges. ‘lhe 
first type is preferable for concrete bridges, 
because, upon the completion of the arches 
and the striking of the centering, lagging, 
studs, and wales of proper sizes 
are available for the balance of 
the concrete construction. The 
second type is better for-stone 
arches, because by laying the 
lagging with open joints 
the bottom or soffit 
joints of the voussoirs 
are accessible and 
can be “packed 
with rope or. rags” 
for grouting, the 
packing removed 
and the work 
pointed prior tothe 
removal of the lag- 
ging. Further, this 
second method 
permits the placing 
of wedges under 
each youssoir, al- 
lowing small errors 
in the top curve of 
the centering or the’ 
top curve may be 
omitted and the 
curve of the soffit’ — 
made by shimming pieces and wedges of variable heights, as in Fig. 128.” 
Loads and Stresses. The centering should sae 
be designed to carry the weight of the arch ring 
alone, except in the case hereafter noted, In 
the case of concrete the nature of the load 
varies, the concrete 
being deposited as a 
semi-liquid. For unit 
weights see Art.2. The F 
weight of the falsework eae aq] 
is negligible, except in .very high falsework. It is 
suggested that, in determining the load upon the 
centering, friction be neglected, as this is on the safe 
side and other assumptions reduce to an absurdity. 
Fig. 129 shows a voussoir or section of stone or con- 
Fig. 129 crete, abcd, supported by the lagging and by the — 
; masonry or strut SS below it. The weight Wis 
resolved parallel and perpendicular to a tangent to the lagging at its middle 
point, giving a normal component NV, which must be carried by the centering. 
Assuming that there is friction along ab, which reduces the intensity of N, 
it is evident that the reduction cannot equal T times the coefficient of friction, 
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ecause, if such were the case, the arch ring from the joint ab to the springing 
ne would have to be capable of supporting itself. Concrete when deposited 
eing in a semi-liquid form would cause little friction along the joint ab, 
nd the setting of the concrete could not modify the initial stresses. 

In addition to the loads of the arch ring, the effect of wind pressure upon the falsework, 
rior to the keying of the arch, should be considered, and where the arch is over a stream, ~ 
iasonry footings should extend to above the high-water line, or other precautions taken to 
rotect the falsework from injury, due to the pressure of ice or débris. 

Information upon the Design of Centerings. The lowest 30° of a semi- 
ircular arch and of other arches of less rise exert little vertical pressure upon 
the falsework and may be built upon a template or 
light falsework. In applying this general rule to an 

arch which is not semicircular, the 30° 
. point is one at ‘which a perpendicular to 


Ets the tangent to the intrados 
NS ‘makes an angle with the hori+ 
zontal equal to 30° 

7 ~< Fig. 127, which is a 

eS ee design used in the 
F construc- 

tion of a 


brick arch, 
shows that 


Fig. 130, Centering for Voussoir Arch 


, template was used in the lower portion of the arch. 


The settlement of the centering may be computed approximately by using 
he rules given in Art. 40, but as arch centering should be, and generally is, 
f a better grade of carpentry work, an allowance is suggested of 42 inch for 
‘taking up” and %2 inch additional for each joint, where end grain bears 
ipon side grain, provided the «nit stresses of Art. 29 are not exceeded. If. 
articular care is not taken with the joints, such as adzing off rough places, 
he settlement may more nearly equal 4g inch for “taking up” and 4g inch 
or “biting.” 

At the Piney Branch Bridge, Washington, D. C., there were used six joints between 
he soffit and foundation, two of which were in end bearing (Tig. 130), Assuming.-first- 
lass carpentry work, which was obtained, the settlement due to “taking up” and “biting’”” 
vould be 6X Ye + 2X Y%o=% in. To this must be added the columnar shortening 
vhich, on the basis of the formula in Art. 40,zives a total of %o in, which agrees closely 
vith the actual measurements. Measurements of other centerings show that the limits 
je between 14g and Yo inch, depending upon the grade of carpentry work. However, 
yhen the unit compression upon side grain exceeds the allowable unit stresses, the settle- 
nent of thecentering is greater. In some parts of the Connecticut Ave. and the Edmondson 
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Ave. bridge centerings where the stresses were 50% higher than allowed in Art, 29, due 
in part to defective framing, the “bite’’ was 14 inch per joint. 

When the posts are placed vertically, and not radiaily or approximately radially, there 
is a lateral deformation of the centering as well as the vertical. When posts are vertical, 
struts must bear against the transverse caps, to preyent displacement under the radial 
pressure, or the joists resting upon the caps must be notched out and shimmed tight against 
the caps. Centerings are frequently designed with only one-half as’ much load on the 
outside posts of the same bent as upon the middle and intermediate ones and the cross- 
section of all timbers is made the same. Asa result the center settles and the face forms, 
if the arch is of concrete, go out of plumb often as much as % inch in 5 ft, and if the 
arch is wide a crack may be formed. When the arch is to be built of concrete; the caps 
should extend about 3 ft beyond the face of the arch ring to support the forms for the face 
of the arch and also to provide a walk way. 

Sway Bracing need not be computed for wind pressure, except for high 
arches. It should, as a rule, be heavier. than such computations indicate 
to be necessary. A. study of successful designs is suggested. Very little 
longitudinal bracing is required, except such girts as are necessary to take 
the horizontal ;component of. the load of the arch when vertical posts are 
used.. The.use of steel, except for sway rods and in the form of plates or 
channels’ to increase end bearing, is not generally recommended.) Steel is 
greatly affected by temperature and should not generally be used. However, 
in centerings of high arches the posts for 4 the height of the centering may 
be of steel, as their expansion or contraction will have comparatively little 
effect. upon the total height of the falsework. 

Since centerings are designed for temporary work, the less permanent woods, such as 
hemlock and short-leaf pine, may be used for posts, lagging, and sway-bracing. . Only 
hard wood should,as a rule, be used for sill, caps, 
and wedges, altho long-leaf pine is sufficiently hard 
for caps. Long-leaf pine is best for joists. 
Layout. Having determined 
upon a centering of bents, 
the types of founda- 
tion, span and curve 
of the arch 
govern the 


Fig. 131. Centering for Voussoir Concrete Arch 


layout. ‘The distance of the posts apart at the top of the centering should be, 
in general, as great as the available depths of joist or, in a case of a stone 
arch, centering, the available depths of timber for the bows, permit. Joists 
cannot generally be gotten of larger dimensions than 6 X 16 or 4 X16 and 
sometimes’! only 4 x14 in. If rock or other suitable foundation can be gotten 
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at shallow depths, Fig. 130 gives a goéd layout: If suitable foundation is at 
considerable depth and foundations are expensive, Fig. 131, which shows the 
center for the main arch of the Edmondson Avenue bridge at Baltimore, gives 
a good layout. In this design the railway track near the center of the arch 
was cleared, which somewhat modified the layout. 

Fig. 127 shows a good way of supporting a centering upon an offset in the foundation 
masonry. Small arches upon high piers may be supported in a similar manner upon a 
projecting coping or upon projecting blocks of concrete or masonry: 

Details for a Concrete Arch Centering. The lagpitig should be of 
tongued and grooved flooring; stich as second-class Virginia pine flooring, 
drest one side and having a thickness of from % to 1%4 inches, depending 
upon the distance center to center of joists. The deflection of the lagging 
under full load should not exceed ¥% inch per ft and preferably should be less, 
Joist may have their tops sawed to the curve of the soffit or a spiking strip 
2 inches wide may be used. This spiking strip may be of a low grade of 
lumber, and its use will result in a saving, particularly where the radius of. 
the curve of the arch is less than rs50 ft. Posts, when ificlined, as in the 
case of the lower posts of Fig. 131, should be supported at one or more points 
by timber marked A in figure, otherwise they will sag materially and be inefii- 
cient as columns. Where end grain bears upon side grain, the end-bearing 
area may be increased by‘angles, as in Fig. 130, or by steel plates or channels. 
The number of joints in side-grain compression should be reduced to a mini- 
mum, and therefore for high centering continuous posts are preferred to inde- 
pendent stories. 

It is expensive to cut bevels and miters at the ends of timbers and notches at inter- 
mediate points, and since the salvage of the timber is less when so cut, they should be 
omitted when possible. The difference in the cost of framing may be increased from 
$15 per 1000 B.M., which is an average ptice, to $40 by failure to consider this point 
in design. Caps should extend over three or hore posts: They should be drawn tight 
upon the posts by means of bolts or other fastenings and bé tied in place by fishplates and 
bolts, by notches in the joists above them, or by continuous struts, as in Fig: 130. 

Wedges may be placed at the tops of posts, as in Fig. 131, or at the bottom, 
as in Fig. 130. When placed at the top, they permit of easier adjustment 
of the top before concreting, as there is less load to lift. When at the top 
théy should be placed at right angles to the length of the cap, as in this 
position they are more easily driven than when placed parallel to the cap. 
Wedges at or near the top should not be loaded with more than 15 short — 
tons per wedge. At the bottom they may be loaded to 20 short tons. With 
this loading they may be loosed with a 12-Ib sledge hammer. Wedges should 
be of hard oak with a bevel of 1:5 to 1:10, preferably theformer. They need 
not be spiked in order to hold them in correct position relative to each other. 
Lubricants do not appear to facilitate striking, as they are forced out under 
the pressure of the arch load, and the friction to be overcome is due largely to 
the mechanical interlocking of the fibers. At Piney Branch Bridge the 
éoefficient of friction of white-oak wedges was found to be about 0.4. 

Screw Jacks may be used to lower arches, but they are generally too expen. 
sive. It is proposed in the construction of the Hendrick Hudson Memorial 
Bridge, New York, to use hydraulic jacks, not only to strike the centering, 
but to jack it up if there is any settlement of the falsework foundations. 

Sand Boxes Have been used extensively in Europe, but only in a few cases 
in America. They permit the centering to be lowered without jar and quickly 
if desired. Their first cost is high, but in large arches the cost of striking 
won wedges is so great that it is thought sand boxes result in economy. 

ey cannot be used to raise the centering before it is loaded, in order to 


\ 
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adjust the curve, and great care must be taken to keep the sand dry during 
the entire construction. The sand should be thoroly washed and dried before 
being placed in the boxes. Fig. 132 shows details of the sand ales used in 
the main arch of the Edmond- 
son Avenue Bridge, Baltimore. 


This sand box consisted of a 
cylindrica] shell built of 34,-in P 
sheet steel inclosing, at the bottom c 10"Diam. Wood 
of the cylinder, an oak bottom, ii 
which fitted snugly against the 
steel. The box. was then filled 
with dry clean sand, upon which 
rested a circular oak plunger, 
which supported the bottom of the 
posts of the centering. Near the 
bottom of the box wasa 1-in cir- 


7 Steel rite. 


.cular hole, closed by a wooden Fig 132. Sania Bex 


plug, which was removed when it 1 
was necessary to lower the centering, permitting the sand to run out of the hole. The 
top of the cylinder was covered with several thicknesses of tar paper, in order to exclude 
rain. The maximum pressure upon the sand was 620 lbs per sq in. The stress in the 
steel shell was figured on the basis of this pressure applied to each sq in of the shell, or 
on the basis of water pressure. 

Erection. A full-size drawing of the centering should be laid out upon a 
level floor, using transit and steel tape. Templates of thick p:per or prefer- 
ably of white pine should be made of all curved pieces and of the ends of all 
members having beveled or mitered ends, and the full length of each piece 
measured, intermediate notches being accurately located. The separate 
pieces of the centering should be laid out, using these templates and measure- 
ments. In making the layout drawing, the true curve should be first laid out 
and then. a second curve drawn, adding sufficient camber to-allow for the prob- 
able settlement of the falsework: 

All carpentry work should be the best class of heavy timber work. Care should be 
taken to see that all saw cuts afe true, and surfaces of abutting timber should be adzed 
off to make a:snug fit.. Just before the centering is loaded it should be inspected and all 


joints which have opened up should be shimmed tight, using shingles or thin wedges. 
During the construction of-the arch similar wedging should be done, as the sett!ement of 


- the falsework may open joints, . 


As large centerings are expensive and if destroyed by fire, not only the centering, but 
the arch also is lost, they are occasionallyinsured and given fire protection. At Connecticut 
Avenue Bridge. the centering for which cost about $50 000, a 4-in water main was laid 
along the top of the construction trestle and a hose connection with hose attached pro- 
vided opposite each large arch. The centering was watered every evening as an additional’ 
precaution. The wetting of the centering, however, tends to cause softening of the wood 
fiber of the side grain, and when used, somewhat lower stresses upon side grain should’ 
be used than are allowed in Art. 29. 


For concrete arches the tongued and grooved lagging should be laid with a board 
omitted every ro ft, so as to allow for the swelling of the flooring when it rains, otherwise 
much of the flooring will buckle and have to be relaid. If continuous forms are built to 
form the face of the arch ring, they should be sawed thru with radial saw cuts at intervals 
of about every 25 ft, otherwise when the centering settles these forms will twist and pie 
and an unsightly face results. 


It is customary to speak of lowering the centering, but when the wedges at the top of © 
the falsework are loosened, the centering actually rises. It has been held down by the: 
weight of the arch, and when the wedges are driven out, due to the elastic resilience of the 
wood, the centering rises. If the wedges are at the bottorn of the falsework, ‘the general 
movement of the falsework is downward, but the falsework is not really lowered won, 
the timber i is no longer under. restraint. 
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It seems to be the common opinion that when wedges are moved and still remain tight 
the arch is lowering and following the centering. This usually is not so, Arches 
of concrete, built of alternate blocks, do settle very slightly, duc to the fact that the con- 
¢rete of each block shrinks in setting up, but in arches from 60 to 150 ft, of moderate rise, 
the settlement is seldom over % in. Arches built in longitudinal rings settle less. 

Tf the temperature rises after keying the arch, the expansion of the concrete may be 
sufficient to develop arch action while the arch is still on the centering, and’ if so, prob- 
ably no settlement will take place. Or if the falsework is weak, the arch will key itself 
tight, due 1o.its own load. If the falsework is very wet when keyed, the arch may also 
develop arch action by the shrinkage of the timber due to drying out. If the temperature 
of the air falls 15° or 20° for any length of time after keying the arch and the centering 
is stiff, the contraction of the arch masonry. may cause cracks to appear in the arch 
while still upon the centering, unless the arch is reinforced with steel. 

Tf an arch is built in alternate transverse sections, the falsework may have to carry ioads 
in excess of the weight of the arch, due to the fact that on account of the shrinkage of the 
concrete in the several sections the arch ring consists of a muimber of separate blocks 
which are not quite in contact. A load suchas that at A, Fig.131,ifplaced upon the arch 
before striking the wedges, may have to be carried by the centering. a both the Connecti- 
cut Ave. arch and the Edmondson Ave. arch a settlement of about 4 inch took place 

“in the crown when the load A was placed. After this there was no appreciable lowering 
of the crown, except upon striking the settlement may have been as much as 14g in. 

Details of a Stone Arch Centering. All the foregoing data are generally appli- 
cable to centering for stone arches. The lagging for stone arches may consist ot timber 
from 3 to 6 inch thick and laid with open joints, as in Figs. 126-128. The wedges are 
placed under the lagging or at lower points. ‘These figures also show typical bows which 
may be used for the trussed or the bent type of centering. As a considerable portion of the 
arch stones tnay be placed temporarily upon the falsework to decrease deformaticn with- 
out inconvenience to the contractor or added cost, the bowstring centering is somewhat 
better adapted to stone than to concrete arches. 
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Definitions and Description. The top chords of roof trusses, sometimes 
called the main rafters, usually support timbers called purlins, laid at right 
angles to the planes of the trusses. These purlins support timbers. ‘called 
common rafters, laid at right angles to the purlius or parallel to the main 
rafters. Upon the common rafters are laid boards called sheathing, and upon 
the sheathing a roof covering, such as tin, shingles, or terra cotta.. The 

- purlins may be laid close together and the common rafters omitted, or heavy 
planking may be used to span between main rafters and both purlins and - 
common raftersomitted. This latter method is uneconomical and seldom used. 


Trusses are usually placed from 12 to 16 ft on centers, purlins 8 to 10 ft, 
and common rafters 1% to 24% ft. Purlins should be placed at or near 
panel points so as not to cause flexure in the top chord members. When the 
common rafters are omitted, the top chord members should always be com- 
puted for both compression and flexure. Purlins may be placed with their 
sides either vertical or at right angles to the main rafters. “The latter method is 
slightly more expensive, except where the purli_s are supported by steel hangers. 

Roof trusses are designed to support the roof and snow load and withstand wind pres 
sure and occasionally to support a ceiling or lower floors, which are hung from the trusses 
by means of hanger rods. For loads and stresses see Sect. 8. 

Weights of Trusses. The following formula, recommended by H. S 
Jacoby (Structural Details, rgr0), is based upon r21 designs of English and 
Belgium roof trusses of spans ranging from 48 to 196 ft, with a tise of one- 
sixth to one-third of the span, spacing of trusses 8 to 12 ft; a snow load of 
25 lb per sq ft and a normal wind load corresponding to a pressure of 40 Ibs 


per vertical sq ft. W = tal ( +oasa) 
\e 
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in which W is the weight of a truss in pounds, @ the distance between centers 
or trusses, and / the span, both a and / being exprest in feet. The above 
approximate weight of truss is suggested for use in design, but the weight of 
the truss, when designed, should be estimated and compared with the approxi 
mate one used. 

Common Types of Roof Trusses are shown in Fig. 133. In these 
diagrams the heavy lines indicate timbers, the lighter ones iron or steel ties, 
the light dotted lines 
counterbracing and the (5) 
heavy dotted lines auxil- bee 
iary timbers. When 


timbers are used as ten- 

sion members they are (3) (9) 
marked witha plus sign. b 

The ends of timber ties a Ah 

should be detailed to Fig. 133. Types of Roof Trusses 


transmit tension, using : 
steel straps or gusset plates and bolts for this purpose. ‘Trusses with all 
tension members of iron or steel are called combination trusses. 


Type, (1) is used for temporary buildings such as sheds, the spans not 
exceeding 24 ft. The horizontal tie is generally supported at its middle 
by a tie rod or plank, shown by the dotted vertical line. An intermediate. 
horizontal plank, shown by the dotted horizontal line, spiked to the main 
rafters, may be used to stiffen the truss. Type (2) is a king-rod truss, which 
is a modification of type (1), the rafters being supported by timber, struts 
at their middle points. This type is used for 24 to 36 ft spans. Type (3) 
is a combination truss with main rafters supported by struts at middle points, 
which may be used for spans of 25 to 45 ft. Joint & should be pin-connected, 
and ties ab and bc should not be in one length. Type (4) is a queen-rod 
truss suitable for spans between 24 and 36 ft. The middle panel should be 
counterbraced, as shown by light dotted lines, to take care of the wind pressure 
upon the roof and eccentric loading. When this type is used with a pitch 
roof, rafters are placed above the top chord, as shown by heavy dotted lines. 
For spans between 36 and 45 ft struts should be placed to support the main 
rafters at their middle points. ‘Type (5), called a scissor truss, is suitable ~ 
for spans 24 to 30 ft and where a 
high ceiling is desired. Modifica- 
tions of this are sometimes used for 
slightly larger spans. Type (6), 
called an English roof truss, is used: 
for spans from yo to 60 ft, or for 
larger spans with an increased 
; number of panels, For the shorter 

: lengths it is built in 6 or 8 panels, 

Fig. 134. Howe Roof Truss Type ()), called, the ‘Beleign (ame 

truss, may be used for the same spans as Type (6). In this truss the struts 

are perpendicular to the rafters and there are two less panels in the, lower 
chord than in the upper one. 

Howe trusses are generally used for flat roofs, for spans from 40 to r30 feet. 
They are built with depths equal to from % to Yo of the span. Fig. 134 
shows the middle portion of one of these trusses. The upper chord is hori- 
zontal, but the roof is made to have a low pitch by using short vertical struts 
of different lengths. There are no counterbraces, since there is no rolling loaaly 
This figure will apply to roofs of from 85 to 125 feet spa. 
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43. Design of a Roof Truss 


Data of Desigti. (Fig. 135.) The truss will have a span of 48 ft, pitch 
30°, distance center to center of trusses 16 ft. The roof covering will be of 
%46-in slate laid upon wooden sheathing. The sheathing will be supported 
by common rafters resting upon purlins at or near panel points of the top 
chord. Slate roofing is selected in preference to tin, corrugated iron, or wooden 
shingles because of its permanency and low cost of maintenance, and in 
preference to clay tile because appearance is not desirable and slate is the 
cheaper. For slate roofs the pitch should not be less than 1:2 or 26° 20”. 
This rule for pitch may be applied to the other kinds of covering mentioned. 
‘The trusses were spaced 16 ft apart on centers, as this is generally the maximum 
limit of span for untrussed purlins. This spacing therefore is the economical 
one, The roof has been designed to carry the dead load, a snow load of ro lbs 
per sq it of horizontal area and a wind pressure of 30 lbs per sq ft of vertical 
area, which for a 30° pitch gives a pressure normal to the roof of 19.9 lbs 
per sq ft (see Sect. 8). The weight of the slate covering and sheathing was 
taken at x1 lbs per sq ft of roof. 

Unit Stresses. Long-leaf pine was used thruout. ‘The allowable unit 
stresses in Art. 29 may be increased 30% for protected timber not subjected 
to impact as in a building. On this basis the allowable stresses in lbs per sq 
inch are; tension with the grain 1560, compression with the grain 1820, com- 
pression in short columns 1300, compression across the grain 455, extreme fiber 
stress 1560, shearing with the grain 195 and shearing across the grain 1625. 

Common Rafters. The rafters will be placed 2 ft centers, so that %-in 
tongued and grooved sheathing drest one side may be used. Occasionally 
the sheathing may haye to be figured as a beam to carry the load upon it, 
but usually it may be selected without computation. The vertical load upon 
the rafter consists of the weight of roof covering and sheathing, snow load and 
the weight of rafter assumed at 3.5 lb per lineal foot; or 2 x 9.25 X 11 + 2x 8X 
19 +3.5% 9.25 =396 lb. The wind load acting perpendicular to the top of 
the rafter is 2.x 9.25, X 19.9 =368 lb, 

The total load normal to the top of the rafter equals 368 + 396 X cos 30°= 711 |b. 
The load parallel to the length of the rafter=396 Xsin 30°=198 Ib (Fig. 135¢). This 
latter component is transmitted direct to the purlin, altho a part may be carried up thru 
the common rafters to the apex of the roof. In this design it will be assumed that the 
entire component is taken by the purlins. To select the size of rafter, enter the beam 
table (Art, 31) with a load of 711 X 1900/1560 ='460 Ib, since the table is based on a fiber 
stress of 1000 lb.- Fora span of 9 feet a 1 X 6 in rafter would be almost strong enough, 
but for nailing the sheathing a 2 x 6 in should be used. If the rafter be investigated for 
bearing at the ends, horizontal shear and deflection, it will be found large enough. 

Purlins. Since the load upon the purlins (Fig. 135f) is inclined, it is 
necessary to find the inclination of the’neutra] axis in order to find the true 
stresses. The following formulas from Jacoby’s ‘Structural Details” are 
recommended: 
Tan f = (d?/b%) tana I='%2 bd[(dcos fh)? + (b sin B)*] 

c= ¥y (dcosf +hsinf) S=Mc/I i 
in which « is the angle made by the load with the longer side of the beam and 
js the angle between the neutral axis and the shorter side of the beam. d and 
% are the depth and width of the beam in inches, I is the moment of inertia, 
¢ is the distance from the neutral axis to the most remote fiber, M equals the 
bending moment in inch-Ibs and S equals the maximum fiber stress per sq in, 

. The normal to the top of a purlin exclusive of its weight, since there are 8 rafters 
in each of purlin, =711 X8 =3688 lb, and the load normal to the side of the purlin 
is 198 X8=1584 aN, The weight of the purlin is approximately 12 Ib per ft, or 192 Ib. 
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Resolving this weight normal to the top and. side of the purlin gives respectively 167 Ib and 
96 lb to be added to the foregoing loads, or the total load normal to the top=5890 lb. 
and that normal to the side=1680 Ib. The total load on the purlin equals 6130 lb, and 
then M=6130 X16 X12/8=147 000, the load being assumed as uniformly distributed. 
Tan a=1680/58yo. Assuming the dimensions of the purlin to be 8 by 10 in, and the ro-in 
side normal to the main rafter, §=24°—10, I=625, c=6.19, M =147 000 inch-lb and 
S=1450 lb, which is within allowable unit stress. 

The equation for the moment of inertia shows that when f is small, J is small, and as J 
varies directly as b/d, a purlin in which this ratio is small, as in the case of one 3 by 10 
in, is uneconomical. For this reason the placing of the purlins close together and omit- 
ting the common rafters is not generally economical. 

Allowable Compression. Jacoby’s equation for the allowable unit com- 
pression S upon a surface which makes an angle @ with the fibers is S = 
§1 sin? 9+ S2 cos? 9, in which S; and S2 are respectively the allowable unit 
stresses in end bearing and across the grain. For long-leaf pine used in 
buildings S; =1820 lbs, Sz =455 lbs, and for these stresses the equation may be 
Written 1365 (1.33 —cos?@). This isa convenient form for use in designing. 
As every washer and timber in bearing must be figured for compression, the 
table in Art. 44 may be used to reduce labor in designing wocden bridges, 
and it may be applied to buildings by increasing the tabular values 30 per cent. 

Truss Members. The maximum stresses are given in Fig. 135¢c. For the 
TOP CHORD the maximum stress is 36 ooo lb compression. The length of the 
chord. per panel i is g ft 3 in. The allowed stress per sq in for columns under 
15 diameters is 1300 Ib. The approximate net area hence is 36 000/1300 = 
28 sq in. Use a 6 by 6 inch timber in order to allow for the cutting of 
daps and notches, holes for bolts and tie rods. While. theoretically smaller- 
sized timbers may be used in the upper panels, it will be cheaper to make 
the main rafter or top chord of one length, and even where a single splice is 
necessary, due to the length of rafter, the use of the same size of timber thru- 
out the length is economical. For the Bottom cHORD the maximum stress 
is 31 300 |b and the allowed stress per sq in 1560 1b. To allow for the cutting 
of daps and bolt holes, particularly at the end joint, a, use a 6 by 6 in timber. 


The strut Be has a maximum compressive stress of 7200 lb. Its length is 9 ft.3 in. 
Since the column length is small, the side-grain compression of the chord by this member 
will determine its size. For the purpose of selecting the requisite size it will be suffi- 
ciently accurate to assume that the end of the timber bears against the side grain of the top 
chord, the angle between the top chord and Be being 60°. The requisite size is 7200/455 = 
16sqin. Since this member will sag slightly, due to its inclination, use a 4 by 6 in timber- 


Tue strut Cd has a maximum compressive stress of 9500 lb. Its length is 12.0 ft. 
This strut, on account of its length, will be first computed as a column. » Enter the column 
table (Art. 31) with a load of 9500 X 1000/1820 = 5300 |b, since this table is based on a 
stress of 1000 Ib. per sq in and the allowable end bearing is 1820 lb per sq in. A 4 by 4 in 
timber is theoretically safe as a column, but on account of the bearing against the side 
grain of the top chord the timber must be at least 9500/455=21 sq in. The nearest 
commercial size timber is 4 by 6 in, but as the member is not vertical and will’ sag 2 
slightly, use a 6 by 6 in. 

Tue TIE Rov Bb, if there is no ceiling to be supported as in this design, carries very 
little stress, its function being to prevent any sag in ac; a 5g-inch rod will be used. 
The tre rop Cc is strest 3600 Ib. To select the proper steel rod, enter table in Art. 34 
for recommended stresses in bolts. A 5%-in rod is too small, therefore use a #4-iz 
rod which is good for 4830 Ib. It should be noted, in this table, that the gross area o} 
a 5g-in rod is the same as the net area of a %4-in rod therefore if the ends of a 5¢-ir 
rod are upset it will be strong enough. A 34-in rod without upset ends will be used 
because in small trusses where only a few rods are required they are often made in smal 
local shops and the welds are not first class. The tie rod Dd may be selected in a simila 
manner, a 114-in rod being used; if the ends are upset a 11¢-in rod will answer. 


Jomt C, The washer for the tie rod should be a beveled one (Art. 32). The end o 
fhe strut should be cut as shown in ihe figure so that the short bevel bisects the angh 


we. 
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between the top chord and strut Cd. If so'cut this bevel will make the same angle with 
the fiber of both the top. chord and Cd, and the allowable unit stress will be the same 
for both the top chord and strut. If cut at any other angle the allowable stress will be 
\ess for one member and greater for the other and the lesser will govern. The angle 
made by the surface of the small bevel with the fiber of both chord and Cd equals 50°, 
and the safe allowable pressure, from table in Art. 44, is 1260 lb per sqin. The pressure 
on the bevels is found by resolving the stress in the strut, 9500 |b, into two components, 
one perpendicular to the short bevel and the other perpendicular to the long bevel. This 
gives a pressuve.on the short bevel of 4700 Ib and on the long bevel of 6600 Ib. There- 
fore the length of the short bevel must be 4700/1260 X6= % in. Make the bevel 84 in 
to allow for inaccurate framing. The surface of the long bevel makes an angle with the 
top chord of 7° 30’ and the safe compression from the table of Art. 44 is about 480 lb 
per sq in. The length of the bevel is 514 inches, and the pressure per sq in therefore 
equals 6600 /6 x 514 = 200 Ib, which is safe. 


Jomwvr D, The stress in the vertical rod is 14 400 Ib, and the washer makes an angle 
of 30° with the fibers of the chord. The safe bearing from table 1 is 790 |b per sq in. 
The net area of washers required =14 400/790=18 sqin. A standard cast-iron washer 
can therefore be used, see Art. 32. The horizontal pressure at the joint is 18 700 lbs, 
and the angle of the joint surface with the fibers is 60°. From the table the allowable 
compression is 1470 lb per sq in.. The net area of contact, deducting the area cut out 
by the bolt hole, must be at least 18 700/1470=12.7 sqin. The actual area is much 
greater than this. 

Joint d. The stress in the vertical rod is 14 400 Ib. The washer presses against 
the side grain of the bottom chord, and therefore its net area must be at least 14 400/455 = 
31.6 sq in. Use a 66X84 washer (Art. 32). The bevel surface of the angle block. 
makes an angle of 40° with the fiber of the block. ‘The allowable compression from the 
table is therefore roro Ib per sq in, and the stress in Cd being 9500 Ib. the necessary area 
is 9500/to10=9.4 sq in, The actual area is 36 sqin. The bearing of the bottom of the 
block upon the side grain of the bottom chord is evidently sufficient. The dap’in which 
the angle block is seated must be deep enough so that the difference between the hori- 
zontal components of the stress in Cd and in Cid can be transmitted when the wind blows 
on either side of the truss. The horizontal component equals 2700 Ib. Now since both 
the block and chord bear on end grains, the depth of the dap must be at least 2700/1820 X 
6=%4, in. Use \%4-in dap to allow for the inaccurate framing. In this design it is not 
necessary to compute the actual horizontal shearing stress in the block, due to the pres- 
sure of 2700 lbs, as it is evidently very low. ¥ 


Jom c. The washer was designed similar to those of joints D and d. The short 
bevel at the end of the timber is on the line bisecting the angle between the lower chord 
and Be, see joint C. The angle made by the surface of the short bevel with both the chord 
and Be is 75° and the allowable compression for both chord and strut is 1715 lb per sq in. 
Therefore since the stress Bc is 7200 |b, the length of the short bevel must be 7200/1715 X 
6="Ao inch, but x inch will be used to allow for inaccurate framing. 


Jom a. The stress in the tie equals 31 300 Jb, The allowable unit tension equals 
1560 Ib per sqin. Therefore the net cross-section of the tie must be at least 31 300/1560= 
20 sq in, which requires a net depth of timber of at least 3144 in. Using 31% in, the length 
of the heel beyel of the top chord will be 244/cos 30, or 2% in. The toe bevel should be 
a little less, and in this design will be made 114in. The total area of end bearing there- 
fore equals (27% + 114) 6 = 2614 in. The angle made by the bevels with the fiber of 
the bottom chord equals 60°. ‘Therefore, from table in Art. 43, the allowable compression 
is 1470 lb per sqin. ‘Therefore the total allowable pressure on the bearing is 1470 X 2614 
=38 600 |b, which is greater than the thrust of the top chord. In order to take care of 
the horizontal component of the thrust of the top chord, the distance from the heel to 
the end of the lower timber must be such as to develop the necessary horizontal shear, or 
the length must be at least 31 300/6 X 195 =27 in, as shown in the figure. 

Tn this design the bolt tying the chords together is not figured to transmit stress, but 


is designed to hold the members together. ‘The bolt at the end of the timber is intro- 
duced to increase the resistance against horizontal shear. 


‘The hearing area on the post must be able to take the total reaction of the truss, or 


#1600 lb. Since side grain bears on side grain, this area must be at least 21 600/455, or 48 
‘gin. The block should therefore be at least 8 in wide. However, since the truss will de- 


=" \ 
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Fig. 135 (e) 


Fig. 135. Desigm for a Combination Roof Truss 


flect under its load, the pressure on the inside of the block will be greater thanon theoutside, 
‘The pressure is not uniform, but the exact difference is unknown. ‘An area 25% im 
excess of that theoretically required is recommended, or 48.X 1.25 =60 sq, In. ince 
the chord is 6 inches wide, the block should be at least 10 inches long and a6 X 10 in block 
will be used. ; fl 

Tf it is impractical to get a jength of 27 in to take care of the horizontal shear, @ ol! 
or bolts may be used to take part of the shéar as at Fig. 1860.  Assiime that the lengtt 
is 24 in, then the shear to be taken by the bolt equals 3 X 6 195 OF 3510 Ib. Resolving 
this horizontal stress parallel, to the bolt and perpendicular to the tie member, as ii 
Fig. 135), gives a stress in the bolt of 7oz0 Ib., Enter table of recommended stresse 
for bolts (Art. 34), selecting a 1-in bolt, which is a little larger than necessary The to} 


~ 
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pra: which bears on side grain, snould have a net area of 7020/488 of 15.5 sq in. Use 

a 4X4 xX in square plate washer. 

A bolster will be used under the end of*the truss so that it will not be necessary to cut 
into the bottom chord timber in order to get'a proper bearing for the lower washer. ‘This 
bolster will stiffen the truss and is particularly valuable when the support cannot be placed 
directly under the intersection of the neutral axes of the top and bottom chord timbers. 
The bolster will be made.of a 4x6 in timber. It must transmit to the lower chord not 
only the horizontal component of the pull of the bolts, but must also take the horizontal 
component of the wind pressure. 

The design of the bottom wesher is similar to those in joints C and D. "A key of long- 
leaf pine will be provided at A to transmit the horizontal pressure, which amounts to 
3510+4200=7710 lb. The area of bearing of the key in both the bolster and lower 
chord members, since both the key and adjacent timbers bear on «ad grain, must be at 
least 7710/1820 =4.2 sq in, and the depth of the key must be 24.2/6=1.4 in. A depth 
of 114 in will be used. The length of the key should be 7710195 X6 =6.6 in, but 644 in 
may be used. The distance of the end of the key from the nd of the bolster must also 
be 6% in. 

The key tends to rotate, the moment being equal to 7710 X 34, or 5785 in-lbs, the arm 
of the horizontal forces acting on the top and lower halves of the key being $4 in. This 
moment compresses the top and bottom of the key and the adjacent chord and bolster 
timbers. The maximum compression S=6 M/bl’in which M is the rotating noment 
in in-lbs, } is the width of the key and / its length in inches, or S=6 X 54785 /(6X 6% x 
614)=136 lb per sq in, which is safe. The rotating moment also causes tension in the 
adjacent bolt, This bolt acts with a leverage of at least 14 the length of the key, or 
3%, in. The stresé i in the bolt will not exceed 5785 /314 or 1800 lb. A 84-inch bolt, altho 
stronger than theoretically necessary, will be used. 


44. Howe Bridge Trusses 


General Data. ‘Timber bridges are generally of the Howe type, shown in 
Fig. 136. All members of this type are of timber except the vertical tension 
members and the lateral and. sway teusion members, Phe depth of the 
trusses of thru bridges is generally governed by the necessary overhead ¢lear- 
ance, which is 14 ft for highways and from ¥7 to 2a ft for railways. The 


weights of Howe trusses and of Howe bridges are about 4% larger than those : 


of steel bridges of the same span, character of floor and class of loading, 
The stresses in the Howe truss are Similar to those in the Pratt type, except 
that the diagonals carry compression instead of tension. 

Compression on Inclined Joints. The following table, based on the first 
table of Art. 29 and on Jacoby’ s formula given in Art. 43, will be found useful 
in designing the joints of timber bridges. 


Allowable Compression in Pounds per Square Inch on Surfaces Inclined 
to the Fibers 


Inclination 0 between surface and fiber 


Kind of timber 


White oak... 5552223515 
White pine.....,....3- 
Southern long-leaf pine. 
Douglas fir. -.25.....- 
Short-leaf yellow pine. . 
Red pine (Norway pine) 
Sune and eastern fir . 


‘For wae trusses rr aaa these values may be increased 30 per cent, owing to the 


absence of shocks due to live loads. 
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».and bottom chord timbers. Not more than one timber should be spliced 
the same panel. Splices should be made at packing blocks. The simplest 
ver chord joint is the tabled fishplate type, and other styles are shown in 
t. 34. 

Angle Blocks. Hoilow or solid cast-iron or oak angle blocks are used to 
stribute the compression brought by the web members. upon the side grain 
the chords, and channel washers as in Fig. 136 are often used in lieu of 
ate washers to transmit to the chords the pull of the vertical tie rods. 
ypical floors for timber bridges are shown in Fig. 121. 


Design of a Howe Truss. The truss in Fig: 136-was designed for a 
shway bridge having a span of so ft and a width of 16 ft. The bridge was 
signed for a live load of 100 lb per sq ft and a 15-ton road roller. _Long-leaf 
ne was used thruout. The allowable unit stresses are those of the first 
ble in Art. 29 and those of the table in Art. 44, The sizes of the members 
sre determined in a similar way to those of the roof truss (Art. 43). The 
me sizes of timbers are used in all panels of the top chord and all panels of 
e bottom chord, altho theoretically uneconomical. In using the column 
bles or applying the column formula to the top chord or other built-up 
mpression members, the separate pieces should be regarded as detached 
lumns. When the separate pieces are well packed and bolted, they may 
t together as a single column, but on account of the shrinkage of the umber 
is not safe to depend upon such action. That chord which supports 
e floor beams, unless these are placed at panel points, should be computed 
r both flexure and direct stress. In this design, the floor beams are placed 
panel points only. 

Joint C. The stress on the vertical tie rod is 18 600 Ib. The allowable bearing on the 
le grain of the top chord from the table of Art. 44 is 350 lb per sq in. The necessary 
t area of washer is 18 600/350= 54 sq m. Allowing for the bolt holes, the necessary 
98s area is 57 sqin. A 6-in channel the full width of the top chord, or 16 inches long, 
used, as this size washer is needed at joint B and the same size will be used thruout. 

A cast-iron angle block is shown in the figure, but in this design oak angle blocks might 
used. When cast-iron blocks are used, their webs should be designed to transmit 
2 thrust of the main brace and counterbrace. Counterbraces are shown by dotted 
es in Fig. 136. Each lug should be designed so as to be able to transmit the entire 
rizontal component of the main brace to the top chord. 

The vertical component of the stress in the brace is 18 600 Jb, and therefore the area of 
e base of the angle block should be at least 18 600/350=54 sq in. In order to provide 
aring for the brace and counterbrace the area of the base will be made much larger. 
ie horizontal component of the stress in the -brace being 21 000 Ib, the depth of the 
zs, assuming that the packing pieces take their part of the horizontal component of 


e brace, must be at least 21 000/16 X1400=1 inch. Ignoring the packing pieces, the . 


pth should be 114 in, which depth will be used, 


DOMES OF MASONRY 
45. General Data for Domes 


Definitions. A dom. (Fig. 136z) is a spher‘cal or spheroidal vault, a solid of 
yolution with vertical axis. The section of the inner surface of the dome 
offit) may be semi-circular (Fig. 137), pointed (Fig. 138) or segmental (Fig. 
39); in the last case the dome is also termed a “ cupola.” Domes may be 
osed, as that shown in Fig. 142, or open on the summit (Fig. 136a), the opening 
eing termed the “eye ”’ of the dome. The rim of the eye frequently supports 
structure called a lantern (Fig. 140), The section of the outer surface (ex- 


a 


’ 
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trados) is usually enine to that of the soffit, but my have a different curve. 
The solid bounded by the soffit and extrados is the shell of the dome, |The bed 


Fig. 137,—Hemispherical Dome Fig, 138.—Pointed Dome 


joints are conical.. Annular parts of the shell between bed joints (true or imag- 
inary) are called crowns. In Fig. 136a the points a, b, c, d, ¢, f, g, h, inclose ones 


a 
isd 


Fig. 139.—Segmental Dome (Cupola) Fig. 140.—Open Dome with Lantern 


fourth of a crown. Voussoirs are parts of the crowns included between meridian 
joints, that is, vertical planes passing through the axis of the dome. 

© The plan of the dome is always a circle; it 
may be supported ona circular wall (drum) or 
carried over 4° square of polygonal area, resting 
upon walls or arches whose plan circumscribes 
the plan of thedome. The vaulted areas between 
the arches or walls and the base of the dome are 
called “ pendentives” (Fig. 141): The joint be- 
tween the shell of the dome and the supporting 
walls is the springing joint. 

Data and Precedents. The dome is a remark- 
ably stable form of structure; it can be shown 
analytically to be stable with a uniform thickness 5 ; 
of 28/1000 of its diametet, which is less than 34 of Fis. 141.—Hemispherical Dome 
the necessary thickness of a semi-circular masonry gaatgncr oye: 
arch of uniform thickness carrying only its own } 

eight. If the thickness of the shell is tapercd from the springing joint toward 
the summit, it need only havea volume of 9/16 of the thinnest uniform dome: 
of the same span. If enough steel bands are provided at the springing joint, 
the upper portion of the shell extending down 26° from the summit can be made 
abnormally thin and yet be stable. The dome of the Cathedral of St. John The 
Divine, in New York City, built by Gustavino, is an excellent example of this. 
ft has a diameter of rro ft, and is built of tile, having a thickness of 4 in for 29° 
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from the summit or 4/1000 of the span. For the next 19° it is 6 in and from 
there to the springing line, 12 in thick. 
According to Rondelet the following thicknesses are usually given to domes built of 
brick: 
For spans up to 13 ft, a uniform thicknses of 4 in. 
For spans from 13 to 20 ft, a uniform thickness of 8 in. 
For spans from 20 to 25 ft, 12 in at the spring, 8 in at the summit. 
For spans from 25 to 35 ft, 16 in at springing, 8 in at the summit. 
Pointed domes are generally\stronger than hemispheres; a dome generated 
by the revolution of an equilateral arc (60°) requires, to be self-supporting, a 
thickness of only % of that of a hemispherical dome of the same span. 


The dome of the Pantheon in Rome, built about A.D. 112 is the largest existing hemi- 
spherical dome of masonry, its diameter being 142 ft. It rests on a circular wall nearly 
ao ft thick which, however, is interrupted by 8 large and 8 small niches. The dome is 
open on the top, the “ eye ”’ being about 30 ft in diameter. The lower courses of the dome, 
built of Roman tile, were all laid horizontal up to about 40° from the springing line. 
Above this the construction is not known but is said to consist of -tile arches and ribs of 
concrete, The outside of the dome shows a strong masonry backing beginning at the 
springing line and extending about half way up. 

The dome of Santa Sofia in Constantinople, built by Justinian A.D. 532-537 from the 
designs of Anthemius of Tralles and Isidorus of Miletus, has a diameter of ro4 ft and is 
carried on pendentives over a square area. The shell consists of 40 stone ribs and the 

space between same (about 6 ft at the springing line) is filled with brick masonry. The 
dome is closed at the summit and has 40 windows between the ribs. 

The dome of St. Peter’s Cathedral in Rome, built by Michelangelo, has an inside diane 
eter of 140 ft, and is built of brick. | The lower quarter of the shell is of solid construction 
9 ft thick. The upper 84 of the height consists of a double shell. The outer shell, which 
carries a lantern, is raised higher than the inner one and the two shells are connected by 
16 stone ribs. St. Paul’s Cathedral in London, designed by Sir Christopher Wren, has 
three shells; the innermost is hemispherical, open at the summit, the middle one is conical 
and carries the lantern, the outer dome is framed in timber and covered with lead, 


46. Conditions of Stability 


The dome is usually built without centering, by constructing the crowns in 
succession, beginning at the springing joint. Every complete crown is self- 
supporting; consequently open domes may be stable. This stability is the 
result of tangential pressures acting normally on the meridian joints (Ho in 
Fig: 136a). Pressures of this.character do not exist in simple arches. In Fig. 142) 
two meridian planes are shown in plan making a small angle ¢ with each other. 
They cut from the dome two lunes having contact only in a line ‘at 0, or, if the 
dome were open at the summit, the lunes would have no common pcint at all 
The difference between the stability of the arch and the dome is manifest. The 
arch for its stability depends upon the balancing of the horizontal thrust of each 
half on either side of the crown or summit. In case of the dome the contact of 
symmetrically opposite'sections (lunes) is in a line without area and incapable, 
therefore, of transmitting horizontal thrust which would counteract the ten- 
dency of the opposing sections to fall into the space below. Therefore the sta- 
bility of the lunes must be the result of tangential forces or forces acting upon 
their sides (that is, upon the meridian joints), and normal to them. 

These forces, called crown thrusts, are horizontal and act upon both sides of 
each voussoir (Ho in Fig, 1362). They result in the forces H or Hi, Hz, etc.. 

’ which act radially outward in a horizontal direction. The forces H are termed 
resultant crown thrusts. Consider first the uppermost crown of a dome. To 
insure stability, in other words to prevent the voussoir from rotating or sliding 
upon its bed joint, the magnitude of H, must be such that if.it is combined with 
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the weight of thé voussoir W1; the resultant force Pi, called the meridian thrust 
shall cut the bed joint ac and its direction shall not be inclined, to the normal 
to the bed joint by more than the angle of friction of masonry upon masonry, 
say 30°. The meridian thrust acting upon the bed joint ac of the first voussoir 
will be transmitted to the crowns below and at each voussoir new forces 
Hz, Hs, etc., must exist to maintain stability. In the case of domes having a 
high rise there will be found a bed joint, called the joint of rupture below which 
no additional forces H occur, the above requirements of stability (as to the 
resultant) being fulfilled without the action of such additional horizontal forces. 
From this joint downward, the dome can be treated as a simple arch. 


47. The Line of Pressure 


Crown Thrust. In the analysis of stresses in domes ‘of masonry it is assumed 
that the least horizontal force, which is sufficient to keep the voussoirs from rotat- 
ing and sliding will be the resultant crown thrust H (Fig: 1362) if its combination 
with the weight of the voussoir, the meridian thrust, does not cut the bed joint 
so close to the edge as to crush the masonry, or due to the elasticity of the masonry, 
cause the joint to open on the opposite side. 


The Meridian Thrusts, P:, P:, etc., in Fig. 142, result from combining weight 
W of the voussoir and the resultant crown thrust H. In order to make the 
latter a minimum, H must be applied as near to the extrados as possible and P 
must cut the bed joint as near the soffit as possible, consistent with the foregoing 
requirements. This may readily be proven graphically by assuming any other 
point of application of these forces. Theoretically in order that no joint may 
open, the resultant force upon any joint, shall not lie outside the kern or the 
middle-third (Art. 6 and 7). In the case of domes, however, investigation. of 
domes which have been standing for centuries, shows that the limits of the 
middle half of the meridian and bed joints can be safely used as points of appli- 
cation for both crown thrust and meridian thrust. The use of these limits furnish 
smaller dimensions than the use of the middle-third points and is here recom- 
mended for practical design. Therefore the point of application of the minimum 
force H should be taken at the upper middle half limit of the shell and the 
meridian thrust should be applied at the lower middle half point of the bed 
joint providing that the condition of stability against sliding permits this loca- 
tion of the meridian thrust. If with the help of the so-found forces H a line of 
pressure can be drawn that will be within the middle half of the shell, the dome 
will be stable, providing that the unit stresses on both the meridian and the 
bed joints are not excessive. 


48. Graphic Analysis 


In Fig. 142 a plan of a lune and a meridian half section of a closed dome are 
shown. The soffit of the dome is segmental, the radius of the soffit being 8 ft 


and its rise 5 ft.. The central angle ¢ of the lune is 15°. The shell of the dome 


is x ft 3 in thick throughout. The section is divided by full radial lines into 
voussoirs 1 ft 9 in long on-the center line. These’ radial lines form the bed or 
conical joints. The middle half limits of the shell are shown by the dotted curves 
and their intersections with the bed joints give the middle half limits of these 
joints. The weight of each voussoir acts at its center of gravity, which may be 
taken, with sufficient accuracy, as coincident with’ the geometrical center of the 


_Youssoir, except at the topmost wedge-shaped one in which the center of gravity 


is taken at the lower third. The weights of the voussoirs, including the super- 


imposed loads if any may be determined graphically or analytically. In. the 
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example given (Fig. 142), the weights of the vonssoirs, Wi, W2, Ws, etc., are 
proportional to the lengths of the arcs Wi, W2, etc., of the plan which pass | 
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though the geometrical centers of the voussoirs. The length of these arcs 
are used directly in the force polygon to represent the weights of the voussoirs. 
"The true magnitude of all the forces shown on the force polygon will, therefore, 
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be found by measuring their lengths to the same scale as tkat of the plan of the 
dome, and multiplying these scaled lengths by the length of the voussoir X the 
‘thickness X the weight per unit volume of the masonry. W1, W2, to We shows 
jon the section the lines of action of the vertical force. 
The lines of action of the horizontal resultant crown thrusts H1, H2, etc., are assumed 
to be and are shown as applied at points A, B,C, D, E, and F, which points are located 
at the upper limit of the middle half of the shell and on the same radii as the centers of 
gravity of the corresponding voussojrs. ‘The. lines of action of the combined weights 
Wi + W2, Wi + We + Ws, etc., may be determined graphically or analytically and are 
shown in Fig. 142 as passing through points 2 to 6, inclusive. For example, the line of 
action of combined loads Wi + W3 + Ws +Ws passes through point 4. At Di, D2, etc., 
the limiting directions of the meridian thrusts (which must not be inclined to the normal 
of any joint by more than 30°) are shown for every conical joint. 


Point 1 is the intersection of the weight Wi of the first voussoir and of the resultant 
crown thrust Hi. The resultant of these two forces must pass through this point and its 
- direction, if the dome be stable, must be such that it will intersect the first bed joint 
between the middle half points and it must not be steeper than the limiting direction D1, 
Draw 11 (in section) and also bb: (force polygon) paralle] to Di; 6b: is the probable mag- 
nitude of the meridian thrust Pi, because if its direction were steeper it would not fulfill 
the condition necessary to prevent sliding; if it were less inclined, it would require a 
greater resultant crown thrust than the minimum. Therefore, mis a point of the 
probable line of pressure and ab; (force polygon) is the magnitude of the resultant crown 
thrust Hi acting on the first voussoir. 


The combined weight of voussoirs r and 2 passes through point 2. If no additional 
crown thrust were present the meridian thrust on the second bed joint would be obtained 
by combining Hi and W1 + Ws, in other words by drawing line 2 through 2 parallel 
to bic (force polygon). This line 2x falls outside the second bed joint and is too steep 
for stability against sliding. Therefore, at point p (the intersection of 2x and H2) an 
additional horizontal force acts if the dome is stable. If through point p, a line py, 
parallel to the limiting direction De, is drawn, this line is also seen tosall outside the joint. 
The minimum resultant crown thrust H: acting at the second voussoir and consistent 
with the requirements of stability will therefore be such as to make the meridian thrust 
pass through the lower middle half limit mz of the second bed joint. 


Draw pmz in which mz is a second point of the line of pressure andalraw cc: (force poly- 
gon) parallel to pmz. Then cc: is the magnitude of the meridian thrust P2 and bic; the 
magnitude of the resultant crown thrust He. 


A similar construction is carried out for the other voussoirs to determine meridian 
thrusts Ps, Ps, Ps, and the resultant crown thrusts H3, Hs, Hs. At voussoir 6 it is found 
that the sum of the horizontal forces H1 to Hs is sufficient to insure the stability of the 
voussoir and therefore the value of He reduces to zero. Bed joint 5 then is the joint of 
rupture of this dome. 


The magnitude of the crown thrust Ho (the normal force acting on the meridian joints 
Fig. 136a) can be calculated by the formula: Ho = 14H/sin@/2 or if ¢ is small Ho = H/¢, 
@ being measured in radians and H being the value of H1. Hz, etc., for the voussoir in ques- 
tion. After the magnitude of both the crown thrusts and meridian thrusts has been 
determined, the maximum unit stresses upon the bed joints and the meridian joints can 
be obtained by the methods given in Art. 6 and Art. 7. 


It is sometimes necessary, in order to insure the stability of a dome or its supporting 
walls, to eliminate the transmission of the resultant crown thrust either at the joint of 
rupture or at the springing joint. This may be done by hoops of iron or steel. The mag- 
nitude of the tension for which these~hoops must be figured can be determined by the 
above equation, where, in this case, Ho denotes the tension in the band (hoop tension) 

and H denotes the sum of the values H1, Hz, etc., at and above the joint in question. 


Numerical Example. How large is the crown thrust Ho acting on the meridian joint of 
voussoir 3 (Fig. 142) and what is the maximum compressive stress on this joint? By 
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scaling (force polygon) Hs is found to be 1.0 ft, the length of the voussoir is 1.75 ft its thick- 
hess is 1.25 ft, and the weight of the masonry is 165 lb per cu ft. Then 
- Hs = 1 X 1.75 X 1.25 X 165 = 360 lb 
@ being 15°, Ho = 360/0,262 = 1385 lb. By Art. 7, 
4 S max = 2H0/3rb 
where + = }4 X 1.25 and 6 = 1:75 ft for the case here discussed, 
. Smax = 8 X 1383/3 X 1.28 X 1.75 = 1740 lb pet sq ft, 


What is the requiied section of iroti bands necessary to take the hoop tension at the 
springing joint so as to make the thrust at the springing vertical? 2H = 3.15 (force 
polygon) X 1.75 X 1.25 X 165 = 1135 lb. Ho = 1135/6.262 = 4335 Tb.. If the allow- 
able unit stress for fron 1s 8000 Ib per sq in, thé iron section required = 4335/8000 = 0.54 
sq in. 
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ROOFS AND BUILDINGS 
1. Data for Roof Trusses 


The constituent parts of a roof are the covERING (including covering proper 
and any sheathing or slab that is used), the PuRLINS and the TRUSSES. 


Roof Coverings are of many kinds, the most familiar being wood, slate, 
tin, sheet metal, tile, concrete, gypsum and the various composition roofings. 
It is highly important that the choice of covering be adapted to the slope of 
the roof or vice versa. The lack of this adaptation is a frequent cause of leaky 
roofs. 

The Slope of a roof is the natural tangent of the inclination with the horizontal and is 
best expressed in inches of rise to one horizontal foot. The preferable slope for tar and 
gravel on sheathing is from %4 to 114 in per ft; reinforced cement tile of the “ Bonanza ” 
and similar types, 5 in per ft; corrugated sheet metal, 6.in per ft; slate, 7 in per ft. The 
kind of waterproofing used on concrete and gypsum roofs will determine the'slope. 


Purlins are either wooden or steel beams, extending horizontally from truss 
to truss and carry the roof loads to the trusses. For long spans it is sometimes 
economical to space ‘trusses far apart and’ to use deep purlins supporting inter- 
mediate beams called yack RAFTERS. ; 


Trusses are used to support roofs covering openings from 20 to 260 ft, while 
for spans exceeding 200 ft arches are generally used. A TRUSS is an assemblage 
of bars, or members, forming a structure to carry transverse loads, and which 
under vertical loads has vertical reactions; thé bars being so joined together 
at their ends that they bear only ditect tension or compression when the 
external loads are applied at the joints. A RIVETED TRUSS (Fig. 6) is one in 
which the members are connected together at the joints by being riveted to con- 
necting steel plates, and a pin truss or PIN-CONNECTED TRUSS has the members 
joined together at their ends by means of one steel cylinder or pin at each 
joint. Purlins usually rest on the top surface of the upper chord, which is 
the upper bar of a truss, and should be placed directly over the joints whenever 
possible. In some roofs without jack rafters the purlins must be spaced s¢ 
close together that some of them rést on the upper chord between the joints; 
thus causing the upper chord to act as a beam in’ addition to its direct stress. _ 


‘A Panel of a roof truss is the space between two consecutive joints of the 
top chord, and a panel length is the distance from one of these joints to thy 
next. A Bay is the space between two adjacent trusses, and the bay length i) 
the distance from center to center of trusses. yeh ‘ 
' Forms of Trusses vary to suit the span length, outline of roof and clear head-roor 
required underneath. The Fink and Warren trusses shown in Figs. 1 and 2 are suitabl) 
for spans up to about 120 ft. When the short web member of a Fink truss is replaced bi 
two members, thé Fink truss is converted into a fan truss as shown at (a) and (6) Fig. 2 


‘Loads on Roof Trusses are, dead, snow, wind; also ceilings, a crowd ¢ 
people on a gallery or floor, or machinery suspended from the truss. Dea 
loads consist of weight of roof covering, sheathing, rafters, purlins, trusses an 
suspended ceilings. eel 

Weights of roofing per square foot of roof surface. 

x. Coverings: wood shingles, 2 to 3 lb; tin sheets or shingles, x 1b; corrugated stee 
2 to 3 Ib; slates, 7 to 10 lb; tiles, 8 to 25 Ib; felt and gravel, 8 to ro Ib; skylight gla, 
3/16 to 4 in, including iron frames; 4 to 10 Ib. wt potnir’ 

2. Sheathing: spruce, white pine or hemlock boards, 1 in thick, 3 Ib; hard pine, r 
thick, 4 lb. f 

3. Rafters: wood, 2 by 4 to 2 by 8 in spaced 16 to 24 ir on centers, 1.5 to 5 lb. | 

4. Purlins: wood, 1 to 3 lb; steel, 14% to 5 lb. 
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|. g, Ceilings: plastered, 10 Ib per square foot of ceiling area, ~ 
6. Cinder concrete 714 lb per in ioh thickness; stone concrete 12 lb per in of thickness, 


yas x 


(a) 


Fig. 1.. Fink Roof Trusses Fig. 2,.. Fan and Warren Trusses 


Weights of Fink Trusses in Pounds 
Slope of Top Chord, 6 In on x Ft 


5 Load in Ib per linear ft of Top Chord, Uniformly Distributed 
Spanctoc |___ 
of Bearings, 
ft 500 600 700 800 goo 1000 
. 25 610 620 650 730 "749 820 
30 760 ' 860 880 960 1030 1140 | 
35 1050 1100 1250 1440 1500 1650 . 
40 1250 1400 1620 i670 1836 1920 
45 1500 1740.” 1920 1970 2220 2320 
—n 50 1840 2100 2170 2400 2650 3000 
55 2100 2340 2420 2850 3050 3340 | 
60 2360 2620 2920 3200 3600 3800 
| 65 2700 3000 3500 3650 4140 4200 
79 3100 3450 3930 4260 4540 4900 
75 3460 4100 4560 4800 §200 5560 
80 3920 443° 4800 5500 5960 6350 


Weights of Warren Trusses in Pounds 


Slope of Top Chord, 34 in on 1 ft for 25 to 35 ft-spans; 1 in on z ft for 40 to §s-ft spans; 
14 in on x ft for 60 to 80-ft spans 


Load in lb per linear ft of Top Chord, Uniformly Distributed 


Span c toc 
of Bearings, 

cht 500 600 joo 800 900 1000 

25 680 700 730 840 goo 980 

30 840 1900 1020 1150 1200 1350 

35 II00 1270 1360 © 1530 1640 1870 

40 1230 1420 1620 1760 1940 2100 

45 1600 1800 2080 2180 2420 2640 

5° 1950 2230 2400 2660 2920 3280 


‘= 
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Weights of Steel Trusses are often determined from empirical formulas, 
but such formulas are not trustworthy as they neglect many of the variable 
factors entering into the weights. The preceding tables are for the two most 
common forms of trusses: 


The weights of ordinary Fink trusses with slopes 5 in and 4 in on x ft are from 
5 to 15% more than those with 6 in on x ft given in the table. 


Snow Loads on roofs vary with the latitude and slope of roof. The fol- 
lowing values for weight of snow per horizontal square foot are commonly 
specified: New England and Michigan, 30 Ib; New York City and Chicago, 
20 lb; Baltimore, Cincinnati and St. Louis, ro Ib. Snow loads need not be 
used on roof surfaces having an inclination of 45 degrees or more from the 
horizontal, if there are no snow guards. 


Wind Loads for roofs vary with the locality and slope of the roof-and 
should be taken as acting horizontally at 30 lb per sq ft on vertical surfaces of 
the most exposed structures and 15 to 25 Ib per sq ft on vertical surfaces of 
less exposed structures. On inclined surfaces only the normal component of 
the wind pressure need be considered, and this varies with the inclination of 
the roof. 


Duchemin formula for wind pressure on inclined surfaces: 
‘2 sine 
1-+sin2 0 


in which N = normal pressure in pounds per square foot; 
P =horizontal pressure on a Vertical plane (taken at 20 Ib per sq ft); 
6 =degrees of inclination to the horizontal. 


0 N Slope ) N 

rh 3.46 rin onz ft 4° 45’ 49” 3-30 
10° 6.76 2 in on x ft Oy 27", 45% 6.39 
TSS 9.63 3 in on x ft 14° 2” 10” 9.14 
20° 12,25 4inont ft 18° 26’ 6” II.50 
25° 14.35 § in oni ft 22° 37’ 12” 13.42 
30° 16,00 6 in on x ft 26° 33’. 54” 14.88 
B52 17.28 7 in ont ft 30° 15’ 24” 16.06 
40° 18.20 8 in on x ft a3 An ag” 16.95 
45° 18,88 

to 90° 20.00 + 


For a pressure other than 20 lb per sq ft the above values are to be changed 
proportionally. 


The Total Load for an ordinary roof truss may be either 


Dead-+-Wind+ 14 Snow 
‘or Dead+14 Wind+Snow 


It is improbable that both the maximum snow and wind loads will be upon the 
roof at the same time. Sufficient accuracy is obtained in designing roofs up to 
100-ft span by assuming a total load per sq ft of exposed surface large enough to 
include the dead, wind and snow loads. This combined load may be con- 
sidered applied vertically, Unless governed by a local building code, for spans 


Art. 1 : Data for Rook Trusses ~ 819 


up to and including go ft and in climates corresponding to that of New York, 
the total minimum uniform load in lb per_sq ft-of roof surface for difierent 
kinds of covering may be taken as follows: 


Corrugated metal on steel purliis....... seen eececcdecscceesarcinn 4° 

Gravel or compésition on wood sheathing. 50 
is Cena WISER 518 9 «crashes «aibvoyvjajaia)oSe' sis steisns osetera)e\a eid cfera'= 50 3 

pbile.om steek purlins. <.. 5.42 6.4 vineeca ee vse Biss oan es Pisieiace 55 

. Gravel or composition on cinder concrete.......:-..202-0+ nas 

on stone concrete.......... Sh) Rsrts ao. 95 

Slate rE JON CINGEY CONCTELE) .. ievsse'e v clele scloin we vie die ete fle ve o.cds = 7° 

roof buildings of the mill building class when slope is ee than 2 in 
EERE ow ds =. 2 S PRIi. tee ee a Bes ee ee aa ae} go 


For roof spans over go ft the above cited loads should be increased 1% for every 
2 feet increase of span. For roofs in climates where snow is excessive 5 to 10 
Ib should be added, and in climates where there is not liable to be snow ro Ib 
may be deducted. Additions should be made for any special loads such as shaft- 
ing, ceilings or trolleys carried by the bottom chord, and tanks, elevator supports 
or similar loads above the roof. 


Stresses are oftentimes found more quickly by analytic than by graphic 
methods. For roof trusses the simplest analytic solution is by the method of 
joints or method of moments. In applying the METHOD OF JOINTS a section is 
passed around a joint in such a manner as to cut all the bars meeting at that 
joint and then applying the relation from statics that the algebraic sum of all 
the vertical components meeting at the joint must = o, or that the algebraic 
sum of the horizontal components meeting at the joint must =o. Thus, by 
passing a section around joint A, Fig. 3, it is seen at once that the vertical 
component of P, = 344 W and therefore the stress in P, = 3144 W sec 0, 
where @ is the angle the bar P, makes with the vertical. Similarly, the hori- 
zontal component of P,, that is, stress in P, = horizontal component of P, = 
3% W tan 0. The METHOD OF MOMENTS is ‘that method of computing stresses 
in which a section is first passed thru the truss, cutting in general not more than 
three members, one of which shall contain the stress desired; and then the 
equation of moments about the intersection of the other.two bars cut is written 
and solved for the desired stress. Thus, in Fig. 3, to compute stress P,, by 

- method of moments, pass a vertical 

W section thru P,, P,,, P,, and consider 

the Jeft side of this section. The 

equation of moments about B, the 

origin of moments for Py, is (344 W) 

l/2 —W6 1/8 —P,,h=o0. In this 

equation P,, is assumed to be in ten- 

‘sion, and since in the solution of the 

equation both sides are positiv the 

bar P,,, is in tension and its value = 

Wl/h. ‘The section passed may be 

straight or curved, vertical or in+ 

Fig. 3 clined. In Fig. 3 the dotted section 

for P;, is passed in such a way as to 

cut 6 bars, but by taking the origin of moments at B and writing the equa- 

tion of moments of all forces above the section there results ~W//8 + Pj. 
h/2 = 0, whence P,,= W1/4 h. 

_ By using the method of moments or method of joints the stresses in the Fink truss of 

_ Fig. 3 have been computed and the accompanying table prepared for a span of J, a height 

of 4 anda vertical load W at each upper joint. The load W is called a panel or apex load. 
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Coefticients for eee in Fink ge Fig. 3 


Whe 8. 46 PEL AVGEES 1h=6 
7.83 II,07 
7:38 9.05 19.75 
6.93 8.68 


6.48 


The upper chord panel loads are equal. To obtain stress in pounds in any bare oO 1 Z 
truss, multiply the coefficient by the panel load in pounds. 


$e 2. Design of Roof Trusses 

Working Stresses. For designing the structural steel of roof trusses anc 
buildings (when not governed by a local building code) the following unit o; 
working stresses in Ib per sq in are recommended: 


Tensign, net 'gection, tolled steel: 4 ji,5400+ seh sa ppl glee tian pee 16 000 
Direct compression, rolled steel and steel castings.........-..... 16 000 
Bending; on extreme fibers of rolled shapes, built sections, girders, ~ 

2 Rind) REGEN ERS tine eet Bee Tee ne SO ae ee 

'. Bending, on extreme fibers of pins 
Shear on shop rivets and pins..:.... «e 
Shear. on, bolts and field rivets.,......6..see-eGesbeeeleees ene Rr 
Shear, average, on “webs. of plate girders and sailed beams, gross 
SECUOR site oe Rien Kem ckis cg ER Rime piallls ve ke <I 10 000 

Bearing pressure on Shop rivets and pins 24 000 
Bearing on bolts and field rivets... ...........02.0e000005 . 20000 


Axial compression on. gross section of columns and struts. . . «. 16 000-70 I/; 
With toaximunvos. 2 WOMPR Te ot. ie. \eadoocr= .++++ 13.000 


Where | =effective length of member in inches; 
r=least radius of gyration of section in inches. 


Vor combined:stresses due to wind and other loads the above-mentioned unit stresse 
may be increased 50%, proyided the Seqtion thus obtained is not less than that marie 
if wind forces be neglected. 

The effective length of main compression members should not exceed 125 times thei 
least radius of gyration, and those for wind and lateral bracing 160 -times their i 
radius of gyration. 


Spacing of Trusses, Theoretically, the economic spacing of roof trusse 

is about, one-quarter, the span, but in practice the spacing may he governed by 
conditions peculiar to the structure under, consideration. If the. covering o 
sheathing rests on purlins a spacing of about 16 ft is commonly used for span’ 
up. to 65, ft; beyond that the spacing may be one-quarter of the span.. Wher 
plank sheathing rests directly on the trusses the spacing may be 8 to fo ft fo 
2:in and 10. to.12 ft for 3-in tongued.and grooved plank. If spans are of unusua 
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length or toof loads ate very heavy it may bé found econdriical to use jack 
tafters resting on latticed or beam girders’ framed into the roof trusses. Sub- 
putlins can rest on top of the jack fafters or wood sheathing can extend from 
rafter to rafter, ' ; ap 

Proportioning, Purlins. Steel purlins are usually, made of ’s, Z. bars, 
(’s or I beams, altho for long spans they are made of truss form. Whete the 
purlin is placed so as to deflect in the plane of the resultant load acting upon it, 
as when an I beam is set’ with its web vertical to carry a vertical load, the size 
of the piirlin is computed by the formula, M/S =I/c, where M is the maxi- 
mum. bending moment on the purlin in inch-pounds; S, the allowable unit 
‘stress in pounds per square inch} J, the tioient of inertia about axiS perpen- 
dicular to web} c, half depth of béam in inches. Having computed M, S is 
assumed, the value of I/c (called the section modulus) is found by dividing 
M by S, and the size of a beam having a Section modulus equal to or slightly 
greater than this is chosen from a table giving properties of structural shapes. 

Tf the purlin is placed so. that.the deflection is not in the plane of the resultant load 
carried by it, as‘When an I beam supports a vertical load and)rests on an inclined chord of a 
truss, hence having its web inclined, a trial size of the beam is taken and the maximum 
fiber stress in the outermost fiber is computed by the formula : 


atic, Maer 
qh Th 


where S=maximurh fiber unit stress, Mi=bending moment due to that component of 
Joad which is normal to plane of roof, J1=moment of inertia of section of purlin about a 


Section Moduli of Z bars and Angles at Right Angles to Roofs; Loading Vertical 


Purlin 
° I 2 3 4 5 6 7 8 
3x Z 1 0.66 |°0.72 | 0.79 | 6.87 | 0.98 | 1.1% | 1.29 | 1.52 | 1.83 
3Xb/jeZ | 0.83 | 6.90 | 0.98] r.08 | t.21 | 2.37 | 1.59 | 2.87 | 2.23 
4X%Z r.1§ | 1.26-| 1.49 | #257 | 1.86 | aitr | 2.53 | 3.12] 382 
4X5/i6 Z T.4r | ri55 | re7t | 4.93 | 2.2% | 2.59 | 3.09 | 3.82 | 4.49 
5X5/16Z 2.04 |2.28 | 2.58] 2198 | 3:56 | 4:36 | 5.61 | 5.05] 4.19 
5xX% Z 2.4%. | 2.70.| 3-05. | 3.53 | 4:20 } §.14 | 6.60.) 6.17 |.5.12, 
6% Z 3 30 | 3-74] 4.3 | 5-14 | 6.26 | 7.99 | 7.98 | 6.35 | 5.38 
BXI/16 Z 3:82] 4.30°| 5.00 | 589 | 72x | 9.29 | 9:48 | 7.55 | 6:39 
2&2 &®M bk } 0.18 | 0.19} 0.20 | 0.2t | 0.22 | 6.24 | 6.26 | 6.29 | 6.31 
2&2 K# Le | ov27) | 0.38: } 6.29} 0.3t 116.33 | 0:35 6.37 | 0.40] 0.42” 
2M4X2 XM | 0130 | 6.3r | 0.33 | 0.35 | 6.38 | Ov4E | 6-44 | 0.46 | 0.49 
24K X% LL | 0:40] 0.42 | 0145 | 0.48 | 6:58 | 6.57 | 0.61 | 3.65] 6-69 
ayxeex%4 | 0.31 | 0132 | 0.33 | 0:35 | 6.37 | 6.39 || 0.42 | 0:45 | 0.48 
244X214 % L | 0.42) ) 0:44') 6.46 | 0149 | 0.52] 0.55 | 0:60 | 0.64 | 6.68 
3° XK2l6k14 L | 0.44 | 0.46!) 0.49 | 0.52 |'0156 | 6.60 | 6.65 | 0.69 | 0.74 
3) 246 X3e L | 0:64 | 0.67 | 0.76] 0:76 | 6.82 | 0.89 | 6.95 | t.06 | 7:66 | 
3YX24XM L | 0:56 | 0.59 | 0.64 | 0:70 |'6,76 | 6.83 | 0.89 | 0.96 | 6.84 
344 X26X34 LL | 0.84 | 0.89 | 0.96 | r.04 | tery | t1a2 | 1.29 | 7.37 | 2/19 
} 4° X3 &lM L | oi7s | 0.86) 0186 } 0.93) £.62 | t.zr) 2:28 | 1.26 | 1/27 
+4 &3 Ke Lobeaerr | v.18 ly e.26 | 1.35 | ¥.47 | 2.58 | t.70 | 1.81 | 1.76 
5 &S4X tol} 2.48 | 1-55 | 2.66 | 1.86 | 4.96 | 2-22 | 2.30 | 2.39 | 2.06 | 
~§ X44X8¢ WL | x76 | 1.86 | t.99°] 2.25 | 2:34 | 2.52 | 2.78 | 2/80 | 2.42 
6 X4 X34} 2.50 | 2.66 | 2.87 | 3.10 | 3-4 | 3.70 | 4.06 | 3. 3 
6 X4 XWL | 3.30 | 3.52 | 3-79 | 4940) 4552 | 4084] 5.28) ] 4: 
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gravity axis parallel to roof, c:=the distance from this axis to fiber on which stress is 
maximum, Mz=bending moment due to component of load which is parallel to roof, 

_J2=moment of inertia of section about a gravity axis normal to roof, and c:=the distance 
from this axis to fiber on which stress is a maximum. This method does not apply to 
purlins of |_ and Z sections, but the moments must be resolved into the planes of their 
principal axes. By connecting the purlins together with sac RODS running up both sides 
of asloping roof to the same connection at the peak of the roof ‘the second term of the pre- 
ceding equation is negligible in the design of all purlins except the one or two at the:peak 
carrying the pull from the sag rods. Sag rods are usually made 54 or 34 in in diameter 
and are spaced 6 to 7 {ft apart. To prevent undue deflection the depth of a rolled beam 
purlin should not be less than 1/9 of its span length. 

To determine the strength of the ordinary sizes of \.’s and Z bars for purlins without 
sag rods and free to bend in any direction, the section moduli can be taken from ‘the 
preceding table and used in the fundamental formula for flexure. 

It should be noted that |_ and Z purlins set as in Fig. 4 are stronger than those of Fig. 5. 
This table is based on purlins being set as shown in Fig. 4. 


niga.) - Fig. 5 
Proper Method Improper Method 
of turning Purlins, of turning Purlins. 


Fig. 4. Proper Way of Turning Purlins Fig. 5. Improper Way of Turning Purlins 


Proportioning Tension Members. A tension member or bar of a teuss, 
also called a tie, is one that carries a pull or tensile stress. For riveted trusses 
2 L’s, and for pin trusses 2 eye=bars are commonly used for each tension 
member. For design of eye-bars see Art. 28. In riveted trusses carrying light 
loads the 2 L’s should be placed side by side with a space between them equal 
to the thickness of the gusset plates, Fig. 6, and should have their vertical 
legs up. These L’s should be connected together at points from 2 to 3 ft 
apart thruout their lengths by placing a circular steel washer between the L’s 
and driving a rivet thru the 2 L’s and the washer. These rivets are called 
tack or stay RIVETS, and-simply hold the L’s together during transportation 
and erection and make the L’s act together when under stress. 


To proportion the cross-section of a tension member of 2 L’s divide the total stress’ in 
the member by the allowable unit tensile stress, 16 000 lb per sq in being commonly used, 
‘thus obtaining the required net area of the 2 .’s, and then choose from a table of properties 
of L’s, 2 L.’s of the same size, each having a net area equal to or slightly larger than 14 
the required net area. The net area of an L is found by deducting from the gross area of 
the cross-section the greatest sectional area cut out by rivet holes in any one section, > In 
COMPUTING NET AREAS the diameter of a rivet hole is assumed }¢ in larger than the diam- 
eter of the cold rivet before driving, Anangle is sometimes connected to a gusset plate by 
rivets in one leg only, in which case there would usually be only one row of rivets in the 
connecting leg, and hence only one rivet hole area, equal to diameter of hole times thick- 
ness of piece, would be deducted from the gross section. Where there are two rows of 
rivets in the L at one end the rivets should be staggered so that there would be only one 
rivet hole in any one section. Best design requires that provision be made for taking 
stress out of both legs by having one leg riveted directly to the gusset plate and by con- 
necting the outstanding leg to the gusset by means of a short piece of L called a lug, 
Where the lug is not used it is sometimes specified that only one leg of the main L shall be 
counted in computing the net area. 


Proportioning Compression Members. A compression member or col- 
umn in a truss is one which carries a compressive stress, and for roof trusses 
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is made of one or two L’s, Fig. 6, two L’s with a plate between, or of two 
C’s. In light work one or two (’s are nearly always used for each member, 
while for heavy trusses the top chord is composed of two [’’s and the remain- 
ing members of 2 [’’s or two or more L’s. To proportion the cross-section of 
a compression member subjected to compression only, the simplest way is to 
assume a trial cross-section and compare the actual average stress per square 
inch on this section with the allowable average stress per square inch as com- 
, puted: from a column formula. If the actual and allowable stresses are equal 
or if the actual is only slightly less than ‘the allowable the section is used, but 
if the actual is greater than the allowable a new trial area is chosen and the 
process repeated. , 

The Actual Average Stress per square inch is found by dividing the total stress in the 

member by the gross area of the cross-section. The allowable average stress is found 

- from a column formula, the following being commonly used for steel roof members, 
S=16 oo0—7ol/r, where S is the allowable average stress in pounds per square inch, 
=length of member from center to center of connections, r=least radius of gyration of 
section. For ratios of //r less than 43 the corresponding values of S in the formula may 
be taken at 13 000 lb per sq in. 

The following example will illustrate the method of proportioning the inclined top 
chord of a Fink truss having a panel Jength along this chord of 7 ft, a direct compression 
of-46 500 lb, and made of 2 L’s spaced 3% in apart for the gusset plates, the allowable 
unit stress being given by the formula S=16 coo—7ol/r. Assume two 4 by 3 by 5/16 in 
L’s and place the 4 in legs vertical and 34 in apart. From a steel company’s hand-books 
(or p. 448), the area of the 2 L’s is found to be 4.18 sq in, and the least radius of gyra- 
tion-being that about the gravity axis parallel to the short legs. Dividing 46 500 lb 

_by the area 4.18, the actual average unit stress is found to be 11 120 Ib per'sq in, and by 
substituting /=84 in and r=1,27 in in the column formula the value ‘of the allowable 
unit-stress, S, is 11 370 lb persqin. Hence the 2 ’s assumed are of correct size. These 
L’s must be riveted together at intervals not exceeding 0.65 X84/1.27=43 in; 0.65 
being the least radius of gyration of one L and 1.27 the least for 2 ’s. It is customary 
to place tacksrivets every 2 or 3 ft apart thruout the length of these members. 


Purlins resting between joints on the top chord of a truss cause CROSS-BEND- 
ING ’ therein, which, in addition to the compression acting, must be considered 
in the design of the chord. In such cases the shortest method for designing 
the chord is to assume a section, usually two L’s or two L’s and a vertical 
plate for light trusses, and compare the maximum unit stress with the allow- 
‘able. If the section thus assumed is too large or too small a new trial section 
“is Chosen and the process repeated until the section is satisfactory. The 

‘maximum unit-stress in a continuous chord due to combined direct com~ 
pression and bending is with sufficient accuracy given by 


soe (.- oy 


to EI 


’ where S is the maximum unit stress on the most strained fiber, in Ib per sq in; 
P the direct compressive load in pounds; A the area of cross-section in square 
‘inches; M the maximum bending moment on the chord acting as a beam of 
panel length / and continuous over the joints; c the distance from gravity axis 
to most strained fiber under consideration; J the moment of inertia of cross- 
; section; E the modulus of elasticity, for steel say 30 000 000 lbs per sq in. 


‘sigaing Joints. Since most roof trusses are of the riveted type, only riveted joints 

be considered For the design. of pin joints see Art. 30.. In laying out the members 

‘the truss their center of gravity lines should meet at a point at each joint and should 
cide with the truss diagram. Rivets should be placed in each member to transmit the 

s from that member into the gusset plate, and they should be placed if possible so that 

the center of gravity of the rivets coincides with the gravity axis of the member and so that 
the stress will follow the shortest and most direct path. As an illustration of the method 
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of computing the number of rivets consider a member carrying a direct stress of 46 500 Ib 
and made of 2 L.’s 4 by 3. by 5/i¢ in, one on either side of a 34-in gusset. The rivets con- 
necting the \_’s to the gusset are’ in double shear, that is, they must be sheared on two 
sections before failure can occur, they are in bearing on the 34-in-gusset plate and in bear- 
ing in the opposite direction on 2 thicknesses of 5/16-in _. The DOUBLE SHEARING VALUE 
of one rivet is equal to twice the area of its cross-section multiplied by the permissible 
shearing stress per square inch, or, assuming rivets 34 in in diameter, the double shearing 
strength is 20.44 X12 000=10 560; the 12 ooo being the permissible shear in pounds per 
square inch. The BEARING VALUE of a rivet on a piece is the product of the diameter of 
the rivet in inches, the thickness of the piece in inches and the permissible bearing pres- 
sure in pounds per square inch. In the case here assumed the bearing value of the 
34-inch rivet on the 34 gusset plate is 34 X34 X24 000 =6750 lb, and since this is smaller 
than either the double shearing value or the bearing on the two 5/1¢-in L.’s, 6750 lb is the 
allowable stress on one rivet; 24 000 being the permissible bearing strength per square 
inch. The number of rivets in the member at this joint is 46 5300/6750, or 7. 


The Permissible Unit-Stresses used in the problem just solved, namely 12000 lb 
per sq in for shearing and 24 000 lb per sq in for bearing, are safe values for shop, that is 
machine-driven rivets. For field rivets, that is, rivets driven’ by hand, or for bolts, the 
safe shearing and hearing values are 10 000 and 20 000 lb per sq in respectively. Allow- 
able shearing and bearing values for rivets of diflerent diameters are given in Art. 23. 


Fig. 6 shows a fan roof truss with details. 
Fig. 7 shows details of an ordinary steel building with covering of corrugated steel. 


Details. Even tho to make what is usually considered the design of a structure may 
be easy, to detail it may be difficult. The ideal draftsman is a designer, a.designer of 
details. Seldom.has a structure given way for lack of strength in the main members but 
faulty details have invited and brought disaster. Theoretically, in laying out the mem- 
bers of a roof truss the center of gravity lines should meet at a point at each joint and 
should coincide with the truss diagram. However, in practice the rivet lines are gen- 
erally used. Details are thus simplified. Eccentric rivet connections should be reduced 
toa minimum. Economy will be gained by having as many duplicate parts as possible. 
Connections that induce secondary stresses should be avoided. Details should be designed 
in accordance with shipping facilities, cost of transportation and ease of erection. While 
it may lessen the cost of field work to fabricate trusses in few sections, the transportation 
charges may be enough larger to consume all saving. Again, while it may lessen freight 
charges to ship a truss in many pieces, the cost of field riveting will be increased. 


3. Steel Mill-Building Frames 


Steel Mill-buildings in general are divided into three types. Those of 
the first type have steel frames carrying the roof loads as well as the weight of 
the walls which protect ‘the frames; the walls being constructed of corrugated 
steel sheets or of thin concrete supported by the steel frames. The essential 
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parts of the steel work are the roof trusses, columns and bracing; a truss 
together with the columns which support it constituting a bent of which Figs. 


} 


| ‘Fig. 11. Typical Column 
} Details 


pin’ 


- 8, 9 and 10 represent typical cases. 
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In the second type 
of steel mill-building the columns are braced principally 
by thin masonry walls, thus eliminatjng most of the 
steel bracing between columns, while in the third type 
the steel roof trusses are supported on masonry walls 
instead of on steel. Light is admitted to the interior 
of mill-buildings thru windows in the side and end 
walls and in addition thru skylights in the roof proper 
or inthe monitor roof, or thru windows in clerestory 
of the monitor. A monitor, Fig. 8 is that portion 
of: building extending above the main roof for the pur- 
pose of ventilating or lighting the interior of a build- 
ing. Fig. 9 shows saw-TooTH roof construction. Roofs 
of this form of construction are extensively used for 
wide areas. The glazed portions should of course face 
the north; a diffused light thus illuminating the floor 
below without casting shadows. 


Columns should be proportioned to resist (1) direct 
stress due to roof, crane or other loads, (2) stress due 
to wind and (3) stress due to eccentric loads. A great, 
number of column formulas have been suggested for 
the design of steel members in compression. The 
“straight-line”? formula S = 16 000 — 7o//r is used 
thruout this section. 


Rivets in tension should be avoided when practic- 
able. Carrying the crane load on a column flange 
directly under the web of the runway girder is prefer- 

i able to carrying it on a bracket. 
By connecting roof trusses to 
columns with gussets greater 
stiffness is obtained than by 
resting them on column caps. 
Various column - details are. 
shown in Figs. 11 and 12. 


Girts, sometimes called side 
purlins, are beams, usually of 
angles or channels, fastened to 
the columns to support the side 
covering and to resist wind 
pressure. For corrugated steel 
siding the wind pressure is the 
greater load and the longer leg 

_ of the angle or the web of the 
channel should be laid hori- 
zontal. To prevent deflection 
sag rods 5 to 8 ft apart fastened 
to the girts and running to the 
eave struts are used. 


The Bracing of a mill-build- 
ing should be so designed that 
wind and vibratory stresses are 
carried to the foundations. Di- 

‘ agonal bracing should be intro- 


Connection 
of Crane Bracketto 
Column 


Fig. 12. 
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duced into thé plane of both top and bottom chords for stiffness as well as for cal 
ctilated strésses. This applies also to roof trusses resting on brick walls. Ad 
justable rods may be used for top chord bracing, the puflins acting as strut: 
but the bracing of the bottom chord should be angles or other rigid shape: 
Diagonals between the steel columns in each end of the building and in a 
occasional side bay are usually sufficient to carry the induced stresses to th 
foundatioris. When it can be done an excellent way is to carry the transvers 
thrust from the wind as well as that from the cranes to the €nds of the buildin 
and thence by diagonals to the ground, - The usual way is to design each ben 
as a unit for» both the vertical and horizontal loads of one-half the adjoinin 
bays. In such cases the kneebrace is an important member. A KNEEBRACE is 
short diagonal, usually a pair of angles, used to connect a truss or beam to 
column. Traveling cranes running thru a building often bar the use of tran: 
verse kneebraces. The gusset plates connecting the trusses to the columr 
should then be as large as possible and calculations made accordingly. Angle 
may be added to stiffen the edges of the plates.. Kneebraces should be use 
between crane girders and their. supporting columns, 


Electric Traveling Cranes aré an iniportant’ part of the equipment of mo: 
mill-buildings and are often the dominant» factor in the design. Ten to 
cranes ‘are the most common, Cranes of s0 short tors capacity and under a1 


(Highest point 


U 
Minimum 2 of Mechanism 


a 
Fig. 13. Wheel Diagrams for Traveling Cranes 


usually carried on a two-wheel carriage at each end: Those of 60 to 125 shor 
tons capacity should have. four-wheel carriages in order to avoid excessivel 
concentrated loads on the runway gitders. Cranes of 150 short tons capacit 
and more are built with end carriages of both four and eight wheels. Th 
latter reduces the concentrated lodd on the runway girders. The whee 
bases, maximum wheel loads and clearance of ctanes vary with the desig 
of ie maker. The figures give in the table on next page represent averag 
values. ‘ f 


Stresses die to the wheel loads given in the table should be increased 28% for vibri 
tion and impact except for hand power cranes whefé 10% is sufficient. For “BHC crank 
in action on the same girder; no impact need be added provided the stress obtained 
larger than the stress due to a single crane with impact. In addition to the vertic: 
loads the top flarikés of crafié girders should be Hesizned to resist a transverse horizdnt: 
thrust on each carriage, applied to the wheels. of 10% of the lifting capacity of the eran 
The traction stress due to starting or stopping the crane should be assumed at 16% « 
each wheel load and may be considered as distributing itself along the entire length of th 
runway, J 
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Loads and Clearances for Electric Cranes See Fig. 13 
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Floor Loads. Live Loads in lb per sq ft on floors of the mill-building class 
should not be assumed at less than the following: 


Mold lofts, pattern and template shops... .. sieeiatbfaistae OD! 
Machine shops, light machinery.............+.8- «ss 120 
Machine shops, heavy machinery............. «seees 150 tO 200 
IBactories, men = tee imisabin~ + segle siete le sielale re aee'state 100 to 250 
Foundriesichurging floor. 2/24..0\ss 00» seas echaaas crs 300 to 800 
APOWEL HOUSES. 5j-is'oclele (ab wile ietapussleie eraisteere oun enor ee) 


It is important that industrial processes be understood sufficiently to make proper 
provision for their loads and stresses. Provision should also be made for the support 
of all engines, boilers, tanks or other concentrated loads carried by the steel construction. 


The Working Stresses given in Art. 2 may be used in proportioning members. 


Wind Stresses. For buildings not more than 25 ft to the eave line a hori- 
zontal wind pressure should be assumed at not less than 15 lb per sq ft on the 
sides and the corresponting normal component on the roof according to the 
Duchemin formula for wind pressure on inclined surfaces. For buildings more 
than 25 ft to the eave line the horizontal pressure should be taken at not less 
than 15 lb for the lowér 25 ft and 20 lb for the side surface above 25 ft and the 
corresponding normal component on the roof. The steel framework should be 
designed to carry wind pressure to the ground. 


The stresses in the framework due to wind acting on the vertical and inclined 
sides of a building depend to a great extent on the manner of fixing the ends of 
the columns. If the ends are hinged, that is, free to turn, the stresses thruout 
the frame are different from those existing when the ends of the columns are 
fixt. A COLUMN IS FIXT at the end when it is so rigidly held there that the 
axis.of the column cannot change its direction at that point. In the case of a 
fixt-end column the point of CONTRA-FLEXURE, that is, the point where the 
direction of curvature changes, is taken halfway between the base of the column 
and foot of kneebrace. In light buildings ‘the columns should not usually 
be assumed fixt at the bottom. 


The case of an intermediate transverse bent of a kneebraced mill-building will be 
considered. The example taken will be a bent of 60 ft span, height 18 ft to foot of knee- 


Fig. 14. Load and Reaction Diagram 


brace, 24 ft to bottom chord and slope of roof 6 in tor ft. Trusses are 16 ft apart ¢ to c. 
The wind pressure will be taken at 15 Ib per sq ft perpendicular to the sides of the building 
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and at rr.2 lb (Duchemin formula, Table, Art. 1) normal to the roof. The columns are 
assumed partially fixed at the lower end, with the point of contra-flexure at one-third 
the distance between the lower'end and the foot of the kneebrace; the upper ends are 
considered supported. 

Fig. 14, the load and reaction diagram, shows thc arrangement of the forces and the 
method of finding the reactions at the points of contra-flexure in the columns. ‘The wind 


Amo xX. XX 


Scale in 1000 Pounds 


Fig. 15. Stress Diagram | 


shear is assumed to be divided equally between the two columns, making the horizontal 
reactions at A and B equal. CE is the resultant of CD and DE, the wind on the roof 
and the sides. The wind resultant is laid off, FG, so 
that it is bisected by the mid vertical line at O. 
The perpendiculars dropped from F and G upon 
the dotted lines OA and OB give the vertical com- 
ponents of the reactions at B and A respectively. 
Draw the horizontal. line JJ intersecting the mid 
vertical at K. Then KF=R and GK =R, the re- 

actions at B and A respectively. f 

Fig. 15 is the stress diagram. The heavy lines 
indicate compressive and the light lines tensile 
stresses. Dotted lines indicate stresses in imagin- 
ary truss members which are inserted to make the 
stresses statically determinate. Removing these 
members will produce bending stresses in the col- 
umns but tvill not affect the stresses in truss mem- 
bers and kneebraces. The stress in any member 
can also be determined by the method of moments 
or sections. For instance, let 5=required stress 
in the kneebrace. Take M (Fig.15a) as center of 
moments and since the sum of moments of all forces 
about M = zero; (4200X15.0) — (4320X9.0) — 
(S X5.0) =o from which S= 4800 ]b tension. This 
checks with the stress obtained by the graphical 
method of Fig. 15. 

The stresses in the columns due to wind are as 
follows: The direct stresses in the portion below 
the kneebrace are 2250 lb for the windward and 
3150 lb forthe leeward column, being the vertical t 
reactions V and Vi, scaled from the reaction dia- frig. 15a, Stress in Kneebrace 
gram. ‘The horizontal shear at the point of contra- 
flexure of each column scaled from the reaction ! [ 
diagram is 3500 1b. ‘The direct stress in the portion of the windward column above knee- 
brace equals the vertical reaction V plus the vertical component of the kneebrace and in 
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the leeward column the vertical reaction. Vi, minus the vertical component of the knee- 
brace, The horizontal shear in the portion of the windward column ahoye the knes- 
brace equals the horizontal component of the stress in the kneebrace (3960)+-wind 
(4320) -H (3509) =4780, The horizontal stress in the portion of the leeward column 
above the kneebrace equals the horizontal component of the stress in the kneebrace 
(10 200) —Hi (3500) =6700, 


The bending moments in the columns are: 


At foot of leeward column, 3500 X6 =21 000 ft Ib 


At foot of leeward kneebrace, 3500 X12 =42 900 ft lb 
' At foot of windward column (3509%6)+(1440X%3) =25 320 ft lb 


At foot of windward kneebrace (350012) —(1440 X12) =24 720 ft lb 
It is seen that the maximum bending moment is at the foot of the leeward kneebrace. 


To Design a Mill-Building Bent proceed as follows: Determine stresses 
in truss due to a total uniform Joad over the entire roof surface, as in Art. 1. 
The total load includes the wind load which may be assumed at 1o ib per sq ft 
for roofs of 3 in slope and more and at 5 lb for slopes of less than 3 in. Pro- 
portion the members for these stresses using the working stresses recommended 
in Art. 2. Then find the wind stresses due to the normal wind forces by the 
method of Figs. 14 and 15. If the wind stress in any member from Fig. 15 is 
greater than the wind stress (obtained by interpolation) due to a vertical load 
of 19 or 15 Ib per sq ft over the entire roof surface, that member is proportioned 
for the maximum wind plus the stress from the uniform loads other than wind, 
using working stresses 50% more than in the first calculation, but in no case is 
a less section to be used than that first obtained. The members be and bit 
will generally need to be increased; often ed and cidi; occasionally gd, gf, gh 
and gd:. Compressive stresses are noted in certain tension members, particu- 
larly bic:,and the lower chord. The diagonals be and bic: can be made of two 

_ angles instead of one as when designed for tension alone. The compressive 
stresses in the lower chord are overcomé by the tensile stresses due to the dead 
load. The kneebraces have wind stresses only, and are proportioned for’ the 
larger working Stresses. 55 


The Columns may be designed as follows: 

(4) Proportion for the direct stress from the specified total uniform load on 
the roof surface using the column formula, 5S =16 coo —70 I/r. : 

(2) Proportion for combined compressive and bending RERASES using the for- 


mula of Art. 2, 
wPiate faa 
NaF ie (By ales Vali? 35 4 5 


S in this formula is the actual maximum fibre stress which should not exceed 


by more than 50% the S obtained from the column formula in (1). The direct 


stress, P, is that due to the roof loads (other than wind) and the vertical reaction © 


from wind, For M the maximum bending moment due to wind is to be used. 
The greater section obtained by (1) or (2) is to be used. 


_For example, if the roof of Fig. 14 be of corrugated steel, the total direct load on a 


column is 31 ft X 16 ft X sec 26° 34 X 40 Ib=22 200 Ib. The column js proportioned 


for this load according to (r) above. As with truss members it may be assumed that ro lb 
~ of the 40 lb uniform Joad is from wind leaving 16 6s501b from loads other than wind. The 


reaction diagram shows a direct stress in the leeward column of 3150 !b. In proportion- — 


ing the column according to (2) the yalue of P in the formula is therefore 16 650+3150= 
19 800 lb. The value of M is the maximum bending moment, 42 000 ft Ib=504 000 in Ib. © 
The siesta section in this particular case is that obtained by (2) and it should be used, 
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4, Tall Building Frames 


The Steel Frameg used in the construction. of modern tall buildings such 
1s office buildings carry the entire weight of walls, floors and, in fact, all dead 
and live loads. To these buildings have been given the name SKELETON CON- 
STRUCTION. 

Columns should always be made of steel,-altho in cheap construction cast 
ron is sometimes used. Fig. 16 shows various common sections employed for 
-olumns in buildings. Where two (’s or four L’s are used to form a column 
hey should be connected together by LATTICE BARS, which are flat bars from 
£34 to 214 in widthriveted first to one C or pair of L’s and then to the other. 
Columns made of |_’s and plates or Z bars and plates must be riveted together 
with rivets in the body of the column spaced not over 16 times the thickness of 
the thinnest outside piece connected, the maximum distance used being 6 in on 
centers. At ends of such columns the rivet pitch, which is the distance of 
‘ivets on centers, should not exceed four diameters of the riyet for a length 


(@) 


(6) 


(@) 


Fig. 16. Columns for Fire-proof Buildings 


qual to 114 times the greatest width of the member. Columns should be con- 
inuous over two stories, and splices should be placed just above the floor levels, 
Sast-iron bases or pedestals are used under columns to distribute the load oyer 
he foundations. All columns must be encased in concrete, terra-cotta or 
ther fire-proof materials, Fig. 16, and no pipes should be placed within such 
sasings. “Two inches of concrete or 2 to. 4 in of terra-cotta is, the minimum 
hickness for casings, and the space between the terra-cotta and the columns - 
should be filled with concrete or other similar filling. . 


Tn tall buildings winp BRACING is a prime requisite. No other feature of 
heir design has called forth a greater variance of opinion. Dependence for 
yrdcing is usually placed upon the walls, floors and partitions in buildings less 
han too ft high where the height is not more than twice the minimum horizontal 
limension. The columns are strongly spliced and secured to the floor framing. 
Por greater limits the wind stresses should be carried to the ground by the steel 
rame. This often presents a difficult problem. Kneebraces are excellent 
vhen they do not project into rooms and corridors. A system of diagonal 
racing, L.’s or C’s, as shown in Fig. 17 (@, is ideal but it can seldom be used. 


hae 
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In a system without diagonals the connections of floor girders and beams to 
columns must be designed to take bending stresses and at the same time come 
within prescribed architectural limits. Connections that have often been 
used are shown in Fig. 17 (0), (c), (d). For the lower floor connections details 
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Fig. 17. Types and Details of Wind Bracing 


(b) or (d) are used and for the upper floors where wind stresses are light (c) 
is used. 


Live Loads. ‘Tall buildings are usually within the limits of a city. and must 
be designed in accordance with the provisions of a municipal building code. 
When not governed by a building code the following loads and working stresses 
are recommended: e : . 


Minimum Live Load in Pounds per Square Foot of Floor Area 


“Dwellings (private residences) first floor... ...........2.0.005 40 

Dwellings (private residences) upper floors..............+250 30 

Apartment houses, first floor... ........00-0+-e000 ¢ i yet 
' Apartment houses, upper floors... ... 

Hotels, first} Bors o.os se » sss) 3cseisiciorei pide 

Hotels, upper floors...........-60+++ 

“Office buildings, first floor 
- Office buildings, upper floors......... 
School buildings, class rooms...... 


‘ 5 
es . ele F 
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School buildings, assembly rooms....... PST SESE Pee irtaaly is) 

(Churches and theatres: .). $5.2 cas snjait dt laced dae dees See 75 

Places of public assembly where floors are used for drilling or 
MARGIN ES,» yee ors - . 


Where not so used..... 
PREEAMIREQTES) OLGIBALY, «. 6 5:4)s,5:0j2 aie sje yaiesraieje'einye sais elws dis 
Private.garages, pleasure vehicles only 


Public garages, pleasure vehicles only.............+..5 as 211 9S 
Garages, motor trucks 1 to 3 tons capacity........+....- shaiB5O 
Garages, motor trucks 314 to 5 tons capacity «+» 200 
RVBWOMOTISES Per aie Ht. siarctercy <b ~ (ace 5 oie fa. sr¢ie oretatal oBiehe wal el¥owe > ducvatetayd 200 to 500 


Every steel beam in any floor should be capable of sustaining a live load con- 
centrated at its center of not less than 3000 Jb if used for business purposes; 
of 2000 Ib if used as a private garage storing pleasure vehicles only; of 3000 lb 
if used as a public garage storing pleasure vehicles only; of 8000 lb if motor 
trucks of r to 3 tons capacity are stored and of 12 000 Jb if motor trucks of 314 
tO 5 tons capacity are stored. The kind of material stored in a warehouse will 
determine the floor load. 


Reduction of Live Load. In computing stresses for columns in such buildings as 
warehouses and factories which are likely to be fully loaded on all floors simultaneously 
the full specified live load should be used. In types of buildings such as apartment 
houses and office buildings the specified floor loads may be reduced in computing column 
stresses as follows: for the roof the specified live load should be used, for the top floor 
90% of the live load, for each succeeding lower floor the live load may be reduced by 5% 
until 50% of the live load floor loads is reached, when such reduced loads should be used 
for all remaining floors, except the first or ground floor for which the full specified live 
load should be used. ' Girders of office building type carrying more than 200 sq ft of floor 
may have the specified live load reduced 10%. Dead loads must be computed in all 
cases, 


Wind Pressure should be assumed at not less than 20 Ib per sq ft on ge 
sides of building and the corresponding normal component on the roof. - 


The Working Stresses given in Art. 2 should be used in Bepeeiouas mem=— 
bers. 


5. Fire-proof Floors ! 


Floors for Steel Buildings consist of a wearing surface of wood, cement, 
marble or tile laid on hollow-tile blocks, brick or concrete arches which are 


= 
Reinforced Concrete 


Terra Cotta Arch (2nd Construction) 
Fig. 18. Fire-proof Floor Construction 


carried by I beams, called joists or floor beams, spaced from 4 to 8 ft apart, 
tho usually from 5 or 6 ft, depending on the kind of arches used and the span 
of the beams. Floor girders, that is, deep I beams or plate girders running 
from column to column, support the joists, and if between exterior columns, 
they also support the walls. Hotnow-11Le BLocKs made of porous ‘terra- 
cotta, and used as flat arches, are placed between the I-beam joists and set in 
cement mortar so as to cover the bottom flanges of the beams, thus affording 
protection of the beams against fire underneath. A layer of concrete is spread 
over the blocks, covering the top flanges of beams to a depth of about 2 in, and 
\ f 
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on this concrete the wearing surface is placed. CoNcrETE FLOORS are either 
arched or flat. In the latter case they consist of a slab in which steel hetting 
or rods are embedded. The concrete surrounds the steel beams, and a flat 
ceiling is usually suspended from the beams. Fig. 18 shows details of fire-proof 
flooring. 

Dead or Fixt Loads on floors should be computed for each case. The following are 
ordinary values in pounds per square foot for fire-proof flooring: wooden wearing sur- 
faces, 4 to 6; screeds:or nailing strips, 2; concrete filling, 5 to 30; arch or slab, 20 to 50; 
steel floor joists and girders, 8 to 12; ceiling consttuction and plaster, 3 to to. The total 
dead weight of fire-proof floors varies from 50 to 100 lb per sq ft. The following table 
gives weights of holtow-tile floor arches, these being the most common form of construction: 


Weight of Hollow Tile Flat Floor Arches 
Exclusive of Weight of Steel, Filling or Wearing Surface 


! > 
End Construction Side Construction 


: =a = 
Depth of Beam Weight, || Depth of |Beam Spacing, eee 
ft 


Tile, in. | Spacing; ft ee per || Tile, in J ae 
6 3to4 25 6 3.5 to 4.0 27 
vi 4to3 26 “ 4.0 to 4.5 29 
& 5 to6 27 8 4.5 to 5.0 g2 
9 6 to 7 29 9 5.5 to 6.0 36 
Bi) 7 to 8 33 B fe) 6.0 to 6.5 39 
12 8 to9 38 12 6.5 to 7.0 44 


The Spacing, or distance between centers of floor beams, varies with the* 
type of fire-proofing, the length of span of the beams and character of loadinr. 
With floor beams of ordinary spans, 5 to 6 ft, and for long spans 4-to 4% ft, - 
apart represent good practice. After determining the live load and the type 
and weight of fire-proofing the total live and dead load can be easily computed 
and the cotrect size and spacitig of I beams for this loading and span can be 
taken from tables in steel Companies’ hand-books; or the spacing may be. 
assumed and the proper beams to be used for this spacing is found by taking 
from pages 439-449 a size and weight having a section modulus which equals 
the value of Z/c in the following formula: | 


* I/c=3 dul*/ 2S 


where I/c is the section modulus in inch units, J being the moment Of inertia 
and ¢ the half depth of beam; d, distance center to centet of beams in feet; 
w, total live and dead load in pounds per square foot; /, span of beam in feet; 
S, allowable unit fiber stress in pounds per square inch. If a beam cannot be 
found with a section modulus close to that required, a slight change in the 
spacing may be advisable. In this case a beam may be chosen and the dis 
tance d=2 51/3 cwl?2 computed. The heaviest section of a given depth of 
I. beam should be avoided, as it is not as economical as a lighter beam of a 
greater depth. The size of a beam required to carty a uniform load may also 
be chosen by multiplying the load per running foot of beam by the span and 
selecting from a hand-book a beam corresponding, and in case the load on 
the beam is concentrated at the center it can be reduced to an equivalent 
uniform load by multiplying it by two. For loadings not uniform or not con-— 
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centrated at the center of the span the section modulus Z/c must be found from 
the formula I/c=M/S, where M is the bending moment in inch- Poe: and 
§ the unit stress which is usually taken at 16 000 lb per sq in. 


The Deflection of Floor Beams carrying plastered ceilings underneath should not 
exceed 1/g¢9 of the span. For I beams carrying uniform loads, simply supported at the 
ends and strest to 16 000 Ib per sq in, this limit of deflection will be exceeded if the ratio 
of span length to depth of beam exceeds 24. : 

Compression Flanges of I Beams or girders should be stayed laterally at distances 
not exceeding 12 times the flange width. If this’ ratio is exceeded the allowable unit 
stress should be found by the formula, S=19 ooo—2501/6, where S=allowable unit 
stress in Ib per sq in, /=unsupported length and b=width of flange, A corresponding 
reduction should be made in the tables of safe loads given in steel companies’ hand-baoks. 
For example, the tabular allowable uniform load for an 18 in 55-lb beam 20 ft long based 
on’a maximum hending stress of 16'000 lb per sq in is 47 000 Ib. The beam length 
f, is 240 in and the flange width, }, is 6 in. If the top flange is unsupported laterally the 
allowable unit stress is. 19 o0o—250 1/b= a and the safe load is 9/1647 000 Ib 
=26 500 Ib. 

Tie Rods from 5% to 74 in in diameter are used to connect the webs of I teams in build- 
ings to assist in construction, in bracing the beams laterally and to take the thrust from 
the floor arches. For uniformly loaded floor arches the horizontal thrust is given approx- 
imately by T=3 wi*/2r, and the spacing of the tie rods by l2=10000 ra/wl?, where 
T=thrust in pounds per linear foot of floor beam; w=total live and dead load per 
square foot; /=span of arch in feet; r=rise of arch in inches; 2=distance between 
rods in feet; a=net area of tie rods in square inches. For flat arches r is approximately: 
6/19 to 8/19 the depth of the arch, 

The Safe Unit Shearing Strength of I beam webs or of plate-girder webs for build 
ings is given by 

's S's=12 000/(1 +h?/3000 #2) 

_ where Ss is in pounds per square inch; d=depth of beam or web of plate girder, ‘= 
thickness of web, h=vertical distance between flanges of I beams, and for plate girders 
horizontal distance between stiffeners or vertical distance between flanges, whichever is 
the smaller. All dimensions are in inches, To obtain the total safe shearing strength 


V of a web multiply the above unit stress by the gross cross-sectional area of web, or 
V=Ssdt. 


Safe Unit Shearing Strength of ‘Heh Webs for Buildings 
Pounds per Square Inch 


h h h h 
iF Ss Ss ig Ss 7 Ss 7 Ss 
| to | rf 610 10590 || 30' | 9230 || 4o | 7830 |} 50 6550 
‘ 12 | It 450 19 330 || 32 | 8950 || 42 | 7560 || 52 6310 
~| 24 | 11.260 10079 || 34 | 8660 || 44 | 7290 || 54°] 6e90 
16 | £1 060 9790 || 36.| 8380 || 46 | 7040 ||. 56 5870 
18 | 10 830 9 510 || 38 | 8100 || 48 | 6790 || 58 5660 


6. Fire-proof Walls and Partitions ’ 


Walls for Steel Mill Buildings are made of brick, concrete, tile, corru- 
gated steel, hy-rib and concrete, metal lath and plaster, wood or metal sash. 
. Two or more kinds of siding are often used in the same building. If corrugated 
steel is used for the roof the sides are often made of it also but of liglfter weight. 
Less than No. 22 should not be used for roofs nor less than No. 24 for siding. 
For the roof the usual method of fastening is by straps to ¢ purlins and for 
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SS 


= 
y 


sides by straps or clinch rivets to E or 
L girts. Tho more expensive, galvanized 
sheets are preferable to painted sheets. 
Walls between columns are usually made 
12 in thick if of brick and 8 in thick if 
of tile or concrete. A greater thickness 
may be required when the walls carry all 
loads or when the columns are set free’ 
from the walls. 


4 


2 
ib 


needy 
SS 


Where a RECTANGULAR OPENING is to be 
made in a solid masonry wall, and there are 
» no windows nor other openings in the wall 
above, one or more I beams placed side by side, 
and connected together by cast-iron or rolled- 
steel C separators fitting between ‘the beams, 
are used to support the masonry. Assuming 
that the beams carry a triangular portion of the 
wall having for its base the span and forits 
altitude 14 the span, the section modulus of the 
combined beams = w#l3/32 000, where w is the 
weight of the masonry in pounds per cubic 
foot; 4, thickness of wall in feet; /, span of 
opening in feet. If there are windows above 
the opening the entire weight vertically above 
the opening should be taken on the beam. In 
either case the beams should have a depth of 
not less than about 1/4 the span. 


The question of lighting has been much 
discussed in recent years. It is important 
that natural light should be utilized to ~ 
the best advantage. The location of 
windows as well as their area should be 
considered. The types of sash most used 
for mill buildings are the ordinary wooden 
‘sash and the rolled steel sash. The latter 
is more satisfactory and is used almost 
entirely for the best modern buildings. 


Walls in Office Buildings having steel 
frames are made of brick, stone or terra- 
cotta and are carried by girders or I beams 
at each floor level, thus separating the 
wall into parts each one story in height. 
The thickness of these wails is usually 
ifixt by building laws, 12 in being the 
minimum. Terra-cotta facing with brick 
backing for exterior walls is good con- 
struction. Cement mortar should be used. 
Terra-cotta furring blocks, usually 2 to 6 
in in thickness, attached to the inside 


LY 


4 


ZZ EY 


So 


VZ surfaces of exterior walls, are used as a 
r Sy protection against dampness and noise, 
NY, and serve to hold the plaster. A sSPAN- 


DREL, which is. that part of an outside 
wall in an office building over a window 
and under the window vertically above, . 


[hl 


Fig. 19. “‘Spandiel and Cornice Sections 
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is carried on I beams, or on £’s and Lis. ‘The terra-cotta blocks are anchored 
to the steel. Fig. 19 shows’ spandrel construction. mi 


Partitions in Fire-proof Buildings, Fig. 20, are made of hollow terra- 
cotta blocks, plaster, plaster block, brick and of various patented materials. 
Of these materials terra-cotta hollow blocks are most commonly employed. 
Partitions of this material are made from 4 to 12 in thick, 4 in being the usual 
thickness for the blocks, which for the body of the partition are 12 by 12 in in 
size but for the top and sides are 6 to 8 by 12 in to fit in with the square blocks. 
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Hollow Plaster Partition 


Fig. 20. Fire-resisting Partitions 


Terra-cotta should bé wet before being laid and also before being plastered, 
_and should be laid in a mortar composed of one part lime-putty, two parts 
cement and two to three parts sand. PLasterR on both sides of a terra-cotta 
partition increases the thickness by about 114 in, that is, 34 in per side. 
Twelve ft for 3 in, 16 ft for 4 in, 20 ft for 6 in are the usual heights for the 
- thicknesses of partitions given. Solid plaster partitions are made from 2 to 
4 in thick and are supported on wire lath on steel framework, For the 4-in 
partitions a central body of cinder concrete supported between two such wire net- 
tings is built, then plastered on both sides. HorLow PLASTER PARTITIONS consist 
of a steel framework of ’s to which metal lath is attached on each side, and to 
this the plaster is applied,leaving a hollow space between the two layers of plaster. 

The accompanying table gives weights of various forms of partitions, the weight in 
each case of terra-cotta and plaster blocks not including the plastered surfaces. For each 
plastered surface used add 5 lb per sq ft of surface. The weights given are per square foot 
of partition, 1 


Weights of Partitions 


Kind of Thickness, | Weight. Kind of Thickness, | Weight, 
Partition j in Ib per sq ft Partition in Ib per sq ft 


; te ae Solid plaster { mt a 

a cot hard- 4 12 to 19 || Hollow plaster 4 22 
uurned terra- 5 17 to 22 ‘ 3 4 
cotta 6 22 to 24 || Plaster blocks 4 12 
8 28 to 33 8 aa 
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‘G4 Trainsheds 


Trainsheds are of two general types, those having the roof cea by 
trusses or arches spanning the entire width of' the shed and those having inter- 
mediate supports for the roof. , Of the first type the Penna. R.R. terminal of 
Pittsburgh (Fig. 21) is an example, and the secorid is exemplified in the UMBRELTA’ 
CONSTRUCTION of the Union Station in Washington, D, C., and in the modified 
umbrella type of the D.,L. & W.R.R. station in Hoboken, N: J. (Fig. 22), 
In the first, type the platforms and tracks are covered with high roofs in which 
are-skylights and ventilators, all carried on steel construction. Three-hinged 

- arches até commonly used m these sheds, the longest span being 300 ft, but in 
a few casés trusses supported at their ends on columns have béen used for 
extremely long spaiis, ‘as in the Van Buren St. station of the €,R.1. & P.R:R. in 
Chicago, which has pin-connectéed trtisses of 207 ft span. In the South Station 
in Boston the trusses ate of the cantilever type, with two side spans eath 169 
ft 1 in and one center span 228 ft 6 in. The excessive first cost and the 
ficulty of ventilation and of maintaining the steel work and skylights on the latte 
covered sheds has brought the umbrella sheds into use. ° These sheds are carried 
by rows of columns placed between and parallel with the tracks, and the roof 
extends outward from the columns, thus Sheltering the platforms and leaving 
uncovered the space yabove the tracks, or else, as in the D ,L. & W-.R.R. terminal, 
a farrow Opening is left over the center of each track to allow the locomotive 
gdses to pass out, and the canopies just mentioned aré connected at intefvals. 

The Pittsburgh Trainshed Roof is carried on twenty-four three-hinged riveted arches 

’ arranged in twelve pairs, the two arches in each, pair being 9-ft apart and the distance 
ore pait to the next being 4o ft 6 in. A 12-in I beam serves as a tie in each arch to 
connect the lower hinges and take the horizontal component of the thrust. Each atch has 
one end fixt and one end. on rollers, The loads assumed in the design were, roof cover- 
ing 13 lb per sq ft of roof surface, iron work 16 Ib and snow r7 |b per horizontal sq ft, 
and wind 35 lb per sq ft of élevation. 

In the’ Hoboken Terminal of the D.,L. & W.R.R, the trainsked consists of a low 
roof made of 2 in of concrete reinforced with expanded metal. Continuous skylights aré | 
made of Yi -in wired glass. Over the center of each track a 2 ft 6 in smoke opening is 
left which i is continuous except at the supporting girders, and along each side of these 
Openings there is a concrete apron extending downward almost to the top of the smoke- 
stick of a locomotive. 

‘The f60f is supported on steel purlins which are carried by plate girders spanning two 
tracks arid "spaced 27 ft apart. These girders are slightly arched, and are supported ‘by 
cast-iron columns sét along thé center line of each platform, this making spans of 43 ft 
4% in for the girders. There are 6 spans of this léngth and 2 smaller ones. Expansion 
joints are placed at every fourth. bent, that is, 108 ft apart. 


Data Concerning Trainsheds 


. . Witte | Length,| No. of 
Railway Location Type Span nv Tracks 
. z Ord ; ft in i 
Pennsylvania........| Philadelphia} 1 Arch 300 8 | 304 598 16 
Pennsylvania... .. ...|/ Pittsburgh. :| 1 Arch 255 03), 260 555 12 
Pennsylvania........ Jersey City 1 Atch 252 8 256 653 12 
Phil. & Reading..... Philadelphia | x Atch 259 0 | 266 506 13 
; 2 Truss 169 1 | 570 6o2 28 
South cea ae revlon Boston, .... { Tiss aaa 6 
| Chicago, R. I. & P...| Chicago....|, 1 Truss 207 0| 215 578 it 
| Union Station....... St. Louis...} 5 Truss { cies 6or 700 30 
Del., Lack, & Western! Hoboken...| 8 Girders,! _ 43 43! 339 | 607 | 14 
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Fig. 22. Part of Trainshed, D.,L, & W.R.R., Hoboken, N, J. 
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8. Cost Data and Building Laws 


The following Costs are average values for buildings. For cost of plain 
structural steel at the mill see Art. 16. The cost oF SHOP WoRK in cents per 
pound for light building work is as follows: roof trusses 1.00 to 2.50, hip and 
valley framing 2.50 to 5.00, beam work o.15 to 0.75, columns from 0.75 for 
I beams to 1.75 for riveted plate and L sections, plate girders 1.00 to 1.50. ~ 
Steel mill-building frames, shop work about $35.00 per short ton including 
drafting. | Painting and drafting see Art. 16. Erection or STEEL: bolted 
work $12.00 to $18.00 per short ton, riveted work $15.00 to $25.00, for office 
buildings with riveted connections $17.00 per short ton is a common figure. 
CoRRUGATED STEEL $12.00 to $18.00 per square, furnished and laid. Roors 
per square: slate $15.00, to $20.00, three- or four-ply gravel, not including 
sheathing, $4.00 to $6.00, STruCTURAL STEEL for buildings costs approximately 
from 5 to 8 cents per lb in place complete, including painting. _Two-inch cement 
mortar walls on metal fabric $2.00 to $3.00 per sq yd. 


Material. The ‘‘ Standard Specifications for Structural Steel for Buildings ” of the 
American Society for Testing Materials are coming into general use. Among required 
properties of structural steel mentioned in these specifications are: ultimate tensile 
strength, 55 000 to 65 000 lb per sq in of cross-section; maximum phosphorus, 0.06%; 
minimum percent of elongation in 8 in, 1 400 ooo divided by the ultimate tensile strength, 
for material over 34 in in thickness a deduction of 1 from the above percentage : of elonga- 
tion shall be made for each increase of 14 in in thickness above 34 in toa minimum of 
18%, for material under 5/j¢ in in thickness a deductionof 2.5 from! the above percentage of 
elongation shall be made for each decrease of 1/16 in in thickness below 5/16 in; cold bends 
without fracture 180 degrees flat for plates, shapes, and bars 34 in or under in thickness, 
for thickness over 34 in and including 114 in around a pin the diameter of which is 
equal to the thickness of the specimen, and for material over 114 in in thickness around 
a pin the diameter of which is equal to twice the thickness of the specimen. 


Rivet steel shall have an ultimate tensile strength of 45 000 to 56 000 lb per sq: in of © 
cross-section; maximum phosphorus, 0.06%; maximum sulfur, 0.045%; minimum per- 
cent of elongation in 8 in, 1 400 000 divided by the ultimate tensile strength; cold bends 
without fracture 180 degrees flat, 

Standard Specification for Steel Castings and for Gray Iron Castings have also been 
issued by the A. S..T. M. 


Workmanship. All workmanship should be first class in every respect and in accord- 
ance with practice followed by the best bridge shops. Before being worked material 
should be thoroughly straightened by methods that will not injure it. Punching should 
be done accurately, but occasional inaccuracies in matching of holes may be corrected 
_ with reamer. The diameter of the punch should not be more than 1/jg in larger, nor 
_that of the die 14 in larger than the diameter of the rivet. Rivets should be driven by 

pressure tools wherever possible. Abutting surfaces of compression members, except 
where joints are fully spliced, should be planed to even bearing so as to give close contact 
thruout. 


Painting. Red Lead or Graphite Paints are commonly used for pratt steel in 
buildings, one coat being applied at the shop and one after erection. Linseed oil may be 
used instead of paint for the shop coat... Red-lead paint should be mixt just before using 
and should be kept thoroly stirred and should be applied with round, not flat brushes. 
Painting should not be allowed in wet or freezing weather nor on any but clean surfaces. — 
(See Art. 16.) 


Cast iron need not. be painted until after erection. Steelwork for foundations to be 
entirely embedded in concrete need not be painted but should be free of dirt, grease or 
other matter which would impair the bond-of the concrete. 


“Inspection, All inspection and tests are usually made at the option and expense of 
the purchaser, the contractor furnishing necessary test pieces and the free use of a testing 
machine, 
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Erection. Care should be taken that all ‘steelwork be level and plumb 
before bolting or riveting and that proper provision be made for resisting stresses 
due to erection operations. Field connections are better when riveted than 
when bolted but specifications are often needlessly severe in calling for all 
connections to be'riveted. Field connections may be bolted thruout for one 
story buildings carrying no concentrated loads, shafting or cranes. Other 
buildings should have connections riveted for column splices; trusses, girders 
and beams to columns, chord splices of trusses and for bracing. In structures 
subject to heavy loads and. vibrations rivets should be used throughout, except 
purlins and girts that do not form part of the bracing may be bolted. Drift 
pins should be used only to bring parts together. Unfair holes should be made to 
match by reaming. : 


Building Laws. In the United States there are 60 or 70 cities having a popu- 
lation of over 100'000 each and about 150 cities with a population of from 30 000 
to 100 000 each in-which are located the great majority of buildings other than 
mill buildings requiring steel in their construction, the design of which must 
usually be in accordance with a municipal building code. The engineer should 
acquaint himself with these regulations before beginning his work. As the data 
given in hand-booksmay have been superseded, all information should be obtained 
from the building code itself. When codes-are incomplete, as many are, the engi- 

“neer must supply lacking data from such authorities as he deems advisable. 


Allowable Live Loads for Floors According to Building Laws 


Maximum Live Load, pounds per square foot 


Class of Building | 


New York | Chicago Philadelphia} Boston 
he oe 7 
Dwellings, Apartment : 

Houses, Hotels, Tene- 

ment. Houses or Lodging 
ue Sa 40, 60 40, 50 70 50 
Office Buildings, First Floor.|............]...0..0005 oa 100 100 
Office Buildings, above First | 

SIRS 2s ee 60 50 100 100 
Schools or Places of Instruc- 

MSRM IE ri cy F hes, 04 wert 75 CG ee es 60-125... ! 
Stables or Carriage Houses..}............ AQ¥ OF TOOF Ils soins: aioieiascatal oftcyels Seared ae 
Buildings for Public As- PS 

BETO ee so sis ss ois.e aie 100 100 r20 125-200 
Buildings for Ordinary 

Stores, Light Manufac- 

turing and Light Storage. . 120 100 120 125 
Stores for Heavy Materials, j 

Warehouses and Factories.|......... OBIS eto cobs wants 150 
Roofs, pitch less than 20°... 40 25 30 
Roofs, pitch more than 20° . 40 25 30 
PEERS cre <eur sins sir. « ons Xe EDA BANAONEE Sxibntoty dies tao sofuasames 
Public Buildings, except . 

O21 SUC gpCCegaNe gona cndon. tepAposhiesbd ie SE dtionad§ 125 

* Stables less than 500 sq ft in area. t Stables over 500 sq ft in area. ~ 


Cast-iron Columns to be used in construction of buildings in New York City must 
not have diameter less than 5 in or thickness of metal less than 34-in; nor shall they have 
an unsupported length of more than 70 times their least radius of gyration or-20 times 
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Allowable Unit Loads for Columns 


Sect. 8 


According to Building Laws 


Allowable Unit-Load, pounds per square inch 


Material of Column 


New York Chicago | Philadelphia Boston 
Mild'‘Stéeli esc yccsce + es 16 o90— ree 16 c00— rae 245002 |} —AGOCo!N 
r Tae R 2 
13 500 7? 20 000 Fr? 
Medium Steel............- 16 00 ayo 16 edo yo zease seers 
fr r PB IB 
II 000 #2 20 000 7? 
t 12 509 12 009 
WUPOMERE ITOR.  tiatseelsa sic) at siccg tenses 12. 000—562) | 
Tought Iro: . im ; a 
15 000d?| ~ 2000072 
1 Ir 600, I 
KSGSE ALOR: oc ung ge 3 oer 9 000—40— | 10 000—6o— a II 300—30- 
1+ . 
400 d? 


t=length, r=radius of gyration, d=diameter or least side, all in inches. 


their least lateral dimension or diameter except by special permission or except as modified 
by column formula; top and bottom flanges, seats and lugs must be of ample strength 
reinforced by fillets and brackets, and shall be at least x in thick when finished, Column 
joints secured by not less than 4 bolts of at Jeast 84-inch diameter. The core of a column 
below a joint shall be not.larger than the core of the column above and the metal shall be 
tapered down for a distance of at least 6 in, or a joint plate of sufficient strength may be 
inserted*to distribute the load. If the core of a column shifts more than 14 the thickness 
of the shell, the strength shall be computed by assuming the thickness of metal all around 
equil to the thinnest part, and the column will be condemned if this computation shows 
the strength to be less than that required by the New York building code. Whenever 
blowholes or imperfections are found which reduce the cross-sectional area of the column 
more than 10 percent, such coluran wil! be condemned: Posts and columns not haying 
one open side or back to be drilled with 34-inch hole in shaft to show thickness. 


Wind Bracing. Building codes vary greatly in their provisions for wind 
bracing. The New Yor« code requires that all buildings over 150 ft in height - 
and all buildings or parts of buildings in which the height is more than four 
times the minimum horizontal dimension, be designed to resist a horizontal wind 
pressure of 30-lb for every sq ft of exposed surface measured from the ground” 
to the top of the structure. When the stress in any member due to wind does 
not exceed 50% of the stress due to live and dead loads, it may be neglected. 
When such stress exceeds 50% of the stress due to live and dead loads, the 
specified working stresses may be increased by 50% in designing such members 
to resist the combined stresses. The Cu1caco code specifies that all buildings 
shall be designed to resist a horizontal wind pressure of 20 lb per sa ft and allows 
the same increase of working stresses as the New York code. In Purtaper- 
PHIA a wind pressure of not less than 30 lb per sq ft is called for on all build- 
. ings erected in open spaces or on wharves. On tall buildings erected in built-~ 
up districts the wind pressure is to be figured for not Jess than 25 Ib at tenth 
story, 214 lb less on each succeeding lower story, and 2% lb additional on each 
succeeding upper story to a maximum of 35 lb at the fourteenth story and aboye. 
In proportioning members subject to stresses due to wind loads the working 
stresses. may be increased 30%, The code of Boston has on the subject only 
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Cost Data and Building Laws 


Allowable Unit Stresses According to pags Laws 


————__- - --— 


Allowable Unit-Stress, Ib per sq in 


Kind of Material 


New 
York 
COMPRESSION; Rolled Steel, . we’ 16 a60 
ko a eae 
SPPSIEEFEOU BOD = = chalcsenisiele b vieiesaiewicv'e[iein oiee-e oe 
Cast Iron (in Short Blocks)...........- 


Steel Pins and Rivets (Bearing)........ 
Wrought-Iron Pins and Rivets (Bearing) 
Tension: Rolled Steel 
Cast Steel 
Wrought Iron... 


Cast Iron... .. hid Wanise> waite ie-RoB 
ExrreMe-Fiser Stress, BENDING: 
Rolled-Steel Beams... 0... ...060-0.0004 16 000 
Rolled-Steel Pins, Rivets and Bolts, .... 20.000 
Riyeted Steel Beams (Net Flange Section)| 16 000 
Rolled Wrought-Iron Beams,.........-]-.;- aye 
Rolled Wrought-Iron Pins, Rivets and 

MEME a Ferns = so ain ota g ocean tees a 


Riveted ‘Wrought-Iron Beams (Net 
MAEM CCLION) 0-« +>: <;5)010's:sc4 ols Hevisiele >» AP oe eeitels 
Cast Iron,—Compression Side.....,.... 
| Cast Iron, Tension Side...,........+5- 
Compression in Flanges of Built Beams, 
Compression i in Flanges of Built Beans: 
Wrought Iron.,.... PT TR Ae 
SHEAR: Steel Web Plates....., Re a 
Steel Shop Rivets and Pins.,.......... 
Steel Field Rivets and Pins............ 
Steel Field Bolts... 2.2.0.0...) 00004. 
Wrought-Iron Web Plates...,....,.... 
Wrought-Iron Shop Rivets and Pins... . 


Wrought-Iron Field Rivets,,....... pai. Beane 
Wrought-Iron Field Bolts.,.... Peicthy Seiad ies ve +e 


oY 3 at a ee Lae 


Philadelphia 


Chicago 


Boston 


14,§09, 16.250}. . 5 005! 


15 000 


12 000 

qibtige.- 

EH AOS {ills cts. 92 16 000 
A2 HOW \acinet coher y wt 22 500 
Th OD9},}ad’- ogq'vsj-eeaealy = tek 
AAC Tea ogee one Aarts I2 000 
E astaty cles fincattal tisiete: ava) aetete 18 000 


Under Philadelphia, the first value is for mild and the second for medium steel: if 


the ambiguous sentence, ‘‘ Provision for wind bracing shall be made wherever it 


is necessary.”” 


A number of provisions besides those for floor and wind loads affect the design of the 
steelwork. FirEPROOFING AROUND EXTERIOR COLUMNS in New York must be 8 in thick 


on the outer face while in Chicago 4 in will answer. 


THICKNESS OF ENCLOSURE WALLS 


when carried by the steelwork .is specified as 12 in for New York, Chicago and many 
other cities, A Jarge number have d thickness of 12 in for a top section of 75 ft and 
a greater thickness for sections below. Still other variations are found. 


Limitations upon the HEIGHTS OF BUILDINGS are placed in many cities. 


For 


‘fireproof commercial buildings 214 times the width of the adjoining street is 
quite common. The absolute limit ranges from 120: ft in Providence to 250 ft 


in New York, St. Loujs and St. Paul. 


. 


‘The Boston limit of -125 ft is followed 
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by a dozen cities. A number of other cities have limits of t50 to 175 ft.  Chi- 
cago, Indianapolis, Newark, Paterson, place the limit at 200 ft and Milwaukee 
- at 225 ft. SPECIAL REQUIREMENTS must not be overlooked. One such, found 
in the Atlanta, Newark, Paterson and other codes, is that prohibiting the spacing 
of floorbeams of fireproof buildings more than 5 ft centers for stores, warehouses 
and factory buildings and 8 ft centers for other buildings. This eliminates 
“long-span ” construction. Other requirements are confined to the individual 
code in which they are found. As stated previously, the structural engineer 
should be acquainted with the municipal code by which the construction of his 
building is governed. 


_ GENERAL DATA FOR BRIDGES 


9. Dead Loads 


Simple Bridges include all beam, girder or truss bridges supported at both 
ends only. Continuous bridges include those which continue unbroken over 
two or more spans and which under vertical loads have vertical reactions. A 
cantilever beam is one that is fixt at one end’ and unsupported at the other 
and a CANTILEVER bridge is therefore one having one or more cantilevers. 
An arcu bridge may be defined as one which under vertical loads produces ~ 
inclined pressures on its supports, thus including SUSPENSION bridges which 
have the end reactions outward as well as the more common forms of arched 
bridges which have reactions upward and inward. ; 


The first important bridge of metal was a cast-iron arch of roo-ft span built at Coal- 
brookdale in England in 1779, and the first iron truss bridge in the United States is believed 
to be the one built at Frankfort, N. Y., in 1840, The largest cast-iron bridge in America 
was built in 1866, in Chestnut St., Philadelphia, its longest span being an arch of 185 ft, 
Steel was first used in bridge construction in the arches of the Eads bridge at St. Louis in 
1874. The modern steel truss span is the outgrowth of the wooden and the combination 
truss, the latter being a truss in which some members are of wood and some of iron. 


A Deck Bridge is one in which the floor system is supported on or near the 
top chord of the trusses or girders, and a THRU BRIDGE is one in which the floor 
is on or near the lower chord. A PoNy TRUSS bridge is.a thru bridge so shallow 
that no overhead bracing can be used. Bridges are SQUARE or SKEW, the former 
including those having the ends of the span at right angles to the length, hence 
having the trusses parallel and of the same length; while skew spans have one 
or both ends at oblique angles with the length and the trusses of a span may 
be of the same or different lengths. 


Loads on Bridges include the dead or fixt, the live or movable, impact 
due to live loads, centrifugal force due to electric cars or trains moving on 
curved tracks, snow, longitudinal forces due to friction, and forces due to 
changes of temperature. 


The Dead Load of railroad bridges includes the weight of the girders and 
trusses, of the top, bottom and transverse lateral bracing, and of the floor 
system which may be of either the open or solid type. The following weights 
are approximate only but are sufficient for use in preliminary designing and 
they should be checked from the finished design in every case. For ordinary 
open floors the weight of track is from 400 to 600 Ib per ft for one track includ- 
ing rails, guard timbers, ties and all fastenings.. The weight of steel per foot © 
of span in single track railroad bridges of the several types named below, having — 
open floors and designed for Cooper’s Class E-40, E-so and E-Go loadings 


- 
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(Art. 10) in accordance with the American Railway Engineering Association 
Specifications, rg10, is approximately exprest by: 


Weck iplater girders: 5%... sujal. <teicnayernre acters w=k(13 1-+100) 
. pbronplateygirders....c. «bc. ss Slate eles nde w =k(15 l.+500) 
Thru pin-connected or riveted trusses.... °w=k(9 1 +700) 


where /=length ‘of span; k =0.88 for E-40; k=1.00 for E-so and k =1.12 for 
E-69 loadings. 

The weight of steel.in a double-track girderbridge is about 1oo% greater, 
and in a double-track truss bridge from 80 to 90% greater than for a similar 
single-track structure. 


The Total We’ght ‘of Material in one single-track span is found by adding 


‘the weight of the track, 400 to 600 lb per ft, to the weight of steel as given 


by the above’ formulas and multiplying by the span in feet. A DEAD PANEL 
LOAD on one truss is the weight on one panel point from one panel length of truss 
and floor’system. For a single-track bridge the panel load on one truss is found 
by multiplying the total dead load per foot of truss by the panel length. For 
example, if a single-track thru: bridge designed for a Cooper E-so live load, 
has‘a span of 200 ft divided into 8 equal panels of 25 ft the above formula, 
w=91+700 gives 2500 lb per ft as the weight of steel in the bridge. If the 
track weighs 450 Ib per foot of bridge the fotal load per foot of one truss = 


« Y%500 +450) =1475 lb, and the panel load per truss is 1475 X25 =36 875 lb. 


It is customary to assume 2/3 of the panel load on the loaded and 4 on the un- 
loaded chord panel points, but a better method is to divide the weight of the truss 
equally between the upper: and lower chords and apply the weight of track and 
floor after the latter has been, obtained from the floor design at the loaded ~ 
chord, 


Highway Bridge Dead Loads include in addition to the weight of the 
sidewalks, if any, the weight of the roadway and the steel in the stringers, 
floor beams, trusses and bracing. Highway bridges vary greatly in size and 
design and no formula will give accurate results for the dead weight. Of the 
various ones proposed the following’ by Waddell and Hedrick is commonly 
used for highway bridges for heavy service: 


=34 +22 b+0.16 bl+0.7 1 


wage wi =the total dead load in pounds.,per linear foot of bridge, Sneudine 
flooring, stringers, trusses, sidewalks and laterals; /=the span in feet; b= 
clear width of roadway and sidewalks in feet. .For computing the loads on 
highway bridges the following WEIGHTS OF MATERIALS in pounds per cubic foot 
will be found useful: timber, creosoted, 60; oak, untreated, 54; pine, untreated, 
48; concrete, 150; paving brick, 150; granite blocks 160; asphalt, 135; mac- 
adam, 130; sand or earth, 100; stone ballast, 100; steel, 490; cast iron, 450. 
The following weights are in pounds per linear ft: ordinary latticed sidewalk 
tailings, 30; rails and fastenings, street railway tracks, 100 per track; rails and 
‘fastenings, railroad tracks, 150 per track. 


Snow Loads for railroad bridges are usually negligible, but for highway bridges in cold 


"climates it is necessary to consider the snow load in some cases, especially for drawhridges 


when open. The maximym allowance is 20 Ib per sq ft. 


10. Live Loads 


Live or Movable Loads ordinarily used for the design of railroad bridges 
consist of two! locomotives followed by a uniform load representing the weight 
of the heaviest cars, To allow for future increase the weights specified by this 
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loading should be greater chan the heaviest locomotives and cars in service on 
the road for which the bridge is designed.. Wheel spacings and weights of 
actual rolling stock are so variable that typical loads are largely used, those 
specified by Cooper being most common. Fig..23 shows Cooper's Class E-50 


Fig: 28. Cooper’s Standard Loading, Class E-50. 


standard loading, consisting of two consolidation locomotives followed by 4 
uniform load of s060 Ib per linear foot. Thé loads given are axle loads, 
Cooper’s standards provide for heavier traffic by using Classes E-Go and E-s5 
and for lighter traffic by using Classes E-45, E-40 and Ego, each of which 
has‘the sdme wheel spacing as Class E~so, but the weights, and hence all 
functions of these weights such as reactions atid stresses, are Jess, being pro- 
portional to the Class number} thts the weights of E-Go are 12/19 those of 
E-s0 and of E-45 are 9/19 those of E-50;° K-40, 8/jo of E-s0; Ego, 6/40 of 
Eso. . 

The rapid increase in weight of the engines in actual Service has made it 
necessary to use the heavier Cooper classes-and at present, 1918, very few bridges 
on main lines~are designed for less than E=50, while the general tendency is 
towards the use of E-60 and even higher. An examination of the specified 
loadings of 50 roads, after reducing each loading to an equivalent based upon the 
A. R. E. A: specifications, shows that 9 roads use less than E=§5; 27 between 
E+55 and E-60; 19 between E-60 and E-65; and 4 between E-G5 and E-75, 
Several of these roads contémplate i increases. The Bessemer and Lake Erie Ry. 
bridge across the Allegheny river was designed for E=75; and the Paducah 
and Ifl. Central R.R. bridge across the Ohio river at Metropolis for E-go. In 
the latter case, however, higher unit stresses than those allowed by the 
A. R. E. A. specifications were used, For stringers and short spaces two axle 
loads of 4 heavy passenger engine are used wherever they govern. The West- 
ern Matyland Ry. specifies two’ such axle loads of 72 G00 Ib each, spared 7 ft 
on centers. 

Fig. 24 shows four of the heaviest articulated engines of the Mallet type in 
actual service. They are only slightly heavier than similar engines tised on 
many other roads. ; 

Locomotives of this type produce stresses in spans of from 10 to 1S0 ft which 
difier somewhat from those obtained by the use of the Cooper‘loadings. Thus 
‘the Virginian Class A E locomotive produces center moments which exceed 
. those from the E-Go loading by 12% in a 30-ft, 14.7% in a 60 ft, 19.4% in am 
80 ft, and 20.2% in an 100-ft span, with lessening percentages in longer spans. 


The effect, of an overload upon, a bridge is to increase maximum stresses in the coun- 
ters, hip verticals and center web members proportionately more than in the chords and 
end web members. A well-designed bridge will have iflitially such excess of material 
in the former that under the maximum possible overload the specified unit stresses for - 
all members of the truss will be increased in about the same proportion. Such a bridge 
should-carry safely an overload of 50%. Many prominent engineers belieyé that a bridge 
‘properly designed under the A. R. E. A, specifications for E-6o will not be dangerously 
overloaded for a long time to come, if ever, and befsre this can happen there are pony 
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other limiting features in railroad and locomotive construction which will have first to 
be radically changed. 
Virginian. RR. -. Class AE 437% tons Wh. Base 97 fi 


All loads are in thousand pounds per axle. Wheel spacings are in feet and inches. — 


Fig. 24. Wheel Diagrams of Heavy Locomotives in Service 


The ELectRic Locomotive of the N.Y.C. & H.R.R.R. weighs about 138 000 lb, disttibu- 
ted nearly equally oh 4 axles and 13% 000 Ib on the 4 truck axlés, making about 269 000 
Ib total weight. : c 


Equivalent Uniforin Live Loads which will give stresses as close as pos- 
sible to those computed for acttial wheel loads are sometimes uSed,' the most 
common for computing chord stresses being the uniform load per foot which pro- 
duces 4 moment at the ceriter of the span equal to the maximum moment pto- 
duced on the span by two locomotives followed by a uniform train load. The” 
équivalent uniform load for computing web stresses is the uniform. load per’ 
foot which produces an end shear equal to that produced by the locomotive 
loading. Table on p. 850 gives for Cooper’s E=50, maximtim moments; end, 
quarter point and center shears; pier reactions for equal spans; and the equiva- 
lent uniform loads based upon center moments, énd shears and pier fedctions, 


An Exact Equivalent Uniform Load is one which gives exactly the same 
‘stress in a memibet as the acttial wheel loading. Fig. 25 is a chart, constructed 
by Dr. D. B. Steinman, from which may be obtained the exact equivalént 
load, based upon Cooper’s E-60 loading, for any stréss function having a tri- 
angular influence line the lengths of whose segments are i and i. Since, for 
end reactions or intermediate shears in a girder without floor beams the in- 
fluence diagram is a triangle with hi =o, instead of extending the chart the values 
of the corresponding equivalent . uniform loads aré given in a separate table. 
Fig. 26, also by Dr. Steinman, gives the governing wheel of a Cooper loading 
for maximum of any stress having a triangular influence line. The usé of 
these charts will be explained in Arts. 18, 25, 26 and 27 in connection with 
stresses in girders and trusses. : 


| The Livé Loads for a Highway Bridge sliould be chosen to correspond 
with the location of the structure, suitable provisjon being made for future 
traffic. <The specifications most commonly used ate those of Americah Bridge 
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Maximum Moments, Shears, Floor Beams or Pier Reactions, and Equivalent 
Uniform Loads for Cooper’s Class E-50 


For One Rail 
Max. Shears, V Equivalent Uniform Load 
Max. 
Max. A 
aha Moment, a Ror For For 
u fod) || iy Pt._| Gente |p (aR 1 |. Max...|) 2 eee 
Moment End Pier 
Shear | React. 
10 70.4 37-5 25.0 1225 50.0 5625 7500 5000 
Ib 82.4 40.9 26.1 13.6 54.5 5430 745° 4960 
12 100.0 43.8 27.1 14.6 58.4 5560 7290 4860 
13 118.8 46.2 27-9 15.4 61.6 5625 7100 4740 
14 137-5 48.2 29.5 16,2 65.2 5610 6900 4660 
15 156.3 50.0 31.3 16 6 68.3 5560 6670 4555 
16 175.9 53,1 32.9 27 3% he 5479 6640 4445 
17 193.8 55-9 34-3 17.3 73-5 5360 6580 4325 
18 212.5 58.3 35-4 17.4 75.9 5250 6490 4210 
19 23313 60.5 36.5 17.5 78.6 5170 6370 4140 
20 257 9 62.5 petal ae ty po3 81.9 5160 6250 4100 
ar 282.5 64.3 39.2 18.1 84.9 5100 6125 4040 
22 307.1 65.9 40.9 18.8 *87.6 5050 5990 3980 
23 331.8 67.4 42.4 19.3 90.2 5000 5860 3920 
24 356.5 69.3 43.8 19.8 92.4 4940 5775 3850 
25 381.3 71.0 45.0 20.2 94.6 4880 5680 3780 
26 406.0 72.6 46.1 20.6 97.1 4820 5585 3735 
27 430.8 74.0 47.2 21.1 100.1 475° 5480 3710 
28 .|..456.9 75-5 48.2 20.4 102,8 4690 5390 3670 
29 485.0 76.9 49.1 21.8 105.4 4625 5300° | 3635 
30 513-0 78.8 50.0 22.1 107.9 4560 5255 3595 
31 541.1 80.5 | 50:9 22.7 TI0.6 4500 5195 3570 
32 569-3 82.1 51.8 23.4 113.7 4450 5130 3555 
33 597-4 83:7 52-5 24.0 116.7 4390 | 5070 3535 
34 625.8 85.5 53.5 24,6 T19.4 4330 5005 3510 
35 653-8 86.5, 54.4 25.1 122.0 4275 4945 3485 
36 685.8 8822 ¢)) 55.2 25 <8: 124.4 4240 4gco. |. 3455 
37 717.9 89.8 56.0 26.2 126.9 4200 4855 3430 
38 750.0 9.4 56.7 26.6 | 129.7 4170 | 4810 3410 
39 783-3 2.9 Bris rele ied 132.3 4135 4765 3390 * 
40 819.5 94-3 58.5 27:5 135.0 4100 4715 3375 
4I 855.8 96.0 59.4 27.9 137.6 4070 4680 3355 
42 892.0 97.6 60.2 28.3 140.2 4040 4650 3340 
43 928.3 99.2" 61.1 28.6 142.9 40r0 4615 3325 
44 964.5 | 100.7 61.9 29,0 145.6 3980 4580 3310 
45 1000.8 | 102.5 62.6 29.3 148.3 3960 4540 3295 
46 | 1037.3 | 103.5 63.4 29.6 150.9 3930 4500 3280 
47 | 1073.3 | 104.9 64.2 29.9 153.4 3900. | 4465 2265 
48 I109..5 106.3 65.4 |s. 30.2" 156.0 3870 | 4430-]| 3250 
49. | 1148.5 | t07-7, | 66.0 | 30.6 | 158.5 | 3840 | 4395 | 3235, | 
50. | 1188.6 | 109.0 66.8 8r.t 161.0 3810 4360 | 3220 
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Maximum Moments, Shears, Floor Beam or Pier Reactions—(Continued) 


Max. Shears, V Equivalent Uniform Load 
am asta ee Ae Max. 
Max: are 

iad Moment, | Renct. Bor” Waker Pee 
; M End Pt. | Cent, R Max, | Max. Max. 
Moment End Pier 

Shear | React. 

5I 1228.9 110.4 67.6 31.5 163.6 379° 4330 3210 
52 1269.0 111.8 68.5 31.9 166.6 3770 4300 3205 
53 1309.2 144.1 69.2 32.3 169.6 375° 4270 3200 
54 | 7351-8 | 114.5 70.1 32.6 172.5 3730 4240 | 3195 

55 | 1396.1 115.8 71.9 33-0 175.4 3710 4215 3195 | 
56 | 1440.5 | 117.2 71.8 33-3 178.5 3690 4185 3195 
57 1484.9 118.5 72.7 33-6 181.8 3670 4160 3195 
58 1529.2 119.8 73:5 34-0 185.1 3650 4130 3195 
59 1576.2 120.2 74-4 34.4 188.4 3630 4110 3195 
60 | 1624.5. | 122.5 75-2 34-9 191.5 3610 4080 3195 
61 1672 9 123.9 76.0 35.2 194.7 3600 4060 3190 
62 1721.2 125.2 76.6 35.6 197.7 3585 4040 3190 
63 1769.5 126.6 17-4 36.0 200.7 3579 4020 3185 
64 1819.4 128.2 78.5 36.4 203.6 3560 4005 3180 
65 | 1871.9 129.7 78.8 36.8 206.7 2550 3990 3180 
66 1924.4 13r.2 79.5 agree 209.7 3535 3975 3175 
67 | 1976.9 | 133.0 | 80.3 | 37.5 | 2127 | 3520 | 3970 |“ 3x75 
68 | 2029.4 | 134.8 81.0 37-8 215.6 3510 3965 | -3r70 
69 | 2081.9 | 136.5 81.7 38.1 218.5 3500 3955 3165 
7° 2134.4 138.1 82.4 38.4 221.3 | 3485 3945 3160 
qx | 2186.6 | 139.8 83.1 38.8 224.1 3475 3940 3155 
“72 2241.2 I4l.7 83.8 39.2 226.9 3460 3935 3150 
7g | 2292/4 | 143.5 84.4 39.6 229.6 3450 3930 3145 
74 |.2349.0 | 145.3 85.0 40.0 232.4 3440 | 3925 3140 
75 | 2407-3 | 147-1 85.7 40.4 235.2 3430 3920 3135 
46 | 2465.0 | 148.8 86.5 40.8 238.0 3420 3915 3130 
77 | 2523.9 | 150.5 87.4 4i.t 240.7 3410 | 3910 | | 3125 
78 | 2581.2 152.1 88.2 41.5 243.3 3400 3900 | 3120 
79 | 2640.4 | 153.8 88.9 41.7 245.9 3385 3895 3115 
80 2700.6 155.3 89.6 42.1 248.6 3375 3885 3110 
81 | 2759.6 | 157.0 90.4 42.5 251.1 3370 3875 3100 
82 2820.9 158.6 gr.2 43.0 253.6 3360 3870 3090 
83 2883.1 160.3 92.1 43-4 256.1 3350 3860 3085 
84 | 2945.4 | 161.8 93.0 43-7 258.7 3345 3855 3080 
85 | 3008.6 | 163.4 93.9 |- 44.1 260.8 3335 3850 3070 
86 | 3074.5 | 165.1 94.3 44-5 263.0 3325 3840 3060 

87 | 3138.3 | 166.8 95-7 44.9 265.6 3320 3830 3055 
88 | 3205.3 | 168.4 96.5 45.2 268.3 3310 3825 3050 
89 3269.9 170.0 97-4 45.6 270.8 3300 3820 3040 
go | 3338. | 171.5 98.4, | 45.9 273-2 3295 3810 3035 
QT .| 3403.7, | 173.1 99.4 46.2 275.6 3290 3805 3030 
92 3470.9 174.7 100.4 +46.6 278.0 3280 3800 3020 
93 3539-3 176.4 IOI.2 46.9 280.3 3270 3795 3015 
94 3606.6 178.0 102.1 47-3 282.7 3265 3790 3005 
95 | 3674.3-| 179-5 | 103.1 47-5 285.1 | 3260 | 3780 | 3000. 
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Maximum Moments, Shears, Floor Beam or Pier Reactions—(Continued) 


Max. Shears, V Equivalent Uniform Load 
Max. 
Max, Ds 
ome Moment, Her For For 
t M React. For Max Mar 
End. | 4 Pt. | Cent. R Max, End Pi , 
pagmcn’ Shear | React. — 
96 | 3743.t | 181.0 | 104.1 47.9 287.5 3250 3779 2995 
97 3811.2 182.7 105.1 48.1 289.7 3240 3765 2985 
98 3883.1 184.3 106.2 48.5 292.0 3235 3760 2980 
99 3952.9 186.0 107.2 48.9 294.2 3225 3755 2970 
10o 4024.9 187.5 108.2 49.2 296.5 3220 3750 2965 _ 
tor’ | 4097-0 | 189.0 | 109.2 49.5 298.6 3220 3745 2955 
toz | 4169.9 | 190.6 | 110.1 49-9 390.8 3220 3749 2950 
103 | 4263 3 192.1 IIl.0 50.1 303.0 3215 3730...| 2940 
104 4344.2 193.6 TI1.g $9.5 395-3 3215 8725 2935 
105 4422.0 195.1 112.7 50.7 307.5 3215 3715 2930 
106 4500.4 196 6 113.6 51.1 309.8 3215 3710 2920 
107 | 4583-3 | 198-4 | 114.5 $1.5 312,0 3215 3700 2915 
108 4681.6 199.5 115.5 51.7 314.2 3210 3695 2gto0 , 
Tog 4773-0 201.0 116.4 52.0 316.3 3210 3690 2900 
110 4858.5 202.5 IL7 4 52.3 318.5 3210 3680 2895 
IIE | on 204.9 | 118.2 52.5 320.7 3210 3675 2890 
112 5033.6 205.5 TIQ.1 52% 322.8 3210 3670 2880 
113 | 5133.8 | 207.9 | 120.0 53.1 324.9 3210 3665 2875 
IT4 5215.0 208 4 121.0 53-5 327.0 3210 3655 .| 2870 
115 5306.2 209.9 121.9 53-9 329.0 3210 3650 2860, 
116 5398.5 211.3 122-9 54.2 331-1 3210 3645 2855 
117 | 5486.9 | 212.8 | 123-7 54 6 333.3 3205 3640 |. 2850 
118 | 5579.7 | 214.2 | 124.6 54.9 335-6° | 3205 3630 2845 
119. | 5673,5 || 215.7 °° 12545 55-3 337.8 3205 3625 2840 
120 5767.6 237.1 126.4 55.6 340.0 3205 3620 2835 
121 5858.1 218.6 127.2 55.9 342.2 3205 3610 2830 | 
122 5953-4 229.0 128,1 56.2 344.5 3205 3605 2825 
123 6045.2 224.4 129.0 56.5 346.7 3200 3600 2820° 
124 6146.7 222.8 130.0 57.0 349.0 3200 3595 2815 
125 6245.5 224.2 130.9 57.35 351.2 3200 3590 2810 
150 | 8827.9 259.2 152.2 68.0 406.7 3140 3455 2710 
175 |11690.6 293.1 172.9 78.4 464.6 3055 3350 2655 
200 |14841.2 | 326.3 191.8 88.0 523.8 2965 3265 2620 
250 |21990.6 391.5 229.6 106.3 644.0 2815 3130 2575 


For span lengths L greater than 284 ft, max, moment =5/;,L2+2375. 


For span lengths L greater than roo ft, max. end shear=1.25L +-90—2750/L. 


For span lengths Z each greater than 142 ft, max. pier reaction =2,5L +4750/L. 


Moments are in thousand lb ft; shears are given in thousand pounds; pier reactions 
are given in thousand pounds aad are for piers between two spans each equal to the 
tabulated span; equivalent loads are in pounds per linear foot. 
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So., Cooper, Mass. R.R. Commission, and Waddell. Most of the large cities 
have theit own spécifications. In many States the design of highway bridges 
; Shorter Segment lr, 
Cues : 8 


. 
j 
: 
D 
Je 
: 
Rantae Copyright. ro15 
Biehi by 
= SSS SSE FES 4 oS D. B. Steinman 
Sessa! SNE SES ENH Dy, - ~See formulas on p. 854 
fo SS NISSSSSERE Seasuhiin aay : 
Ss SESE AEN ey 
35 he el a i SS a CLS ; 
30 = Sah SNES SY a, 
S . Zr jewey 
bs Ne Any Vatue 
~ na Any Triangular S28 
: aN Infiuenee Line if 
f WS it eb il 
“ie oo 2 ot ne 


Fig. 25. Equivalent Uniform Loads for Cooper’s E6o in Pounds per Lineat Foot of Track 


must conform with the specifications issued by the Highway Commissions of 


those States. 
The loads are of two 
its supports a uniform loa 


kinds: uniform for the Heasees) and. for the roadway and: 
d together with wheel loads. On sidewalks the same 
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Equivalent Uniform Loads for 


Web Stres 
Pees Shears and Reactions 


Formulas for Use of ADVOV EX 


Fig. 25 


i; =Shorter segment of 
influence triangle. 


=Longer segment. 


g=Edquivalent uniform 
load, taken from ( 


, U 
chart for andi, 41 = whe ae 2) h rat Max. Shear at C: *V = Maal 
h 


ar-+b : 
Max. Reaction at A: (k=). 


For Member shown 
ding M =I 
Pees a mans full: R20 
Max.+Web eee | i ley li q lg 
=Kghb——; =F ioe, 
rp 1000} 6418/|500] 6812||100! gooo 
Max. — Web Stress 975} 6429 |475| 6852|| 95| 9060 
A sec @ * 950! 6440 |450) 6896)| 90) 9140 
: =749'Vl's—— ? 925| 645r|/425] 6945|| 85] 9230 
Max. Moment at Cin 900} 6463)/400 7000) 80] 9315 
Span AB: M =qlilp. 4 For Member shown 875] 6476||375| 7060)! 75| 9410 - 
(Giand=TheTwoSeg-. otte4: 850] 6490\|350| 7130|| 70] 9470 
ments of the Span) Max.—Web Stress 825] 6504!|325| 7205|| 65| 9600 
o set Of 800} 6519||300] 7295|| 60) 98co 
= }arik ——* 775) 6535||275| 7400)| 55|0r00 
6eeal| 
—. . ; i 750) 6552)|250] 7520)| sojto4gso | 
Max. +Web S Stress if 72s\"6s72|laaxly 660) emeleeges 
; =Va'l' Tees 4 700] 6591||200) 7830|) 40/11310 
Shears ; p 675| 6612||175]} 8035)} 35|11830 
: 650] 6634||160} 8185)! 30)r2650 
R aeer <a 625| 6658)/150| 8300]| 25)13625 
, : 600} 6683/|140| 8420/| 20) 15000 
Ries yare Fleorbeam Reactions 575) 6711|/130) 8540)! 15/16000 
ib-- slong tebe Intermodiate Pier Reactions 550] 6741||120| 8680|| 10|18000 


|e | ree Sa ae 525! 6775||t10! 8840)| 5124000 
~-== Influence line for R ; 

Le Tl _ * Note: In the formula for “V” 

5 the effect of wheel © is neglected, 


ax. Shear in Truss Pa- at 
Ge Veena Max Ointermadiste Ree To correct for this, subtract 
nl 5 action: R=lMq(h +l) 30,000 (:-24*) 
(' --*.) (b= np). (and k= The two Ad- i l 
mt joining Spans.) from the above value of V. 


Fig. 25a. Influence Diagrams and Equivalent Uniform Loads: 


uniform load is used as for the roadway. The following is an abstract of 
loadings adopted by the Mass. Public Service Commission, 1915, for bridges 
carrying electric railways. They will also apply to bridges without car tracks 
provided the floor system is designed for both truck and such uniform loading 
as may reasonably come upon the roadway at the same time. 

Live Loads. Bridges of the following classes should be designed to carry, 
in addition to the dead loads, a moving load, either uniform or concentrated, 
or both, as specified below, placed so as to give the greatest stress in each part 
of the structure, 

For bridges intended for passenger cars: 


The floor system and the trusses or girders shall be proportioned to carry on each 
track a train of two double truck cars coupled together. Each car shall be assumed to 


Aer: amliailiondaeaat +3855 


weigh, when loaded, so tons, and to have a total'wheel base of 25 ft, and a wheel base for 


each truck of 5 ft. The length of each car shall be taken as 4o ft. 


LONGER SEGMENT J, 


For bridges over which it is intended to operate standard steam road freight cars or 
express or other cars weighing more than 50 tons when loaded: 


SHORTER SEGMENT Jy 
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#: FREES 3 
as oo , sees Grnrrat Notes. — The chart gives wheel 
- = | for maximum for any stress which has a tri- 
o angular influence line. 
| _ Im case of two unequal segments, the live load ap- 
t proaches on the longer segment except where wheel is 


overlined, when live load approaches on shorter segment. 
When both segments are each greater than 142 it., advance 

load on longer segment first, and upon next segment until wheel 
No. 1 is within 33 feet of the far end of the latter. 


Fig. 26. Position of Cooper’s Loadings for Maximum Stress 


b ‘ 
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The floor system and the trusses or girders shall he proportioned to carry on each 
track a train of two double truck cars coupled together, each car weighing, when loaded, 
45 tons, the other dimensions being the same as for the passenger car above described. 

In highway bridges carrying electric roads the above specifications shall apply with 
reference to the loads upon the railway track. In addition the following moving loads 
should be assumed upon the highway floor: : 

(a) For city bridges, subject to heavy loads: 

For the floor and its supports, a uniform load of 100 tb per sq {t of surface of the road 
way and sidewalks, or the auto truck described under (d). In computing the floor beams 
and supports, the railway load shall be assumed, together with either (1) this uniform 
load extending up to within 2 ft of the rails, or (2) the auto truck described under (¢). 

For the trusses or girders, 100 lb per sq ft of floor surface for spans of 100 ft or less, 80 
lb for spans of 200 ft or over, and proportionally for intermediate spans, This uniform 
load is to be taken as covering the floor up to within 2 ft of the rails. é 

(6) For suburban or town bridges, or heavy country highway bridges: 

For the floor and its supports, a uniform load of too lb per sq ft, or the auto truck 
described under (d); these loads to be used as described under (a). 

For the trusses or girders, 80 lb per sq ft of floor surface for spans of roo ft or less, and 
60 Ib for spans of 200 ft or more, and proportionally for intermediate spans; to be used 
as described under (a). (See d,) 3 

(c) For light country highway bridges: 

For the floor and its supports, a uniform load of 80 Jb per sq ft, or the auto truck de- 
scribed under (d); this load to be used as described under (a). (See d,) 

For the trusses or girders, 80 lb per sq ft of floor surface for spans of 75 ft or less, and 


50 lb for spans of 200 ft or._more, and proportionally for intermediate spans; to be used as _ 


described under (a), 

(d) All-parts of the floor of a highway bridge shall be proportioned to carry a 20-ton 
auto truck having 6 tons on one axle and 14 tons on the other axle, the axles being 12 ft 
apart and the distance between wheels 6 ft. This truck is assumed to occupy a floor 
space 32 ft in length and ro [t in breadth, overhanging all wheels an equal amount. 

For the purpose of designing the stringers the following assumptions may be made: 

Where plank floors or floors resting on planks are used, each wheel load of the auto 
truck may be considered to be distributed over a width of floor equal in feet to the thick- 
ness in inches of the supporting layer of planking. The width over which the load is 
distributed shall never, however, be taken as more than 6 ft. 

Where solid floors are used each wheel load may be assumed to be distributed over a 
width of 6 ft. 

(ec) If ties or wooden floor beams are exposed to bending, the weight on one axle shall 
be Considered as distributed equally upon three ties, if the latter are not over 8 in apart 


in the clear. If they are farther apart, the load on each shall be found by assuming 


an axle load to be distributed uniformly over a distance of 4 ft. 

Impact is the dynamic effect on a bridge due to the moving loads and 
allowance should be made for it, Two methods are in use; in one the allow- 
able unit stresses for dead and live loads are different, the latter heing taken 
one-half the former. In the other and more common method the allowable 
dead and live load unit stresses are equal but the live load stress is increased 
by a certain percent of itself, the increase for railroad bridges being given by 


ies : he 300. 
‘ll (; aa 


where J is the impact stress to be added to the live load stress P and Z is the 
loaded length of the bridge in feet that produces the maximum live load stress 
in the member. For highway bridges the American Bridge Co. specifies that 


_ all live load stresses shall be increased 25%. ‘The Mass. Public Service Com- 


mission requires an impact percentage to be added to live stresses as follows: 


For auto truck described under (d): Percent 
_For stringers, floor beams, hangers, and truss members receiving their whole load 
from one panel point only. ........... 2.0.00 DERE CCRS cas «teens Soe 50 


_ For wood flooring and wood stringers, no.impact, 
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For all other live loads: ; Percent 
Fee REAL RIT AIP ns rr yunonrs tates tarxrhnatsenites ose sna tr 25 
For floor beam hangers.,,...... Pols een Meee ons 
For all counters, oss. sss reyes 5 se aetelea sci shotad ie <skcea wert 4° 

For other members in trusses, and for main girders, the percentage shall be 2624 minus 

1/4 the loaded length in feet, with a maximum of 25 and a minimum of 10 percent, 
Wind Loads for railroad bridges are taken as acting horizontally in either’ direction, 

(x) At go lb per sq ft on exposed surface of all trusses and the floor as seen in elevation: 

and on the side of a train 19 ft high, beginning at 214 ftaboyethe hase of railand moving 

across the bridge. (2) At 50 lb per sq ft on all exposed surfaces of the unloaded struc- 
ture. The greater calculated stress should be used in proportioning the wind bracing. 

For determining anchorage for a loaded structure the train should be assumed to welt 

800 Ib per linear foot. 


For Highway Bridges the above wind loads should be used except that the pressure 
on the train in (r) should be replaced by 150 lb per linear foot of span and the item regard- 
ing anchorage should be omitted. 

Traction stresses are those due to the effect of friction of wheels on the rails and are 
generally negligible except in trest!es where the longitudinal bracing in the towers should 
be cpa for a horizontal longitudinal force applied at the rail and equal’to 20% of the 
live load. 


The Centrifugal Force due to a weight W moying at a velocity of 9 ft per second ona 
radius of y ft is Wv2/rg, where g is the acceleration due to gravity, 32.2 ft per sec per 
sec. A speed of 60—3D miles per hr is specified by Cooper, D being the degree gE 
curvature. The resulting force is a live load acting 5 ft above the base of ‘rail, 


11. Specifications for Loads and Stresses 


The General Specifications for Steel Railway Bridges, 1910, of the Am. 
Railway Engineering Association have been adopted, either in their exact or 
in some modified form, by the majority of American railways. The essential 
clauses relating to unit stresses, proportioning, detailing, materials, workman- 
ship and inspection apply and are much used in the design of other classes 
of steel structures, such as highway bridges and buildings (compare unit stresses 
for buildings, Art; 2), On account of their importance they are here given 
nearly in full. ; 

Lr (2) GENERAL . 

Materials. 1. The material in the superstructure shall be structural steel, except 
as otherwise specified ¥ 

Clearances, 2. If the alinement is straight, clearances shall be not less than shown on: 
the diagram. If the alinement is curved, the width of the diagram shall be increased so 
as to provide the same minimum clearances for a car 89 ft n 
long, 14 ft high, and 60 ft center of trucks, allowance being (3 ft. 
made for curvature and superelevation of rails. The 
height of rail shall be assumed as 6 in. * po ae 

Spacing Trusses, 3. The width center to centerof - $ 
girders and trusses shall not be less than one-twentieth of —J—- 
the effective span, and not less than is necessary to pre- 
vent overturning under the assumed lateral loading, 

Skew Bridges. 4. In skew bridges without ballasted - 
floors, the ends of girders and beams supporting the track 
shall be square with the track at the abutments, 

"Floors. © §. Wooden tie floors shall "be secured to the 15 ft. 3 ine 
stringers and shall be proportioned to carry the maximum ---4-- 
wheel load, with roo percent impact, distributed over three = 
ties, with fibér stress not to exceed 2000 lb per sq in. Seam bo ae 
‘Ties shall ke not less than zo ft inlength. They shall Top of Hat 
be spaced with not more than 6-in openings, and shall Fig. 26 4 
be secured against’ Punahiog, BIB. £0 


Center Line of Trach 


Ee 
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(2) LOADS 


Dead Load. 6. The dead load shall consist of the estimated weight of the entire 
suspended structure. Timber shall be assumed to weigh 44 lb per foot B.M.; ballast 
roo lb per cu ft, reinforced concrete 150 lb per cu ft, and rails and fastenings, 150 Ib per 
linear foot of track. 


Live Load. 7. The live load, for each track, shall consist of two typical engines 
followed by a uniform load, according to anchors series, or a system of loading giving 
practically equivalent stresses. 


Impact. 9. The dynamic increment of the live load shall be added to the maximum 
computed live load stresses and shall be determined by the formula: 
300 
Eni e 
where J =impact or dynamic increment to be added to live load stresses; 
S=computed maximum live-load stress; 
L=length of track in feet loaded to produce the maximum stress in the member. 
For bridges carrying more than one track, the aggregate length of all tracks 
- loaded to produce the stress shall be used. 


Impact shall not be added to stresses produced by longitudinal, centrifugal and lateral 
or wind forces. 


Lateral Forces. to. All spans shall be designed for a lateral force on the loaded 
chord of 200 Ib per linear ft plus 10% of the specified train load on one track, and 200 Ib 
per linear foot on the unloaded chord; these forces being considered as moying. 


Wind ce. 11. Viaduct towers shall be designed for that one of the following 
loads, considered.as moving, which gives the greater stress: 

(a) A force of 50 Ib per sq ft applied on one and one-half times the vertical projection 
of the tower and the portion of the structure which it supports. 

(b) A force of 30 lb per sq ft, applied on the same surface, plus 400 lb per linear foot of 
structure applied 7 ft above the top of the rail, for assumed wind force on train, when the 
structure is loaded, .on either one or both tracks, with empty cars weighing 1200 Ib per 
linear foot. 


Tofgitidinal Force. 12. Viaduct towers and similar structures shall be designed for 
a longitudinal force of 20% of the live load applied at the top of the rail. 


13. Structures on curves shall be designed for the centrifugal force of the live load 
applied at the top of the high rail. The centrifugal force shall be considered as live load. 
and shall be derived from the speed in miles per hour given by the expression 60—244D, 
in which “ D ” =degree of curve. 


(3) UNIT STRESSES AND PROPORTION OF PARTS 


Unit Stresses. 14. Structures shall be so proportioned that the sum of the maximum 
stresses produced by the foregoing loads will not exceed the following amounts in pounds 
per square inch, except as modified in paragraphs 22 to 25: . 


Tension. 15. Axial tension on net section... .......5-e eee veces eens 16 000 
Compression. 16. Axial compression on gross section of columns..... 16 0co—7ol/# 
NOLEN ae nUeRIe Win Ole shay Aen liaise yceiskys > stesie caus lore ekisiacic aaie is oe ae Ig 000 


where / is the length of the member in inches, and ¢ is the least radius of : 


gyration in inches. 


Direct:compression ‘6n steel castings. 1. sakes ns ae cose oc seco pinnae 16 0090 
Bending. 17. Bending: on extreme fibers of rolled shapes, built sec- 
tions, girders and steel castings; net sectionS: ../...0..05.% 242 Gta ae 16 000 
on extreme fibers of pins < 24.000 
Shearing. 18. Shearing: shop driven rivets and pins. / 12 000 
field driven rivets and turned bolts. . eee +. 10000 
plate girder Webs} TOSS SECON): e:ore.cnnqaiy with ewan «mt -lerciae eran 10 000. 
Bearing. 19: Bearing: shop driven rivets and pins.......... vie 24.000 
field-driven rivets and turned bolts + saiew)die 20.000 
expansion‘rollers;, per linear iInchiieé > jaseks btn enanieak ovg'e medics aaNe 600d 


where d is the diameter of the roller in inches.. é4 
_ on masonry..........- hejaiasat dual vietaters Shy sao svatets 5 Bole lete: «chm civ 9: cae adayaae: +++ 600 fe 
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Limiting Length of Members. 20. The ratio of length to least radius of gyration 
shall not exceed 100 for main compression members nor 120 for wind and sway bracing. 
21. The lengths of riveted tension members in horizontal or inclined positions shall not 
exceed 200 times their radius of gyration about the horizontal axis. The horizontal pro- 
jection of the unsupported portion of the member shall be considered its effective length. 


Alternate Stresses. 22. Members subject to alternate stresses of tension and compres- 
sion shall be proportional for the kind of stress requiring the larger section. If the alter- 
nate stresses occur in succession during the passage of one train, as in stiff counters, each 
stress shall be increased by 50% of the smaller. The connections of such members shall 
in all cases be proportioned for the sum of the stresses so increased. 

23. If the live load and dead load stresses are opposite in character, only two-thirds 
of the dead load stress shall be considered as effective in counteracting the live load stress. 
This reduction of dead load shall not be made in proportioning members subject to 
alternate stresses. 

Combined Stresses. 24. Members subject to both axial and bending stresses shall 

be proportioned so that the combined fiber stresses will not exceed the allowed axial 
stress. 
* 25. Members subject to stresses produced by combinations of lateral, longitudinal. 
and wind forces with dead load, live load, impact, and centrifugal force, may be propor- 
tioned for unit stresses 25% greater than those specified in paragraphs 15 to 19, inclusive; 
but the section shall be not less than that required for dead load, live load, impact, and 
centrifugal force. - 


Net Section at Rivets. 26. In proportioning tension members the diameter of 
the rivet holes shall be taken 14 in larger than the nominal diameter of the rivet. 


Rivets. 27. In proportioning rivets the nominal diameter of the rivet shall be used. 


Net Section at Pins. 28. The minimum net section through the pin-hole of pin- 
connected riveted tension members shall be at least 25% in excess of the net section of 
the body of the member. The minimum net section back of the pin-hole, parallel with 
the axis of the member, shall be not less than the net section of the body of the member. 


Plate Girders. 29. Plate girders shall be proportioned either by the. moment of | 
inertia of their net section; or by assuming that the flanges are concentrated at their 
centers of gravity. In the latter caSe one-cighth of the gross section of the web, if properly 
spliced, may be used as flange section. ‘The thickness of web plates shall be not less than 

” 1/160 of the unsupported distance between flange angles (see 38). 
“Compression Flange. 30. The gross section of the compression flanges of plate 
girders shall be not less than the gross section of the tension flanges. If the compression 
flange of any beam or girder consists of angles only or if the cover consists of flat plates 
the 'stress per square inch shall not exceed 16 c00—200//6. If the cover consists of a 
_ channel section the stress per square ‘inch shall not exceed 16000—150//b, L repre- 
sents the length of unsupported flange, and 6 is the flange width. 

Flange Rivets. 31. The flange of plate girders shall be connected to the web with 
4 sufficient number of rivets to transfer in a distance equal to the effective depth of the 
girder at any given point, the total shear at that point combined with any load that is 
applied directly on the flange. If the ties. rest on oad flanges, each yee load shall be 

_ assumed to be distributed over three ties. 

Depth’ Ratios. 32. The depth of trusses shall preferably be Be less than one-tenth _ 
of the span. ‘The depth of plate girders and rolled. beams, used as girders, shall prefer- 

_ ably be not less than one-twelfth of the span. If shallower trusses, girders or beams are 
_ used, the section shall be increased so that the maximum deflection will not be greater 
than if the above limiting ratios had not been exceeded. 


(4) DETAILS OF DESIGN 
GENERAL REQUIREMENTS * 
Open Sections. 33. Structures shall be so designed that all parts will be accessible 
for inspection, cleaning and painting. 


Pockets. 34. Pockets or depressions which would hold water shall be provided with 
_ drain holes, or be filled with waterproof material, 
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» Symmetrical Sections. 35. Main niembers shall be so designed that the neutral axis 
will be as nearly as practicable in the center of the section, The neutral axes of inter- 
- secting main members of trusses shall meet at a common point, 


Counters. 36. Rigid counters are preferred. If subject to reversal of stress the chord 
~ connections shall preferably be riveted. Adjustable counters shall have open turnbuckles, 


Strength of Cotinections. 37. The sttength of connections shall be sufficient to 
develop the full capacity of the member for the kind of. stress it is to carry even tho 
the computed sttess is less than such capacity. 

Minimum Thickness. 38. The minimum thickness of metal shall be % in, except 
for fillers. 

(Note. -5/1g in may be used in highway bridges and 14 in in mill buildings.) 

Pitch of Rivets. 39. The minimum distance between cénteérs of rivet holes shall be 
three diameters of the rivet; but the distance shall be preferably not iess,than g in for 
%-in rivets and 21% in for 34-in rivets: The maximum pitch in the line of stress for mem- 
bers composed of plates and shapes shall be 6 in for 74-in rivets and 5 in for 34-in rivets, 
For angles with two-gage lines and rivets staggered the maximum pitch in each line shall 
be twice the above: If two or more plates are used in contact, rivets not more than 12 
in apart in either direction shall be used to hold the plates together. In tension members 
composed of two angles i in contact, a pitch of 12 in may be used for riveting these angles 
together. 3 

Edge Distance. 40. The minimum distance from the center of any rivet hole to a 
sheared edge shall be 114 in for 7-in rivets and 114-in for 34-in rivets, and to.a rolled edge 
_ 14 in and 1 in, respectively. ‘The maximum distance from any edge shall be eight 
times the thiekness of the plate, but shall not exceed 6 in. 

Maximum Diameter. 41. The diameter of the rivets in any sagle whose size is 
determined by calculated stress shall not exceed one-fourth of the width of the leg in 
which they are driven; in angles whose size is not so determined 7-in rivets may be 
used in 3-in legs, and 34-in rivets in 214-in legs, 

Long Rivets. 42. Rivets carrying calculated stress and whose grip exceeds four 
diameters shall be increased in number at least 1% for each additional 1/;9-in of stip. 


Pitch at Ends. 43. The pitch of rivets at the ends of built compression members 
shall not exceed four diameters of the rivets, for a distance equal to, one and one-half 
times the maximum width of member. : 


Compression Members. 44 In built compression members the metal shall be con- 
centrated in the webs and flanges, The thickness of each web shall be not less than 
one-thirtieth of the distance between the lines of rivets, connecting it to the flanges, 
The thickness of cover plates shall be not less than one- fortieth of the distance bet 
the nearest rivet lines. 


Minimum Angles. 45. The minimum thickness of flange angles of girders oe built 
members without coyer plates shall be one-twelfth of the width of the outstanding, leg. 

Tie Plates. 46. The open sides of compression members shall be provided with 
lacing bars and shall have tie plates as near each end as practicable, Tie plates shall be 
provided at intermediate points where the lacing is interrupted. In main members the 
length of end tie plates shall be not less than the distance between the nearest lines of 
rivets connecting them to the flanges, and the length of intermediate tie plates not less 
- than one-half that distance. Their thickness shall be not less titan one-fiftieth of the 
same distance. 


Lacing. 47. The lacing of compression members shall be proportioned to resist the 
shearing stresses corresponding to the allowance for flexure for uniform load provided in 
the column formula in’paragraph 16 by the term 70//r. The minimum width of lacing 
bars shall be 21 in for 7-in rivets, 214 in for 34-in rivets, and 2 in for 54-in rivets if used. 
The thickness shall be not less than one-fortieth of the ‘distance between end rivets for 
single lacing, and one-sixtieth for double lacing. . Shapes of equivalent strength may be 
used instead of bars. 

48. Five-eighths-inch rivets shall be used for lacing flanges less than 214 in wide, %-in 
rivets for flanges from 214 to 3% in wide, and %-in rivets for flanges 314 in and over in 
width Lacing bars with at Jeast two rivets in each end shall be used for flanges over 
5 in wide. 
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49. The inclination of lacing bars wits the axis of the member shall be not less than 45°. 
the distance between rivet lines in the flanges is more than rs in ,and a single rivet bar 
, the ‘lacing shall be double and riveted at the intersections. 


so Lacing bars shall be so spaced that the portion of the flange included between 
\eit connections will be as strong as the member as a whole, 


Faced Joiats. 51 Abutting joints in compression members faced for bearing shall 
» sufficiently spliced on four sides to hold the connecting members accurately in place. 
ther joints in riveted work, whether in tension or compression shall be fully spliced. 


Pin Plates. 52. Pin-holes shall be reinforced. by plates if necessary, and at least 
ne plate shall be as wide as the flanges will allow, and be'on the same side as the angles. 
jn plates shall contain sufficient rivets to distribute their portion of the pin pressure 
) the full cross-section of the member. 


Forked Ends. 53. The ends of compression members shall not be forked unless 
navoidable; with forked’ ends, a sufficient number of pin plates shall be provided to 
ive the jaws twice the sectional area of the member. At least one of these plates shall 
«tend to the far edge of the farthest tie plate; and the others to the far edge of the nearest 
e plate, but not less than 6 in beyond the near:edge of the farthest tie plate. 

Pins. 54. Pins shall be long enough to insure a full bearing of all the parts con- 
ected upon the turned body of the pin. They shal' be secured by chambered nuts or 
e provided with washers if solid nuts are used. The screw ends shall he long enough 
) admit of burring the threads, 

55. Pin connected members shall be held against lateral movement on the pins, 


‘Bolts. 56. Where members are connected by bolts, the turned bodies of the bolts 
hall be long enough to extend thru the metal. A washer at least 14 in thick shall be 
sed under the nut. Bolts shall nct be used in place of rivets except by special permission. 
leads and nuts shall be hexagonal. 


Indirect Splices. 57. If splice plates are not in direct contact with the parts which 
hey connect, rivets shall be used on each side of the joint in excess of the number required 
1 the case of direct contact to the extent of one-third of that number for each Hees 
late. 

Fillers. 58. Where rivets carrying stress pass thru fillers the fillers shall be ex- 
ended beyond the connected member and the extension secured by additional rivets 
qual in number to 50% of those required to carry the stress. i 


Expansion. 59. Provision shal) be made for expansion and contraction in all bridge 
tructures to the extent of 14 in for each ro ft of length. Means shall be provided to _ 
revent excessive motion at any point. 


Expansion Bearings. 60. Spans of 80 ft and over resting on masonry shall have 
urned rollers er rockers at one end. . Spans of less length shall he arranged to slide on 
mooth surfaces.. These expansion bearings shall be designed to permit motion in one 
irection only.. 

Fixed Bearings. 6r. Fixed bearings shall be firmly anchored to the supports. 

Rollers. 62, Expansion rollers shall be not less than 6 in in diameter. They shall 
e coupled together with substantial side bars, which shall be so arranged that the rollers 
an be readily cleaned, Segmental rollers shall he geared to the upper and lower plates, 

Bolsters, 63. Bolsters or shoes shall be so constructed that the load will be dis- 
ributed uniformly over the entire bearing. Spans of 80 ft and oyer shall haye hinged 
olsters at each end, 

Wall Plates. 64. Wall plates may be cast or built up and shall be so designed as. 
o distribute the load uniformly over the entire bearing. They shall be secured against 
isplacement. 

“Anchorage. 65. Anchor bolts for viaduct towers and sitar structures shall be. 
esigned to engage a mass of masonry the weight of which is at least one and one-half 
imes the uplift. : 3 

‘Incline d Bearings. 66. The sole plates of bridges on an inclined grade without pins 
hoes shall be beveled so that the masonry and expansion surfaces will be level, 
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FLOOR SYSTEMS 

Floor Beams, 67. Floor beams shall preferably be square to the ire or trusses. 
They shall be riveted directly to the girders or trusses or may be placed on top of deck 
bridges. 

Stringers. 68. Stringers shall preferably be riveted to the webs of intermediate 
floor beams by means of connection angles not less than 4 in thick. Shelf angles or other 
supports provided to support the stringer during erection shall not be considered as carry- 
ing any of the reaction. 

Stringer Frames. 69. End floor beams shall be used if possible. Stringers resting 
on masonry shall be connected at their ends by cross frames, ‘The frames shall be riveted 
to girders or truss shoes where practicable. 


BRACING 


Rigid Bracing. 70. Lateral, longitudinal and transverse bracing shall be composed 
of rigid members. 

Portals. 71. The end posts and top chords of the thru truss spans shall be rigidly 
connected by riveted portal braces. The braces shall be as deep as the clearance wil 
allow. 


Transverse Bracing. 72. An intermediate transverse frame shall be used at each 
panel of thru spans having vertical truss members where the clearance will permit. 


End Bracing. 73. Deck spans shall have transverse bracing at each end propor- 
tioned to carry the lateral load to the support. 


Laterals.. 74. The minimum sized angle to be used in lateral bracing shall be 3% 
by 3 by 3 in. There shall be not less than three rivets at each end connection of the 
angles. 

75. Lateral bracing beneath the track shall-be low enough to clear the ties. 

Tower Struts. 76. The struts at the base of viaduct towers shall be strong ents 
to slide the movable shoes when the track is unloaded, * 


PLATE GIRDERS c 


Camber. 77. If camber is desired it shall be provided in plate girder spans over 50 ft 
in length at the rate of 1/19-in per 10 ft of length. . 

Top Flange Cover. 78. Where flange cover plates are used, one cover plate of the 
top flange shall extend the whole length of the girder. 

Web Stiffeners. 79. There shall bé web stiffeners, generally in pairs, over bearings, 
and at points of concentrated loading, Other web stiffeners shall be used if the width 
of the unsupported web between flange angles is greater than 60 times its thickness, The 
distance between stiffeners shall not exceed: (a) 6 ft; (6) the width of the unsupported 
web; (c) the value of d in the following formula: d=t(12 000—s)/40. Where d=clear 
distance between stiffeners of flange angles; ¢=thickness of web; s=shear per square inch. 
The stiffeners at the ends and at points of concentrated loading shall be proportioned 
by the formula of paragraph 16, by assuming the effective length of column equal to one- 

“half the depth of the girder. End stiffeners and those under concentrated loading shall 
be on fillers. Their outstanding legs shall be as wide as the flange angles will allow and 
shall fit tightly against them. Intermediate stiffeners may be crimped or on fillers and 
their outstanding legs shall be not less than 2 in plus one-thirtieth of the depth S the 
girder. 

Stays for Top Flanges. 80. Top flanges of thru plate girders shall be stayed by 
knee braces or gusset plates at every floor beam, or in solid floor bridges at distances 
exceeding 12 ft, 

TRUSSES 
{ Camber. 81. Truss spans shall be given a camber by so proportioning the length of 
the members that the tops of the stringers will be-in a straight line when the Pee is 

_fully loaded. 

Rigid Members. 82. Hip verticals and members performing similar functions and 
the two end panels of the bottom chords of single track pin-connected trusses shall be 
rigid. 


\rt. 12 
Eye-Bars. 


ars will not be in contact. 


Specifications for Materials and Workmanship 


s possible, the maximum inclination of any bar being 1 in in 16 ft. 


Pony Trusses. 
hords, 
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83. The eye-bars composing a member shall be so arranged that adjacent 
The bars shall be as nearly parallel to the axis of the truss 


84. Pony trusses shall be riveted structures with double webbed 
The web members shall be laced or otherwise effectively stiffened. 


(Note. Light highway pony trusses for short spans may have single webbed ehords! ) 


12. Specifications for Materials and Workmanship 
(5) MATERIAL 


Steel. 85. Steel shall be made by the open-hearth process. 
Properties. 86, The chemical and yeh properties shall eee to the following 
mits: 
Elements Considered Structural Steel Rivet Steel Steel Castings 
Percent Percent Percent 
Basic 0.04 0 04 - 0.05 
PASSE STES (HEX. {Acid 0.06 0.04 | 0,08 
Sulfur, maximum........... 0.05 0.04 ! 0.05 
be Ae minimum, lb per 410,000 25050 eanace 
Ultimate tensile strength, Ib Desired. Desired Not less than 
bos Wo AS eee 60 000 50 000 65 000 
Elo r ek f I 500 000* I 500 000 
ng., min. 7,in Bin, Fig. 265 \|Ult. tensile str’gth|Ult. tensile str’gth I5 percent 
Elong., min. %, in2in, Fig. 26c. 22 Silky or fine 
Character of Fracture....... Silky Silky { granular © 
Cold Bends without Fracture. 180° flat t 180° flat t 90° d=3t 


* See paragraph 96. t+ See paragraphs 97, 98, and 99. {See paragraph 100. 


87. In order that the ultimate strength of full-sized annealed eye-bars may meet the 
equirements of paragraph 163, the ultimate strength in test specimens may be determined 
by the manufacturers. The tests other than those for ultimate strength shall conform 
-o the above requiremeats. 


Allowable Variations. 88. If the ultimate strength varies more than 4000 Ib from 
hat desired, a retest shall be made on the same gage, which, to be acceptable, shall be. 
vithin 5000 lb of the desired ultimate. 


Chemical Analyses. 89. Chemical determinations of the percentages of carbon, 
jhosphorus, sulfur and manganese shall be made by the manufacturer from a test ingot 
aken at the time of the pouring of each melt of steel. A copy of each analysis shall be 
urnished to the Engineer or his inspector. Check analyses shall be made from finished 
naterial, if called for by the purchaser, in which case an excess of 25% above the limits 
specified will be permitted. 

Specimens, « 90. Plate, shape and bar specimens for tensile and bending tests shall 
The test specimens shall have 


ye made by cutting coupons from the finished product. 


s 
w 

About 3; “* parallel Section 
a, s 


Not less than 9"), 
1% | 


oth faces rolled and beth 
edges milled either parallel 
sxx to the form shown by 
Fig, 265; or the specimens 
may be turned to a diameter t 
of 84 in for a length of at 
least 9 in, with enlarged 
ends. 

g1. Test specimens of rivet 
steel shall be cut full size : 
from the rods as rolled, 


' Poa Elo. * | 
be adout yee ey 


Fig. 26). 
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. 92, Pin and roller specimens shall be cut from the finished rolled or forged bat, in su 
spanner that the center of the specimen will be 1 in from the surface of the bat, T 
specimen for tensile test shall be turned to the form shown by Fig. 26¢, The specim 
for bending test shall be 1-in by 14 in in section, 


Fig. 26¢ 


93. The number of tests of steel castings shall depend on the character and importar 
of the castings. Specimens shall”be cut cold from coupons molded and cast on sor 
portion of one or more castings from each melt or from the sink heads, if the heads are 
sufficient size, The coupon or sink head, so used, shall be annealed with the casting bef 
it is cut off. Test specimens shall be of the form prescribed for pins and rollers. 

931. The yield point shall be determined by the drop of beam of the testing machir 
The beam shall be kept balancing between the upper and lower cross-pieces for some tit 
preceding the drop. The speed of the machine shall be such that the beam may be ke 
balanced and, except for the initial tightening of the specimen in the grips, shall not exce 
1% in per minute for the standard form of specimen for plates, bars and shapes, and sh 
not exceed !4-in per minute for the standard form of specimen for pins, rollers and st 
castings, The speed after the yield point shall not exceed 6 in per minute, and the bes 
shall be kept at balance when the ultimate strength is attained. 


Specimens of Rolled Steel, 94. Rolled steel shall be tested in the condition in whi 
it comes from the rolls. : 


Number of Tests. 95. At least one tensile and one bending test shall be made fre 
each melt of steel as rolled; In case steel differing % in or more in thickness is roll 
from one melt, tests shall be made from the thickest and the thinnest material rolled. 


Modification in Elongation. 96. A deduction of 1% will be allowed from the spe 
fied percentages of elongation, for each 14 in in thickness above 34 in. 

Bending Tests. 97. Bending tests may be made by pressure or by blows. Plat 
shapes and bars less than 1 in thick shall bend as called for in paragraph 86, » 

Thick Material. 98. Full-sized material for eye-bars and other steel x in thi 
and over, tested in the same condition as when rolled, shall bend cold 180° around a p 
the diameter of which is equal to-twice the thickness of the bar, without fracture on t 
outside of the bend, 

Bending Angles. 99. Angles 34 in and less in thickness shall open flat, and ang! 
1% in and less in thickness shall’ bend shut, cold, under blows of a hammer, without si 
of fracture, This test shall be made only when required by the inspector. 


Nicked Bends. 100. Rivet steel, when nicked and bent around a bar of the sas 
diameter as the rivet’ rod, shall give a gradual break and a fine silky uniform fracture, 

Finish. tot. Finished material shall be free from injurious seams, flaws, cracl 
defective edges and other defects, and have a smooth, uniform and workmanlike finis 
Plates 36 in in width and under shall have rolled edges. 

Melt Numbers. 102. Every finished piece of steel shall have the melt number a 
the name of the manufacturer stamped or rolled upon it. Steel for pins and ro 
shall be stamped on the end, Rivet and lacing steel and other small parts may, be paige 
with the above marks on an attached metal tag. 

Defective Material. 103. Material which develops weak spots, brittleness, crac 
or other imperfections, or is found to have injurious defects, may be rejected at the sh 
and shall be replaced by the manufacturer at his own cost. 


Variation in Weight: 104, A variation in cross-section or weight of any piece 
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steel of mote than 214% from that specified will be sufficietit cause for rejection, except 
that Sheared plates shall be subject to the following perinissible variations, which shall 
apply to single plates, when ordered to weight: 

tos. Plates weighing 1214 lb or more per square foot. 

a Up to 100 in wide, 214% more or less than the nominal weight. 

One hundred incties wide and over, 5% more or less than the nominal weight, 

106. Plates weighing less than 121 lb per sq ft. 

(a) Up to 75 in wide, 214% more or less than the i yt weight. 

(b) Seventy-five qnches and up to too in wide, 5% more or 3% less than the i6nthal 
weight. 

(c) One hundred inches wide aid over, 10% more or 3% less than the nominal weight. - 

107. Plates when ordered to gage will be accepted if they measure not more than 0.01 
in less than the ordered thickness. 
. 108. An excess over the nomtinal weight, corresponding to the dimensions on the order, 
will be allowed for each plate, if not more than that shown in the following a I cuin 
of tolled Steel being assumed to weigh 0.2833 Ib: 


Width of Plate 
Pate Nominal j = 
Ordered, Weights, r px . 
in lb Up to7sin | 759 eal ee aes gute and Over 115 in, 
: percent to loo in, | up to t15 in, percent 
percent percent . 
yy 10.20 Io 14 18 
5/16 12.75 8 12 16 
15.30 z, Io 13 
7/16 17.85 6 8 10 
) 20.40 5 7 9. 
9/16 22.95 4% 614 84 
5% 25.50 4 6 8 
Over &%  (|,..... vere 34 5 614 


Cast-Iron, 109. Castings shall be made of: tough gray iron, with sulfur not over 
9,10%, except where chilled iron is specified. They shall be true to pattern, out of wind 
and free from flaws and excessive shrinkage. If tests are required, they shall be made on 
the “ Arbitration Bar” of the American Society for Testing Materials, which is a round 
bar ry ii in in diameter and 75 in long. The tfansverse test shall be made on a clear span 
of 12 in with the load at the middle. The minimum breaking load so applied shall be 
2900 Ib, with a deflection of at léast 1/1 in before rupture. 

Wrought- Iron. 110. Wrought-iron shall be double-rolled, tough, fibrous and uni- 
form in character, It shall be thoroly welded in rolling and free ftom surface defects. 
When tested in specithens of the fotm of Fix. 26 (b), of in full-sized pieces of the same 
length, it shall show an ultimate strength of at least 50 000 Ib péf sq ih, an elongation of 
At least 38% in 8 in, with fractute wholly fibrous, Specimens shall bend cold, With 
the fiber thru 135°, without sign of ‘fracture; around @ pin the diameter of which is 
twieé the thickness of the piece tested, When nicked and bent, the fracture shall 
show at least 90% fibrous. 


(6) INSPECTION AND TESTING AT THE MILLS 


Mill Orders. x11. The purchasét shall be furnished complete copies of mill ordets 
and no material shall be rolled nor work done befote the purchaser has been notified 
where the orders have been placed, so that he may arrange for the inspection. 

Facilities for Inspection: 1x2. The manufacturer shal furnish all facilities for 
inspecting and testing the weight arid quality of all material at the mill where it is manu= 
facture, He shall furnish a suitable testing machine for testing the specimens, as well 
as prepare the pieces for the machine, free of cost to the Eeneeh 
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Access to Mills. 113. The inspector representing the purchaser at the mills shall 
have access, at all times, to all parts of the mills where material to be inspected by him 
is being manufactwed. 


(7) WORKMANSHIP ’ : 
General. 114. All parts forming a structure shall be built -n accordance with approved 

drawings. The workmanship and finish shall be equal to the best practice in modern 

bridge works. Material at the shops shall be kept clear and protected from the weather. 


‘Straightening. 115, Material shall be thoroly straightened in the shop, by methods 
that will not injure it, before keing laid off or worked in any way. 


Finish. 116. Shearing and chipping shall be neatly and accurately done and all 
portions of the work exposed to view neatly finished. 


Size of Rivets. 117. The size of rivets, called for on the plans, shall be the actual 
size of the rivet before heating. ° 

Rivet Holes. 118. If general reaming is not required, the diameter of the punch 
shall be not more than !/16-in greater than the diameter of the rivet; nor the diameter of 
the die more than 14-in greater than the diameter of the punch. Material more than 
34 in thick shall be sub-punched and reamed or drilled from the solid. 


Punching. 119. Punching shall be accurately done. There shall be no drifting 
to enlarge unmatched holes. If the holes must be enlarged to admit the rivet, they shall 
be reamed.: Poor matching of holes will be cause for rejection. 


Reaming. 120, Where ite neta and reaming are required, the diameter of 
the punch used shall be not less than 3/16 in smaller than the nominal diameter of the rivet. 
The holes shall then be reamed to a diameter not more than!/16in greater than the nomi- 
‘nal diameter of the rivet. (See 135.) 


Reaming After Assembling. rer. [If general reaming is required it shall be done 
after the pieces forming one built member are assembled and so firmly bolted together 
that the surfaces are in close contact. If it be necessary to take the pieces apart for 
shipping and handling, the respective pieces reamed together shall be so marked that they 
may be reassembled in the same position in the final setting up. No interchange of 
reamed parts will be permitted.] 

122. Reaming shall be done with twist drills without lubricant. 

123. The outside burrs on mearied holes shall be removed to the extent of making a 
1/j,-in fillet. 


Assembling. 124. The parts of riveted sembers shall be well pinned and firmly 
drawn together with bolts, before riveting is commenced. Contact surfaces shall be 
painted. (See 152.) 

Lacing Bars. 125. The ends of Jacing bars shall be neatly rounded, unless other- 
wise called for. hi 


Web Stiffeners. 126. Stiffeners shall fit neatly between the flanges of girders. Where 
tight fits are called for, the ends of the stiffeners shall be faced and shall be brought to a 
true contact bearing with the flange angles. 


Splice Plate and Fillers. 127. Web splice plates and fillers under stiffeners shall be 
cut to fit within 14-in of the flange angles. 


Web Plates. 128. Web plates of girders, which have no cover plates, shall be flush 
with the backs of the flange angles or project above them not more than rin, unless 
otherwise called for. When web plates are spliced; not more than 14 in cleatance 
between ends of plates will be allowed. 


Floor Beams and Stringers. 129. The main sections of floor beams and stringers 
shall be milled to exact length after riveting and the connection angles accurately set 
flush and true to the milled ends. [If required by the purchaser the milling shall be done 
after the connection angles are riveted in place, the milling to extend over the entire 
face of the member.] The removal of more than 3/32 in from the’ thickness of connection 
angles will be cause for rejection. 

Riveting. 130. Rivets shall be uniformly heated to a light cherry red heat in a gas, 
or oil furnace so constructed that it can be adjusted to the proper temperature. They 
shall be driven by pressure tools wherever possible. Pneumatic hammers shall be used 
in preference to hand driving. ue n 


- 
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131. Rivet heads shall be of approved shape, uniform in size, and of neat and finished 
appearance. They shall be central on the shank and shall grip the assembled pieces 
firmly. Recupping and caulking will not be allowed. Loose, burned or otherwise defec- 
tive rivets shall be cut out and replaced. In cutting out rivets, care shall be taken 
not to injure the adjacent metal. If necessary, they shall be drilled out. 


Turned Bolts. 132. Wherever bolts are used in place of rivets which transmit 
shear, the holes shall be reamed parallel and the bolts shall make a driving fit with the 
threads entirely outside of the holes. A washer not less than 14 in thick shall be used 
under nut. 


Members to be Straight. 133. The several pieces forming one built member shall be 
streight and fit closely together. Finished members shall be free from twists, bends and 
open joints. 

Finish of Joints. 134. Abutting joints shall be cut or drest true and straight and 
fitted close together, especially where open to view. In compression joints, depending 
on contact bearing, the surfaces shall be truly faced, so as to provide even bearings after 
they have been perfectly aligned and riveted complete. 


Field Connections. 135. Holes for floor beam and stringer connections shall be 
sub-punched and reamed to a steel templet not less than 1 in thick. [If required, all other 
field connections, except those for laterals and sway bracing, shall be assembled in the 
shop and the unmatched holes reamed; and when so reamed the pieces shall be match- 
marked before being taken apart.] 


Eye-Bars. 136. Eye-bars shall be straight, true to size, and free from twists, folds 
in the neck or head, and other defects. The heads shall be made by upsetting, rolling 
or forging. Welding will not be allowed. The form of the heads will be determined by 
the dies in use at the works where the eye-bars are made, if satisfactory to the Engineer; 
but the manufacturer shall guarantee the bars to break in the body when tested to 
rupture. The thickness of the head and neck shall not vary more than 1/16 in from that 
specified. (See 163.) 

Boring Eye-Bars. 137. Before boring, each eye-bar shall be properly annealed and 
carefully straightened. Pin-holes shall be in the center Jine of the bar and in the center 
of the heads. Bars of the same length shall be bored so accurately that, when placed 
together, pins 1/32 in smaller in diameter than the pin-holes can be passed thru the holes. 
at both ends of the bars at the same time without forcing. 

Pin-Holes. 138. Pin-holes shall be bored: true to gages, smooth, ieee at right 
angles to the axis of the member and parallel to each other, unless otherwise called for, 
The boring shall be done after the member is riveted. 

139. The distance center to center of pin-holes shall be correct within 1/32 in, and the 
diameter of the holes not more than Vy 50 in larger than that of the pin, for pins up to 
5 in diameter, and 1/32 in for larger pins. 

Pins and Rollers. 140. Pins and rollers shall be accurately turned to gages and shall 
be straight, smooth and free from flaws. ‘ 

Screw Threads. 141. Screw threads shall make tight fits in the nuts and shall be 
U. S. standard, except above the diameter of 134 in, when they shall be made with six 
threads per inch. 

Annealing. 142. Steel which has been partially heated shall be properly annealed 
except where used in minor details. 


Steel Castings. 143. Steel castings shall be annealed and free from large or injurious 
blowholes. 


Welds. 144. Welds in steel will not be allowed. 


Bed Plates. 145. Expansion bed plates shall be planed true and smooth. , Cast 
wall plates shall be planed top and bottom. The finishing cut of the planing tool shall be 
fine and parallel with the direction of expansion. 


Pilot Nuts. 146. Pilot and driving nuts shall be furnished for each size of pin, in 
such numbers as may be ordered. 


Field Rivets. 147. Field rivets shall be furnished to the amount of 15% plus ten 
rivets, in excess of the nominal number required for each size. 


. 
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Shipping Details. 148. Pins, nuts, bee rivets and other small parts shall be boxed. 
or crated. 

Weight. 149. The scale weight of every piece and box shall be Tmarked on it in plain 
figures. 


Finished Weight. 150. Payment for re price contracts shall be by scale weight. 
Not over 2% of the total weight of the structure as computed from the plans will be allowed 
for excess weight. 


(8) SHOP PAINTING 


Cleaning. 1st. Steel work, before leaving the shop, shall be thoroly cleaned and 
given one good coating of pure linseed oil, or such paint as may be called for, well worked 
into all joints and open spaces. 

Contact Surfaces. 152. In riveted work, the surfaces coming in contact shall each 
be painted before being riveted together. 

Inaccessible Surfaces. 153: Pieces and parts which will not be accessible for paint- 
ing after erection, including tops of stringers, eye-bar heads, ends of posts and chords, 
etc., shall have an additional coat of paint before leaving the shop. 


Condition of Surfaces. 154. Painting shall be done only when the surface of the 
metal is perfectly dry. It shall not be done in wet or Speasinis weather, unless protented 
under cover. 


Machine-Finished Surfaces. 155, Machine-finished ane shall be coated with 
white lead and tallow before shipment and before being put out into the open air. 


(9) INSPECTION AND TESTING AT THE SHOPS , 


Facilities for Inspection. 156. The manufacturer shall furnish all facilities for in- 
specting and testing the weight of material and quality of workmanship at-the shop 
where material is manufactured. He shall furnish a suitable testing machine for = 
full-sized members, if required,’ 

Starting Work. 157. The purchaser shall be notified well im advance of the start 
of the work in the shop, in order that he may have a representative on hand to inspect 
material and workmanship. 


Access to Shop. 158. The inspector shall have access, at all times, to all parts of ied 
shop where material to be inspected by him is being manufactured. 


Accepting Material. 159. The inspector shall stamp each piece accepted with a priv 
vate mark. Any piece not so marked may be rejected at any time and at any stage of 
the work, If the inspector, thru on oversight or otherwise, has accepted material 
or work which is defective or contrary to the specifications, this material, no matter in 
what stage of completion, may be rejected by the purchaser. 

Shop Plans. 160, The purchaser shall be furnished complete shop plans. 

Shipping Invoices. 161. Complete copies of all, shipping invoices shall be furnished 
to the purchaser with each shipment. Shipping invoices shall show the scale weights of 
individual pieces. 


(10) FULL-SIZED TESTS 


Eye-Bar Tests. 162. Full-sized tests of eye-bars and similar members, to prove the 
workmanship, shall be made at the manufacturer’s expense, and the members so tested 
shall be paid for by the purchaser at contract price, if the tests are satisfactory. If the 
tests are not satisfactory, the members represented by them will be rejected. ‘ 

163. In eye-bar tests, the minimum ultimate strength shall be 55 ooo lb persqin. The 
elongation in ro ft, including the fracture, shall be not less than 15%. Bars shall generally 
break in the body and the fracture shall be silky or fine granular. The elastic limit as 
‘indicated by the drop of the mercury shall be recorded, . Should. a bar break in the head 
and develop the specified elongation, ultimate strength and character of fracture, it shall 
not be cause for rejection, provided not more than one-third of the total number of bars 
tested break in the head (see 136). 


* 
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13. Highway Bridge Floors 


A Highway Bridge Floor consists of flooring, stringers and floot beam. 
(Fig: 27.) Flooring is the timber planking forming the wearing surfaces. 
Stringers are beams placed lengthwise of the bridge’ which «carry the loads 
from flooring td floor beams, the latter being transverse to the length of the 
bridge and connected to the trusses or girders at opposite panel points. Side- 
walks ate usually of plank supported om stringers which are’ in turn catried 
either by brackets at the panel points of the trusses or by extensions of the 
floor beams. The hand railing at the outer edge of the sidewalk is supported 
by the brackets, and when the panels are long, an intermediate railing support 
is also provided at the middle of each panel. The economic panel length 
fof light bridges having plank flooring is from 13 to 15 ft, while for heavy 
traffic it is from 15 to 20 ft afd even as much as 25 ft for heavy structures of 
long spans. 


The Roadway of Highway Bridges is of planks, wooden blocks, asphalt, 
brick, granite blocks, of concrete. One or two layers of planking may be 
used} one layer is usually 3 inches thick, laid transversely to the length of the 
roadway; and for two layers the lower is 2 to 4 inches thick and laid trans- 
‘versely, while the 2-inch upper planking is either transverse or diagonal. © Planks 
6 to 12 inches wide are used, and are spiked to wooden stringers or attached 
to I-beam stringers as in Fig. 27. For the lower layer yellow pine or oak 
should be used, and for the upper, spruce or yellow pine. Wooden stringers 
and the lower layer last from 6 to 12 years, while the tipper layer lasts only 
from x to 5 yeats. Wooden paving blocks, 3 to 4 inches deep, if well prepared 
make a good floor. They aré laid on 3 or 4 inch planking with a one-inch 
sand cushion or a layef of tar paper between the blocks and planking. Rein- 
forced concrete floors resting upon and encasing I-beam stringers (Fig. 27) 
have been used in a few instances with and without asphalt wearing surfaces. 


Buckled Plates. (Fig. 27) made by pressing dome-shaped buckles in flat steel plates, 
are used for supporting brick, asphalt, or granite blocks. These pavements are 
laid on one inch sand spread on conctete which is laid on the buckled platés. Plates 
are 14, 546, %, Je inch thick, 54, being thost common for roadways and 44 for sidewalks} 
and should be riveted, not bolted, to the stringer flanges with 56 or 94 inch fivets spaced 
not over 6 inches. . Buckles are from 2 to 314 inch deep, from 2:0 to 5% ft ona side, and 
from x to 18 buckles are used in one long plate,’ Plates ate stronger with fhe buckles 
turned down. : 

Weights of Floors, For 3-inch yellow pine planking on 3 by x2 inch 
yellow pine stringers, spaced 2 ft on centers, the total weight of planking and 
stringers is 21 lb per sq ft; 2-inch spruce om 3-inch pine with 3 by 12 inch 
stringers, 28 Ib per sq ft; 3-inch yellow pine on 4 by 14 inch sttingers spaced 
2% ft, 23 1b; 3-itich pine on 4 by rq inch stringers spaced 3 ft, 22: 1b; 2-inch 
spruce on 3-ihch pine with 6 by x4 inch stringers spaced 3 ft, 32 lb per sq ft. 
Asphalt laid 2 inches thick on x inch of sand and 4 inches of concrete on 54¢ 
buckled plates gives a weight of 85 to 90 lb per sq ft not including stringers. 

Wooden Stringers should be yellow pine or oak, and the spacing in feet 
¢enter to center for ordinary bridges should not exceed the thickness of the 
thaih, plank in inches; for heavy traffic this rule gives spacings too large. 
For roadways the minimum width of stringer is 3 in, or 14 the depth; for side- 
walks 2 in is the minimum. Wooden stringers: set on the top of the floor 
beams with ¥% ih air space between adjacent stringers, or rest on stiffened 
shelf steel angles riveted to the web of floor beam. They are often placed 
of short shelf angles without stiffeners underneath, but this is dangerous 
construction unless the thickness of the shelf is at least equal to that given 
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Fig. 27. Floors for Highway Bridges. 
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by-the formula ¢ = (3 Rb /SI), where t = the required thickness of L, 
‘R = maximum end reaction on stringer, b = width of outstanding leg of ib 
? =length of L, S = allowable unit stress, say 12000 lb per sq in, To 
proportion the cross-section of a wooden stringer compute the maximum 
bending moment M in inch-pounds, assume the depth / of stringer, and - 
apply the formula B = 6 M/Sh*, in which S is the allowable unit stress 
and B the required breadth of the beam. All dimensions should be in inches. 


Steel Stringers are usually made of I beams which are set on the top 
flanges of the floor beams or connected to the floor-beam webs by hitch or 
connecting L’s. To find the size of I beam compute the required section 
modulus M/S, and look up in a table of properties of I beams the size and 
weight of beam corresponding. The letters / and S have the same mean- 
ing as for wooden stringers, but S for wooden beams is 1200 lb per sq in if 
no impact allowance be made, and 1500 if such be made, and S$ for steel 
= 12 000 and 16 ooo respectively. 

Each stringer should have two hitch L’s-at each end to connect stringer to floor-beam 
web. The number of rivets connecting the two L’s to stringer web equals the maximum 
end shear on one stringer divided by the value of one shop rivet. The rivets thru the 
floor-beam web, connecting hitch L’s from a stringer on each side of the floor beam, are ~ 
field-driven, and their number is obtained by (1) dividing the maximum end shear on 
one stringer by either the single shearing value of the rivet or the bearing on one thickness 
of hitch L whichever is the smaller, or (2) by dividing the maximum load going thru the - 
connection from both sides of the floor beam by the bearing value of a field rivet on the 
floor-beam web, or on two thicknesses of hitch 'L if smaller. The greater number of 
rivets from (1) and (2) should be used. Some engineers claim that double the number 
just found should be used to allow for bending. 

In Designing Stringers the entire weight of one wheel or, if the panel length is 
gteat enough, two wheels, should be assumed on one stringer, no allowance being made 
for distribution of the load to adjacent stringers by the planking. But IN REVIEWING an 
existing bridge this allowance may be made, altho. the axle load should not be assumed 
equally distributed over the several stringers, With 3 in continuous plank on, five 

wooden stringers spaced 3o in apart with one wheel over the second and one over the 
fourth stringer, the distribution of the axle load is as follows; 7 % of axle load on first 
stringer, 30 % on second, 26 % on third, 30 % on fourth, 7 % on fifth. 

Floor Beams are made of I beams or of built-up beams. I beams require 
little shop work and should be used if possible. A built-up beam is a plate 
girder (Arts. 20 and 21) and is designed as such. In any case the-maximum 
moments and maximum shear must be computed. ‘The following formulas 
are applicable to floor beams where there is a sidewalk on each side of the 
roadway and where the total dead load per foot of floor beam and sidewalk 
bracketsis thesame. The live load per running foot of floor beam is assumed 
equal i in magnitude to that on the walks and is properly placed to produce the 
maximum effects. 


' Maximum moment on floor beam = % (w + w,) d? — 14 wye% 

Maximum moment on sidewalk bracket = 1% (w + wy) & 

Maximum reaction at one truss = w, (44d +e) + w(d + eP/2d. 

_ Maximum shear on floor beam = 14 (w + w,) d + we?/2 d, in which w is_ 
the live and w, the dead load in pounds per lin ft of floor beam and sidewalk 
brackets, d= distance center to center trusses {n ft, ¢= width of each of two 
sidewalks i in ft. Moments are in lb-ft and reaction and shear in |b. . 


"The method of placing) the loads. on the floor beam and of computing the maximum 
' moment on the same for a bridge having one roadway and one sidewalk is as follows. 
Data are: panel length 15 ft, clear width of roadway 28 ft, clear width of the sidewalk 
go ff, width of each truss 2 ft, live as 100 lb per sq ft of roadway and walk, also one car 
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of ra0000 Ib on four axles haying a total wheel base of 25 ft and a 5-ft base for each 
truck, dead load 40 Ib per sq ft, center of track § ft from center of the truss not, carryin 
the sidewalk. The live load is assumed to cover the roadway between the sidewal! 
truss and to within 2 ft of the railway track. Fig. 28 shows the loads acting on the floor 
beam. Each 20 800 |b load is from a 
track stringer, and the liye load of 1500 
lb per running foot and dead of 600 |b per 
foot are taken as unifornr loads with no 
_ appreciable error. The left reaction is 
‘ found to be 46 600 lb and the moment is 
5 -| a maximum where the shear changes sign, 
Fig. 28 namely, at the right track-stringer load, 
3 which is 1o.5 ft from the left end of floor 
beam, The moment at this point is most easily found by considering the forces to 
the left, and equals 352 200 lb-ft, Built-up floor beams should Pee a depth equal to 
about Yo the distance between centers of trusses. : 


14. Railroad Bridge Floors 


In Open Floors of thru bridges (Fig. 29) the ties rest directly on steel 
. stringers, one or two of these being under each rail. The stringers are sup- 
ported by the floor beams. In deck bridges the ties rest on the top flanges 
of the girders, In solid or ballasted floors the ties are embedded in stone 
-ballast carried either by trough floors or by solid floors of buckled or flat 
plates, or reinforced concrete slabs which are supported on I beams. The 
I beams for short spans run lengthwise of the track and rest on the abutments, 
while for long spans they are placed transversely and rest on girders or trusses. 
On tracks the guard timbers should be notched r in over each tie, should 
be bolted tovevery fourth tie and at splices, and spaced at least 20 in outside 
of the main rail. Tres should be not less than 8 by 8 in by zo ft in length, 
should be spaced with not more than 6-in openings, notched over the stringers 
x in and secured to the same by hook bolts every third tie. “Ties should be 
designed to carry the maximum axle load, with 190% impact, assumed as 
distributed over three ties with allowable unit stress nat oyer 2000 Ib per 
sq in. STEEL GUARD RAILS are spaced ro in clear inside of each main rail 
and extend across the bridge so ft beyond the abutments and around curves 
if any exist at the bridge.. They should be spiked to every tie on the ap- 
proaches and at least ta every other tie on the bridge, and should be proyided 
with a metal cap at the outer ends where they meet. 


For Solid Floors troughs were first used to hold the ballast, but more 
recent bridges haye the ballast carried by flat plates 3¢ or 7/1, inch thick riveted 
to I beamis laid transversely to the track. The I beams are spaced 14 to 24 
inches on centers, and in thru bridges are -connected-to the girder webs and 
in deck spans rest on the top flanges of the girders with fascia girders or deep 
L’s along their ends to retain the ballast. The ties are spaced from 18 to 
24 inches on centers and the guard rails and timbers are usually omitted- 
Buckled plates have been used instead of the flat plates; they. are stranger 
and the I beams can be spaced 3 ft apart, thus diminishing their number. 
Floors have been built by supporting the flat or buckled plates on the lower 
flanges of the beams and embedding the ties in ballast between the heams, but 
in this construction the I beams are almost entirely coyered and cannot be 
inspected or pajnted without removing the track and ballast, so that best. 
practise places the plates.on the top of the I beams, Ties are usually 6 inches 
deep and have 6 to 8 inches of ballast underneath, Reinforced concrete is 

also used in place of the floor plates. Pe 
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A Preservative should be placed between the ballast and steel of ballasted. floors. . 
A layer of asphalt-concrete not less than 2 in thick is sufficient, and the upper surface of ° 
the coating should be sloped to allow for drainage. The asphalt should cover all steel 
parts which otherwise would be in contact with the ballast, and it should be applied only 
to clean, dry steel surfaces, and if the steel is-cold or damp a layer of hot sand should be 
placed on it and swept off just before the asphalt is applied. The best results are 
obtained by first coating the steel with hot asphalt, then adding a layer of at least x in of 
a mixture of one part hot asphalt and four parts hot sand and finally applying a 4-in 
coating of hot asphalt sprinkled with sand. The layers are each tamped or ironed. 
Examination of steel surfaces thus treated has-been made after 11 years’ service and the 
steel found in good condition. 


Stringers for thru bridges are I beams or built-up beams; if the latter the 
depth should be approximately 1 the panel length. When only one line 
is used per rail the stringers should be not less than 6 ft 6 in nor more than 
8 ft on centers, and if. two lines are used per rail they should be spaced sym- 
metrically abgut the rail and from 9 to 15 in fram its center. Sometimes 
the main stringer is placed under or near the center of the rail and an addi- 
tional stringer of smaller size is placed outside near the ends of the ties. This 
outer is called a safety stringer. Deck plate girder bridges generally have 
no stringers, the ties resting on the top flanges. 


Built-up Stringers are designed in the same manner as deck plate girders except 
that flange plates are not generally needed. Where flange plates are used the ties must — 
be notched to fit over the rivet heads or else the rivets in the top flange plate must be 
countersunk. Unless the stringer is directly under the rail, flange L.’s with unequal 
legs should be used and the long leg should be against the web, or else two rows of rivets 
must be used in the vertical leg. Placing the long leg horizontal increases the effective 
depth but also increases the bending due to the deflection of the ties. If the ratio of - 
the length of top flange to its width exceeds 12, cross frames should be added to reduce 
the unsupported length. 


In Proportioning the Cross-section of I-beam stringers or flanges ‘of 
built-up stringers the ABSOLUTE MAXIMUM MOMENT (Art. 18) for the live load 
should be used and to it should be added the dead load moment at the middle. 
This is not exact but is on the side of safety “and-the error is very small. The 
following formulas are useful in computing the absolute live moments on 
stringers. They apply for equal loads spaced 5 ft on centers, and since con- 
solidation locomotives are generally used in design and since more than four 
wheels would rarely be on a stringer at a time the formulas cover most panel 
lengths. There are four cases: 

With one wheel on the stringer, M = 4% Wi, 

With two wheels on the stringer, M = W (2d — 5)2/8, 

-With three wheels on the stringer, M = W (342 — s), 

With four wheels on the stringer, M = W(2/ — 5)#/4l — sv, 


where W= the weight on one wheel in pounds, / = length of stringer in 
feet, M = absolute maximum live bending moment in Ib-ft per rail/ With 
one or with three wheels on the stringer the absolute maximum moment occurs 
at the middle; with two or with four wheels the absolute maximum is at a 
wheel 114 ft from the middle when the wheel spacings are 5 ft as above 
assumed. 

Floor Beams are ordinarily built-up beams riveted between the webs of 
girders or the posts of trusses. In connecting'them to pin-connected trusses — 
it is advantageous to place the beams opposite the pins even tho this necessi- _ 
tates cutting away the lower corners of the beams (Fig. 29). In addition to 
its own weight, which is practically uniformly distributed, a floot beam is 
subjected to a concentrated load at each line of stringers, The distance — 
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between centers of girders varies, for different roads and for different girder 
depths, from 12 to 16 ft on straight track. For double tracks the stringers 
are frequently placed 6 ft on centers and the two girders 28 to 3o ft on centers. 
The economic depth of floor beams is much larger than for stringers, but the 
economic depth usually cannot be used since in thru bridges the floor must 
be kept as shallow as possible and the floor beams are frequently made only 
slightly deeper than the stringers. In thru plate girder bridges a portion of 
each end of each floor-beam web plate is replaced by a gusset plate of the 
same thickness but having greater depth at the girder. These gussets extend 
to the top flanges of the girders to support the flanges laterally, Fig. 29. The 
gusset and web should be spliced with plates on each side of the web and with 
sufficient rivets to transmit the shear at the splice and to carry that portion 
of the moment that the web is allowed to carry. _ For deep girders the inclined 
edge of each gusset should be stiffened with two L’s. The lower flange of 
the floor beam should rest on the lateral connecting plate, which in turn 
should rest on and be riveted to the outstanding leg of the lower flange L of 
the girder, but there must be sufficient rivets in the hitch L’s to carry all the 
floor-beam reaction into the girder web. The stringers should either rest on 
the lower flange.of the floor beam or else on a small shelf L to aid in erec- 
tion, but neither the flange nor the shelf should be counted in computing 
the rivets required to connect stringers to floor beam. 

If there is a flange plate on a symmetrical floor beam of a single-track bridge with two 
lines of stringers the length of the plate can be determined by applying the expression 
2ba/A +c + 2, which gives the total length of the plate in feet; b being the distance 
from girder to stringer and ¢ the distance between stringers, both in feet, a net area ol 
plate in sq in, A net area of bottom flange at point of maximum section plus 14 gross sec- 
tion of web in sq in.. If there are two plates on each flange the above expression also 
holds for the length of the plate next to the L’s if the a is made to include the net area of 
the second plate as well as of the first. 

For a uniform live and dead load the maximum load on a floor beam at a stringer 
connection is twice the maximum live and dead end shear on one stringer, the panels 
being all equal, but with a series of wheel loads this is not true. For wheel loads the 
position of the wheels to give maximum load on floor beam is the same as will give the 
maximum. bending moment at the corresponding point on a span whose length equals 
the sum of the two adjacent panels. For an end floor beam the maximum load on the 
floor beam ata stringer connection is equal to the maximum live and dead end shear 
on one stringer. 


15. Transportation and Erection ? 

_ In Loading on Cars care must be taken not to get the steel so high that 
it will strike overhead obstructions. In some Sections of this country the 
CLEAR HEAD ROOM above top of rail is as low as 14 or 15 ft, but generally more 
room is available. Posts, chords and other similar members. when piled on 
cars should be braced and bolted in position to prevent displacement.. Wher- 
ever pessible the length of a piece should be such as to overhang one car 
length by just a few feet. 


Long Plate Girders require special attention in loading so that they 
will not be too high and will be free to ride around curves. ‘They are loaded 


on flat cars, generally with their webs vertical, and supported at two points 


only. -If a girder is longer than two cars one or more idler or spacer cars 
carrying no load are used between the end cars on which the whole weight 
of the girder is carried.. Each support consists of a transverse bolster or sill 
made of one or two timbers laid on the floor of each end car and bolted to the 
same with one large bolt 2 or 3 in in diameter, passing thru the center of the 
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sill and countersunk in its top. Under the center and each end of the sill: 
a steel track -plate upon whith the sill at one support can rotate and b 
means of a slotted pin hole can rotate-or move longitudinally at the othe 
support.. The top flange of the girder is braced to the ends of the sills b 
inclined wooden braces, 6 or 8 inches square, connected together at the to 
by yoke plates passing over the top flange and connected to:the ends of th 
sills by bent plates and bolts. The ends of the sills are tied-to the botto1 
flange of the girder by diagonal rods, two or four rods being used at eac 
support. For the heaviest girders steel gun-truck cars of 100 000 Ib capacit 
aré used and the distance from top of a vertical girder to top of rail is abou 
5% ft more than the depth of ‘the girder. Girders as long as 12§ to 130 | 
and from 9 to 12 ft-deep have been shipped as above described of wit 
slight modifications. Bi 

Fabricated Structural Work, that is, structural shapes on which some shop wor 
has been done, is given a fifth-class freight when shipped in ¢car-load Jots, and a fourtl 
tlass rate in less than car-load lots. Steel in the rough is given a lower rate: 

In Designing, the following items should be observed to facilitate erectiot 
Avoid details which necessitate telescoping one member into another, asi 
top chords, connections of floor beats to girders and stringers to floor beams 
Swinging a member vertically or rotating it horizontally into place is mite 
easier. Place shelf Us or the equivalent on floor béanis. under all sitinge 
connections where two stringers connect at the same point on opposite side 
of the beam. Ali thru spans’ should be designed so that either trusses ani 
girders or the floor system may be erected first in final position. Avoi 
notching ties to clear rivet heads and laterals. Ship lateral plates loose c 
bolt them to members so they will not be bent or broken. Deep guisse 
plates on floor beams should be stiffened with L’s. Tack “loose” filler 
with countersunk rivets. Allow clearances for drilling anchor-bolt holes i 
masonry and for setting the bolts after the steel is all in place. Top chor 
sections nearest the center should contain at least two panel points. Provid 
a separate bed plate for each shoe. In riveted bridges the gusset plate at th 
top of the end post should be shop-riveted to the end post. At pin-connecte 
joitits, tie plates should be kept far enough away from the joints and enoug’ 
rivets should be countersunk to allow the members. to swing in place. 


The Erection of a-Bridge consists in assembling its various parts 
somplete the whole. A DERRICK CAR is a car upon which a derrick or simila 
aevice is placed and operated, usually by power carried on the car. Fats: 
work is the temporary steel or Woodeli supports upon which the final stee 
work is erected. A TRAVELER is a steel or wooden frame with which +h 
parts of a structure are handled during erection, and which is supported b 
and moves back and forth upon either the false work as in ordinary trus 
bridges, or upon a portion of the finished structure as in cantilever erection, 

Girders and Small Trusses are Erected with gin poles, derrick cars 
derricks or gallows frames. Where derrick cars are available they shoul 
be used, for with them a girder of ordinary size and weight can be take 
from the cars, moved to the proper position and lowered upon its support: 
A GALLOWS FRAME consists of a transverse wooden bent guyed at the to 
and of such shape that a train can pass thru it. A frame of this kind i 

laced at each end of a span and the cars carrying the girder to be otk 
is run out on false work, or on an old bridge as the case may be, and th 
girder is raised from the cars with two tackles at each frame. The cat 
are then removed and the girder is lowered into position or is placed along 
side of its final position and later slid laterally into place. A GIN POLE is 


Art. 15 Transpottation and Erection 877 


solid or framed pole guyed at the top with at least four guys and with its lower 
end resting on a support. They are set slightly inclined so that the upper 
end overhangs the load, which is lifted by hoist lines passing over a sheave at 
the top. Gin poles are useful for erecting simple girders, beams or small 
riveted bridge of roof trusses. A framed gin pole 146 ft long was used in 
erection of a tower at Manitowoc, Wis., but ordinarily they are single masts 
30 to 60 ft long. -Girders are sometimes put in place by blocking and jacks. 


False Work of wood consists of pile or trestle bents spaced from 10 to 
§0 ft apart, tho the distance apart should generally be used equal to the 
panel length of the truss to be erected. Where piles can be used they make 
the best false work and four or mote are placed in a bent, the bents being 
braced ‘transversely and longitudinally. If the height above water is only 
to to 20 ft the piles are sawed off just below that height and capped, but for 
greater heights framed bents are built upon the piles, which are sawed off 
just above water level. Posts in framed bents should be ro by 10 or 12 by 12 
inches and bracings 3 by 10 or 3 by 12. In swift water the bents should be 
braced in paits to form towers and the long openings between towers spanned 
with trusses. If piles cannot be driven the bents must be framed and rest 
on sills or small timber cribs to distribute the pressure over the bottom. 
Wooden stringers are bolted to the bents to carry the steel and the tracks for 
the traveler. Stringers should be placed about one foot below level of steel 
to allow for blocking. 

Travelers consist of two, three or four bents of. wood or steel braced 
together longitudinally and of such ‘shape that they can surround the steel 
work to be erected. At the foot of each leg of each bent is a wheel or truck 
which runs upon the track on the false work, and above the bents are string- 
ers to which hoisting blocks may be attached. Travelers sometimes are 
made to run inside between the trusses. To erect an ordinary truss span 
the floor beams and stringers and lower chord members are put in position, 
on the false work. ‘The traveler then sets the four posts for the center panels 
of the two trusses and places the center diagonals in position. The top-chord 
Sections over these panels are then lowered and the pins driven, ot if the trusses 
are of the tiveted type temporary bolts are used: The top laterals ate then 
connected and the traveler moved to the next panel and thus sticcessively 
erects the several panels to the end, after which it is returned to the center and 
érects the other half of the span, in the same mannet. The blocking under 
the trusses is removed and the rivets driven. Light highway bridges and steel 
buildings are erected by derricks resting on the false work or upon the steel 
frame respectively. For steel-frame buildings traveling or tower derricks are 
used. Roof trtsses are assembled on the ground and then hoisted in place 
by gin poles or derricks. A 


Pilot and Driving Nuts of cast steel are placed on pins to protect the thteads while 
driving. Trusses or parts of trusses should not be allowed to stahd without beihg weil 
braced, and roof trusses must be carefully guyed to avoid overturning, and in light truss 
work care must be taken to avoid dropping pieces on the lower chords. 

Where False Work cannot be used, simple trusses are sometimes erected as canti+ 
levers by building out from either end, but in such cases the members must be specialiy 
designed to allow this." Bridges are sometimes erected along the shore and then floated 
out into position on barges. E 

The Timé Required for Erection vaties greatly. An example of rapid bridge 
erection is that of the Cairo bridge over the Ohio River in southern Mlinois in which 
one span weighing about 2 000 000 |b and 518 ft 6 in long was erected in six days, and, 
to erect two such spans required only seventy-five men for one month and three days, 
For erecting steel frames of office buildings two tiers of beams per week is an average, 
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and work has been done at the rapid rate of 20 stories in 26 days, 18 stories in 2 months 
and 3 days. 


16. Cost of Bridges 


The Total Cost of a bridge structure is made up of the cost of abutments, piers, 
flooring and floor system, bracing and trusses or girders, andcan be approximately. 
stated by the formula 


C=a+n(@—1) +p +poL?/x 
in which a=the cost of two abutments, Z=length of bridge in feet, x=the number 
of spans, #:1=the cost of flooring and floor system per linear foot, p=the cost of steel 
in trusses and laterals per pound, #=the cost of one pier, 6=a factor depending on the 
kind of bridge, 8 to 10 for railroad bridges. The total cost is a minimum when the cost 
of one pier is equal to the cost of steel in the trusses and laterals of one span or when 
n= pbL?/x? or when x2= pbL2/n. 


Contracts for the Steelwork of bridges are based on a pound price or 
on a lump sum, and should require furnishing the material, fabrication, trans- 
portation, erection and painting, the erection generally including the furnish- ~ 
ing of necessary tools, false work and labor. Steel bridges furnished, erected 
and painted cost, in 1910, from 3.5 to 5.0 cents per pound and in 1918, about 
double these amounts. 


The Costs of Items entering into the costs of bridge superstructures are 
subject to variations of time and place.- Since 1914 prices have been subject 
to such constant and startling changes, mainly upward, no reliable nor useful 
set of costs can be inserted in this edition. The following costs were approxi- 
mately correct in 1910 and even in 1914 and-are retained for their relative value. 
For 1918 they should be raised from 50 to 1oo%. Structural steel shapes, 
however, have been fixed by the U. S. Government and take the Government 
base of 2.90 cents per Ib for steel bars, 3.00 for shapes, 3.25 for plates and 5.00 
for checkered plates, all f.o.b. Pittsburgh. The scale of extras is very com- 
plex and voluminous. 


Approximate Costs in 1914 (reinserted from the Third Edition). 


SrrucruraL Street SHapes, F. O. B. Pittsburgh, in cents per pound. anwlent a 
beams, channels and Z bars 1.50 to 1.70, T’s 1.55 to 1.75, deck beams and bulb L’s 1.90 
to 2.10, plates 1.60 to 1.70 with additional charges for cutting to size or for large sizes 
varying from o.1o to 1.55, Checkered plates 2.50, round forgings, 3.75, eye-bar flats 
1.60 to 2.10, rivet rods 1.60, for punching holes at the mill from 0.15 to 0.35, for fittings 
such as small L’s riveted to beams 1.55 in addition to the cost of fittings. 


Cast Iron Anp Cast STEct, F. O. B. point of manufacture, in cents per pound. Cast- 
iron railing posts 3.5 up, column bases 2.5, name plates, 4.0; cast-stee] bed plates 4.0. 


DRartinc $1.00 to $2.00 per ton if the details are left to the template shop and $2.00 
to $4 00 if all parts are detailed on the drawings. 


Snop Costs IN CENTS PER POUND. Plate girders for highway bridges, 0.75 to 1.00 
for railroad bridges 0.75 to 1.50, riveted trusses for highway bridges 0.75 to 1:15, for 
railroad bridges 0.75 to 1.50, pin-connected trusses for highway bridges 0.85 to 1.25, - 
for railroad bridges 0.85 to 1.50. 


Erection. Piles 25 to 50 cts per lin ft, false-work timber $25.00 to $30.00 per ro00 
ft BM, placing false-work timber $8.00 to $12.00 per 1000 ft BM, the salvage or pro- 
ceeds, a sale of false work being 25 to 30 percent of first cost of lumber. The cost of 
placing, bolting and riveting steel truss spans varies from $10,00 to $20.00 per shert ton 
exclusive of painting, being larger per ton for short spans then for long ones. 

‘TIMBER IN PLACE per 1000 ft BM, including framing and spiking. Yellow pine for 
highway bridge floors $30.00 to $45.00, oak for same $40.00 to $55.00. rs ‘ 

» RAILINGs IN PLACE per linear foot of railing. Gas-pipe railings with three lines of 
wae pipe on pipe posts $1.00, railings with cast-iron newel posts and gas-pipe hand rail 
and with,some scroll work $1.75 to $2.50, lattice railings of flat bars and light L’s $1.50. 
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INSPECTION of structural steel at the rolling mill and bridge shop costs from 50 to ° 
75 cts per short ton, 


Paint for Steel Bridges. Parts of bridge members in contact should 
be given one coat of red-lead ‘paint before being riveted together in the shop, 
All other surfaces should have one coat of raw linseed oil or one coat of red- 
lead paint before leaving the shop. After erection two coats of different 
colors should be applied, the last after the first is dry. Red-lead paint should 
be mixt 20 to 25 lb red lead to one gallon raw linseed oil, altho some engineers 
specify as much as 35 lb per gal of oil. Graphite paint, made by grinding 
12.5 lb graphite in one gallon linseed oil, is good for either the first or priming 
coat or for subsequent coats.. For one short ton of structural material allow 
¥% gallon of paint for the first and 3¢.for the second coat, The following costs 
were approximately correct in 1910. Paints for steel from $1.00 to $2. 50 
per gal. Red lead at 7 cts per lb and linseed oil at so cts per gallon would 
make a paint costing approximately $1.50 per gal. For furnishing and applying 
one coat of linseed oil or metallic paints such as red or brown iron oxide, allow 
$1.00 per short ton, for one coat of red lead or good quality of graphite $2.00 
per short ton. Cleaning new work by means of the sand blast costs from $1.00 
to $1.75 per short ton. Pickling is the process of cleaning steel by soaking 
it in acid and then removing the acid. 


The Life of Steel Bridges depends on the maintenance, on the loads, the locality 
and the kind of structure. Railroad bridges, which are generally properly cared for, are 
replaced on account of increase in weight of rolling stock; in such cases the,average life 
is about twenty years. For highway bridges not subjected to electric railway traffic and 
properly maintained the life is probably very much more than the above figure, but in 
many cases highway bridges need extensive repairs or renewal of the steel after fifteen 
years, 


BEAM AND GIRDER BRIDGES 
17. General Arrangement 


Beam Bridges are used for short spans up to’ 25 or 3o ft in length both 
for railroad or highway and electric railway structures. They consist of 
I beams running parallel with the railroad or highway, resting at their ends 
on abutments and carrying open or solid floors in: railroad bridges and plank 
or paved roadways for highways. .The beams must be computed from their 
section moduli, but their depth for railroad bridges should not be less than 
1/j» the span, for electric railway bridges not less than 1/99 and for ordinary 
highway traffic. not less than 1/g9 to 1/94.. The following spacing of beams is 
desirable for RAILROAD SPANS with open floors, that is, ties resting directly. 
on the beams: two I beams under each rail, 12 inches between webs and sym- 
metrically under the rail with a safety stringer 2 ft from each outermost track 
stringer. At each end and at center of the span channel braces should be 
riveted between the beams, and at intervals of 5 ft channel separators should 
connect the two beams under each rail. For spans over ro ft diagonal braces 
‘should also be used. For double-track bridges there should be one safety 
stringer between tracks. For beam bridges with solid floors the I. beams 
should be spaced apart 18 to 30 in, covered with flat steel plates and ballast, 
and should have braces at ends:and center of span. For HIGHWAY BRIDGES 
the beams are spaced apart 2 to 3 ft and should be connected fogethen at their 
ends with L’s or [’s. 


A Plate Girder is a beam made by riveting a flange; certs of L’s 
alone or L’s and plates, along the upper and lower edges of a solid vertical - 
plate called the wes. Upright pairs of (.’s called stiFFeNERS are usually 


\ 
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_ Fiveted to the at at the supports and at certain intermediate points. Plat 


girders are most Suitable for spans between 25 and too ft, and even for spar 
as high as 125 or-130 ff they make excellent bridges, expensive in fist ¢o: 
bui low in maintenance charges, 

Tubular Bridges were built by Robert Stevenson, who in 1850 completed the Br 
tannia bridge in Wales and in 1859 the tubular bridge at Montreal,.the latter beir 
replaced in 1898 by a truss bridge. The Britannia bridge consists of two parallel ind 
pendent wrought-iron tubes thru which the trains run, each tube having two vertic: 
solid webs connecting to top and bottom chords formed by a series of cells made « 
plates and L's. Each tube is 15 ft wide and from 23 ft deep at the ends to 3o ft at th 
center. There are two 460-{t spans and two 230-ft spans. 

Deck Plate Girder Bridges usually consist of two girders under eac 
track connected by two systems of lateral bracing, one in. the plane of th 
top and the other in the plane of the bottom flanges, and by transverse swa 
frames at each end and at intermediate points from 15 to 20 ft apart. Fo 
double-track structures the two inner girders should be connected togethe 
at the panel points of the top lateral systems by angle struts only without an 
transverse or lateral hracing between these inner girders. The two girder 
in single-track deck bridges are spaced from 5 to 9 ft on centers, with 61% | 
the best distance for spins up to 60 ft. A good rule for spans over 60 ft 3 
to make the distance on-centers generally equal 1/1) the span but not less tha 
the depth of the girders. The deeper the girders the greater should be ‘th 
spacing. For double-track spans having four girders, the tracks being fror 
r2 to 13 fton centers, the inner girders should be 5 14 to 6 1 ft apart respectivel 
if the two girders under a track are 614 ft apart. Deck spans having floc 
beams and stringers can be well arranged for single track by placing the girder 
g to ro ft apart and connecting the floor beams to the girders at such an elk 
vation that the tops of stringers and girders are in one horizontal plane, th 
stringers resting on top of the floor beams and spaced 5 or 6 ft apart. The tie 
are supported by stringers and girders, the latter serving as safety stringer 
in case of a derailment, and the stringers are held laterally to the girders b; 
diaphragm plates, that is, vertical plates placed aver the floor beams and be 
tween the stringers and: girders. One lateral bracing system js used at th 
level of the lower flanges of floor beams. 

Thru Plate Girder Bridges generally cost more under the same con 
ditions than deck, but they are used where head room under the bridge j 
essential as in the case of grade-crossing elimination, While for short span 
the distance between centers of girders on single track may be as small a 
z2 ft, this distance is ordinarily 13 to 1g ft, For clearances see Art, 11 
Double-track bridges may have 2 or 3 girders, the center girder carryin 
weight from both tracks. Panel lengths vary from 9 to rs ft, the smaller valu 
being used to secure shallow floor systems. Plate girders for deck spar 
have the upper corners square, but for long thru railroad, and especially fc 
thru highway. bridges, it is desirable to have them rounded to preyent ace 
dents in the one case and for appearance in the other, The radius of the sury 
is usually made equal to the length of the bed plate. 

Highway Plate Girder Bridges should have two girders for ordlnag 
thru spans, and for heavy construction with two sidewalks and one roadwa 
three girders, and in extreme widths even more are used. Where two girder 
are used in thru spans they should be placed at the curbs to avoid interfer 
ence with vehicular traffic, and for this same reason deck spans should b 
used if possible where the width of roadway necessitates three er more girder: 
The central girder of thru bridges projecting up into a readway aoe 
with traffic, and where two street railway tracks cross over the bridge th 
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distance between track centers must be increased from the usual 9 or to ft to 
13 to 15 ft, thus making undesirable curves in the tracks: For deck spans 
the tops of floor beams are placed near the top of the girders and the stringers 
are framed between the floor beams. The smmEWaALks are carried on brackets 
riveted to the outside girder webs, and since the upper flanges of the brackets 
are in tension some provision other than tension on riyets must be made to 
transfer the stress into the floor beam upper flange. This is best done by 
connecting top of bracket to top of floor beam with a tie plate passing either 
thru or over the main girder., 


‘The Top Lateral System for deck plate girder railroad bridges should be a Warren 
truss with panel lengths as nearly equal to the distance between the girders as possible 
and with an angle strut at each panel point, thus making the slope of the diagonals 
about 45 degrees. At alternate panel points the L strut is the top bar of the cross 
frame, and this spaces the cross frames at the ends and at intermediate points at distances 
apart equal to twice the distance between girdets. No L’s less than 314 by 3 by 34 should 
be used for bracing in railroad, nor less than 2}4 by 2)4 by 5/j¢ for highway bridges. For 
intermediate cross frames of deck bridges two horizontal and two diagonal L’s 31% by 
31% by % are commonly used, while the end cross frames should be computed to carry the 
end reaction of the top lateral system. These end frames should have two horizontal 
L’s at top and two at bottom, with two diagonal L’s or C’s in each frame, All frames 
must be riveted to the horizontal lateral bracing plates and to vertical connecting plates 
which are riveted to stiffeners on the girders. The lower bracing for deck spans should 
consist of a Warren truss, the L struts being omitted except where they constitute the 
lower members of the cross frames. For thru single-track spans the lateral system should 
consist of two diagonal |_’s in each panel riveted to plates which are connected to lower 
flanges of girders and floor beams, and if there are no end floor beams a strut should 
connect the stringers and girders together at each end of the span. . The laterals are gen- 
erally connected to the bottom flanges of the stringers. For thru double-track railroad 
or thru highway bridges the laterals sometimes run over two panels instead of one, 


Long Spans for American Plate Girders 


A Weight of 

Location Railway or Highway Fenat 7 prs one girder, 

: : short tans 
Brenenerine’s: Can...) G, Te RV. cod sari aitin sas 105.7 9.0 * 64.5 
Newark, N.J........ C. RR. Biel Deve-hey Rolph. 4) pW ZeSVAG 19.0 "74 
Eyous NY... . cee N.Y. 110.7 II.2 96.0 
Janesville, Wis....... Cc. II4,5 9.5 42.0 

Near Jordan, N. Y....| N. 116,0 10.0 Sa 
Albany he WW '; 0 N. 116.5 10.0 . 85,0 
Bradford Division.... 128.0 9.0 49.0 

Towanda, Pa.....,... 129.5 190.0 Earoles 
Hubbard, 0...... AB 131.3 9.6 66.9 
Terre Haute, Ind.....| Highway... 121.5 9.8 30.3 
Sixth St.) Phila... 12. Highway... 123.6 9.5 50.0 

Cincinnati, Ohio*...,:| Highway... 213.0 po Wk ei AN en 5. 

Worcester, Mass. 122.5 11.0 ¥70.0 
Chicago, Ill...... 131.75 9.7 98.0 
Chicago, IIl...... “2 - RI -| 3a9.7 10.8 130.5 
New Durham, N. J....| West Shore,N. ¥.C. RR. | 131,50 | T0.0 105.0 


* Built 1870. 


Lateral Bracing is frequently made too light. This is probably due to the fact 
that the lateral force has been considered as wind and not as wind and vibration or train 
combined. For ordinary railroad spans the lateral force on the loaded chord should be, 


‘ 
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taken at 200 Ib per lin ft plus 10% of the live loading on one track, and on the unloaded 
chord at 200 lb per-linear foot. These forces to be considered as moving loads and the 
allowable tension. placed at 16 000 lb per sq in and compression at 16 ooo—70//r, where 
lis the length and r the least radius of gyration of the member, //r should not exceed 
120, If the track is on a curve the stresses due to centrifugal force should be added to 
those from wind and lateral vibiation. If a member of a lateral system is subjected to 
‘alternate tension and compression from wind, or wind and centrifugal force combined, it 
should be proportioned for the stress giving the largest section. Impact is not added 
to stresses produced by longitudinal, centrifugal and lateral or wind forces. For thru 
spans the laterals usually may be designed in tension to take the entire lateral shear in 
the panel. = : 


18. Girders without Floor Beams 


Notation. V=shear at section of girder, Vo=maximum positiv live shear in 
end panel, M=moment at any section, Mc=moment at center of span, /=length of 
span, a=distance from section to right end of span, ¢=distance from center of span 
to any section, w=uniform dead load per unit of length, wi=uniform live load per 
unit of length, W=total load on span, D=increase in shear due to loads coming on 
span, ?=panel length, »=number of panels to right of a given panel, m=number 
of panels in span, «=distance from resultant load on.span to right support. 


The Shear on a section is the algebraic sum of all outer forces or com- 
ponents of same acting on one side of and parallel with the given section; 
it is positiy when the resultant force on the left is upward and on the right 
downward. BENDING MOMENT, or moment, at a section of a beam is the 
algebraic sum of the moments of all forces acting on either side of the sec- 
tion. It is positiv when the resultant moment on left of section is clock- 
wise and on the right is anti-clockwise, causing the beam to bend convex 
downward and hence causing compression in upper and tension in lower portion 
of beam. , 


Derap Loap SHEARS. With uniform load over entire span the shear at any section 
distant @ from right end is V=w(a—14/1). This is the equation of a straight line 
having for its ordinate at the left end of span the maximum positiv shear of wi/2, and 
for the right end an ordinate of equal amount which is the maximum negativ shear. 
Shear at center is zero, The above equation shows that the shear at any section is also 
equal to the amount of load between the section and the center of span. If in addition 
to the uniform load there are one or more concentrated fixt loads the shear at any section 
‘is found by subtracting from either reaction the loads, uniform and concentrated, between 
the reaction and the section, and the moment is a maximum where the shear passes 
thru zero. 


Drap Loap Moments. With uniform load over entire span the moment at any sec- 
tion distant a from the right support is M=4wa(l!—a). This is the equation of a 
parabola with axis vertical and vertex over the center of the span. The moment is posi- 
tiv, at all points and is maximum when a=//2, in which case the maximum moment is 
Mc=wil?/8; if w is in pounds per foot and the span / in feet M is in lb ft and where 
necessary to reduce this to in-lb multiply by 12, not by 144. If Mc is the moment at 
center and g is the distance from center to any point, the moment at that point equals 
M=Me—4 Meg?2/l?. 

Live Loap SHEARS AND Moments. With a uniform load the maximum shear at 
either end occurs for full loading and may be found by use of above formulas for dead 
joad shear. The maximum positiv live shear at any point is V=wia2/2 1, and occurs 
when the live load covers the portion of the girder to right of section This is the equa- 
tion of a parabola with axis vertical and vertex at right support. The maximum nega- 
tiv live shear at any section occurs when the left portion of girder is loaded, and may be 
found by calling a the distance from left instead of from right support. The maximum 
moment at any point occurs for full loading, and may be found by use of formulas for 
dead load: moments. wine 


Live Loap Sarars. With a single concentrated load the maximum positiv shear 
at a given section occurs when the load is just to right of’section and is equal to the left 
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reaction; the maximum negativ occurs when the load is just to the left of section and is 
equal to the right reaction. With a system of concentrated loads the, maximum positiv 
shear at any section occurs when one of the heavy loads is just to the right and most of 
the remaining loads are also to the right of the section: The problem of finding the . 
greatest shear at a section A (Fig. 30) involves therefore first the location of the loads on 
the span. to produce the maximum. Starting 
with first wheel at A the shear will then be the 
left reaction, and_ if all the loads are moved to 
the left a distance d: until the second wheel is 
at.A the shear is increased if Wdi/1+-D> Pi, see 
Fig. 80. W is the total load on span at begin- 
ning of movement, di the distance loads are 
moyed, D is left’ reaction due to loads that may 
come on the right of span during the movement. 
This same relation holds for any other similar 
movement and for any section provided no loads Fig. 30 i 
leave the span during the operation. To apply 

to the end of span W must include all loads on except the one which is at the end and 
which therefore leaves the span during the movement. If di>/—a, Pi will leave the 
span when P: is moved to A, Fig. 30, in which case the shear at A is greater when 
Pz is there if (W—P1)d:1/l+-D<Pja/!. There is one more case to be considered. Sup- 
pose P2 at A and Py on the span and that when Ps is moved to A, Pi leaves the span. 
Then the shear at A will be increased if 


(W —P1)d2/1+D-+Pi(l—a—di)/1> Ps. 


Maximum SHEAR at Env or Span. Let it be required to find the maximum shear 
at the left end of a 40-ft span with Cooper’s E-so loading (Fig. 23). Placing wheel 1 at 
the left end the total load on the span exclusive of 1 is 132.5, and moving the wheels 
8 ft to the left until wheel 2 lies at the end the shear at the end is increased, since 

132.5 X8/40+D> 12.5. Moving the loads 5 ft further to the left the third wheel lies 
at the end, and the shear is decreased during this second movement because 1405/40 

. +D<25, the 140 being total load on span exclusive of wheel 2 when wheel 2 is at the 
end. Hence with wheel 2 at the end the maximum shear exists there and equals the 
left reaction or 65 <8/40+100X32.5/40=94.25 per rail. This shear may be obtained 
also with the aid of the mMomuntT p1aGRAm (Fig. 34) as follows. The moment of all 
wheels to the left of the right support about that support is 4370, and deducting 12.5% 
48=6oo, there remains the moment about right support of all wheels that are on the span 
or 3770 thousandths of ft-lb. Dividing this by the span length, 40, the left reaction or 
shear at left end is 94 250 Ib. In the case of a Cooper or similar loading (where a light 
wheel precedes a series of heayy ones) it is unnecessary to apply the criterion for end 
shear, since P: never gives a maximum and P2 usually does, the exceptions being unim- 
portant. 


Live Loap Moments. For a single concentrated load P the maximum moment at 
a given section will occur when the load is at that section. With a system of concen- 
trated wheel loads the MAXIMUM MOMENT will occur at a given fixt section when there 
are as many loads on the span as is possible consistent with the heavy loads being near, 
and one of the loads at the section; and this load must be such that when it is just to the 
Tight of the section the average load on the left must be less, and when just to the left 
the average on the left must be greater than the average load on the entire span. Usually 
several positions of the loads satisfy this criterion in which case the greatest moment 
must be determined by inspection or by computing all cases. 


Tue Axssoture Maximum Moment is the greatest moment that can occur on a 
given shan under a system of concentrated wheel loads. It will always occur at a wheel. 
which lies at or near the center of the span and the criterion for its determination is as 
follows. When the center of the span is halfway between the center of gravity of loads on 
the span and one of the wheels near the center of gravity, then the moment under the wheel 
where the shear changes sign is a maximum and is the greatest which this combination of 
loads can produce on the span. When the center of gravity of loads on the span coincides 
with one of the loads the absolute maximum wil occur at the center of span. The method 


_ of procedure is then: Assume some loads on the span so as to bring the heavy loads near 


_ the center and as many loads on the span as possible. Find the center of gravity of these 
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loads and place the ceniter of span midway between the center of gfavity and the neatest 
load. If all the loads assumed on are now really on the span and the shear changes sign 
at this load compute the moment at the nearest load just mentioned. If when the 
_above assunied loads are placed ih the position just ited some of the loads assumed on 
. are really off the span, it is then hecessary to try 
again, using a new resultant. Unless one can 
~ tell by inspection it is hecessaty to computé 
in this matiner thé moment at several of the 
wheels until the grtedtest possible moment is 
found. In Fig. 31 the maximum occurs ‘at 
Ps when the center of span bisects 6 and there= 
fore = 44(1=b) and the expression for the 
moment at Pris M2= Wi—s(l= b)2/41=—fSPd 
where Wi—«4 is the resultant of loads on 
spai and SPd is the sum of the moments of 
‘ loads to left of Pi about Ps. If now the dead 
load is to be taken into account with the wheel loading, the value of x = 441 — 
b(wl ++ Wi—s)/ (al + 2 Wis) and the maxitnum moment occuts at Ps. It is however 
sufficiently accurate to compute the absolute maximur due to live load only as above 
stated arid add the dead moment at the centet. 


The Exact Equivalent Uniform Live Load, obtained from Art. 10 
may be employed conveniently to obtain maximum moments and shears due 
to a Cooper loading. For maximum moment at a section of a girder, the equi- 
valent uniform load q may be obtained from the chart, Fig. 25, by taking 
ke=a and 1, =1—a, the two segments into which the section divides the ec 
length. The bending moment M = V4Glile. 


For rfaximum positiy shear h=o and =a, Instead of extending the chart 
to include values of g for 4 =o, the latter are given in a separate table, Fig. 25a _ 
for the corresponding values of /2. gq as thus obtained, is correct for end reac- 
tions, and R=1%ql; but for intermediate sections wheel 2 is presupposéd to - 
be placed at the section considered and the effect of wheel 1 is disregarded. The 
maximum shear at a section, upoh the above assumption, is V= 1% qht/l. To 
correct for the effect of wheel 1 subtract 30 000 (1 —(l2+8)/l) from the above 
value of V. This correction and the values of g in Art. 10 are based upon loads 
per track. For loads per rail divide by two. 


For example, to find the maximum shears in an 8o0-ft plate girder due to E-60 loading 
pet rail; at the end, =80,¢= A657, R= ql =166 300; at the 14 point, h=60, g=4900, 
V=% qh34=110 250} at the 14 point, h=4o, =5655, V=14 ylo14=56 550. To correct 
for the effect of wheel x subtract 14X30 000(1 — — (2+8)/80) from the last two values of V 
Or, 2250 and 6000 lb respectively. 


19. *Girders with Floor Beams 
For Notation see beginning of Art. 18 


Deap Loap Suears. The uniform load here assumed is that due to the floor system 
only or, in the case of a truss bridge, due to floor system and weight of trusses, in other 
words, the dead load is assumed to act at the panel points only. For the sheafs and 
moments due to the dead weight of a plate girder itself the formulas in Art. 18 may be 
used. The panels are of equal length unless otherwise stated. The shearin any panelis— 


V=wpn— m+¥4) 


where 1 is the number of panels to the right of the cne in question. The maximum 
dead positiv shear is in the left end panel, that is when x =m —x1, and is Vo=wp(m—x)/2. 
This is of course equal to the gross left reaction minus the 4 BAe load at the support, 
From this maximum positiv value the shear decreases by wp for every panel towards 
the right, reaching a maximum negativ shear in the right end panel. 


DeAp Loap Moments. The monients at panel “me are equal to the moments, 
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existing at the corresponding points on a girder without floor beams, and the moments 
between floor beams are slightly less than without floor beams. Without floor beams all 
ordinates are those of a parabola, while with floor beams only the ordinates at floor beams | 
fall on a parabola. _ 


Live Loap SHEARS. The pert point Ina panel is that point at which if a ‘single 
concentrated load be placed, and no other loads ‘act on the span, the shear in the panel 
is zero. Every panel has a neutral point and its distance from the right end of the panel 
=np/ (m—1). For maximum positiv live shear the load must extend from the neutral 
point to right end of span, and for maximum negativ shear from the neutral point 
to left end of span. The exact maximum positiy live shear in any panel is V =Vom2/ 
(m—1)?=wipn?/2(m—1). The exact equivalent uniform live load for Cooper’s loadings 
for maximum positiv live load shear in any panel may be obtained from the chart, Fig. 
25, (Art. 10), by letting =the distance from the neutral point to the right end of the panel 
and =a=the distance from the end of the panel to the right end of the span. The 
maximum negativ shear for a giveri panel is the same as the maximum positiv shear in 
the corresponding panel on the opposite side of center of span. The above is the exact 
method for finding live shears, but the approximate method is mostly used for uniform 
loads; this assumes that the full live panel load is applied to each panel point to the right 
of a panel to produce maximum positiv live shear and that no load acts to the left of the 
panel, thus neglecting the one-half panel load which acts at the left end of the panel, 
By this method the maximum positiv shear is V=wipn(n+1)/2 m. 

Live Loap Surars. For maximum positiv shear in any panel under a system of 
wheel loads most if not all of the loads should lie to the right of the panel and one of the 
wheels should be on the floor beam at the right end of the panel and this must be such a 
wheel that when it is just to the right of the panel the total load on the span must be 
more than m times the load on the panel, and when this wheel is placed just within the 
right end of the panel the total load on the bridge must be less than m times the load on 
the panel. If two or more positions satisfy this criterion the one giving the greatest shear 
may be determined by inspection, by computing the shear for all the positions that satisfy 
the criterion, or by computing the change in shear due to a movement of the load system, 
‘Thus in Fig, 32 to find the change in shear due to a slight movement suppose that the 
above criterion for panel A is satisfied by either wheels x or 2. Place Pi at right end of 
panel A and move the loads till Pe comes to that point; then if di < the shear in A is ~ 
greater for position 2 than rif Wd/l+D>Pidi/p, If h>p but Pi does not leave, 
the span while the moyement ‘s taking place then the shear is increased if Wa/l +D>FP1, 
When P» is at right end of A and P3 is then moved to that point the shear is increased 
if Wds/I4-D> (Pi++-P2)ds/p, where ditd:<p; and is increased if Wds/I+-D> Psdo/p 
+Pi(p—di)/p, where d)+d2>p but -di<p and d;<p. These expressions do not hold 
if a load leaves the span during the movement, but similar ones may be written for this 
case. 


Liye Load Moments, The criterion for determining the position of loads to.give a 
“maximum moment at a panel point is the same as if there were no floor beams, see Art, 
18. Clearly the maximum live moment at a panel point next’ the end as B, Vig.32, 


Floor Beam 


’ Fig, 32 : ne 


equals Vop, and for any point in the end panel the maximum live moment is the maxi- 
mum live shear in that panel times” the distance from the end of span to the point in 
question. The criterion for maximum moment for a point within a panel such as C 
(Pig. 33) is Wit+Weq/p=War/!, where W1 is the total load on panel to left of, and Wa 

the total load on the panel in question. : ; 


886 : Beam and Girder Bridges Sect. 8 


The Moment Diagram (Fig. 34) aids in computing shears and moments. 
Its essential parts are weights and wheel spacings for a concentrated load 


Fig. 33 


system, distance of each wheel from the first, sum of all loads from the first 
to each succeeding wheel inclusive, sum of moments about each wheel of all 


' 
Moments 


2050.00 
2093.75 
3563.75 


37.507- 100.00 


62,504- 287.50 
600,00) 
1037.50" 


| 306.25---13520.00 
355.00-F 20455,00 


25.0-7-265.00-- 9585.00 


43 |16.257-161.25' 
48 /16.25;-177.5077- 4370,00/—| 
79 25.07-290.00-- 10910.00 


87 |10.25/- 145.00 


23 |25.07- 112.50 


Sum of 
= Distances - 
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Loads are in thowsands of pounds per rail 
Fig. 34. Moment Diagram for Wheel Loads for Cooper’s E-s50 Loading 


loads to. the left of that wheel. The wheel spacings should be plotted to scale 
and the span lengths to the same scale. 


To illustrate let it be required to compute maximum moment at center of a 40-ft span, 
using the diagram in Fig. 34. The fourth wheel satisfies the criterion in Art. 18. and 
by inspection gives the greatest moment. To compute this moment find the moment of 
left reaction about center and deduct the sum of moments-of wheels 1, 2 and 3. To 
do this find the moment of all wheels on the span about right support, 2693.75 -++145 
(z) = 2838.75 in thousands of lb-ft, and divide this by the span, 4o ft, and multiply ~ 
the quotient by the half span, 20 ft; whence 1419.375 is the moment of left reaction 
about center. Subtract 600, the moment of wheels I, 2 and 3 about wheel 4, and 819 375 
Ib-ft is the moment at center of span. 


20. Plate Girder Webs 


Notation. M=bending moment, /=thickness of web, 4=depth of web, V=vertical 
shear on web, S=allowable tensile unit stress, Ss=allowable shearing unit stress, 
Sb=bearing unit stress on rivets. Sc=allowable compressive unit stress, A =gross area 
of cross-section of web plate. d=horizontal distance between stiffeners, H =horizontal 
force on outside rivet in a vertical row, fi: and /i=thickness and depth of web splice plate, 
Mr =bending moment carried by one row of rivets in web splice, Mw =net moment car- 
ried by web, p=pitch in inches, V =number of rivets ina row. Forces in pounds, dimen- 

~ sions in inches, moments in inch-pounds, stresses in lb per sq in, 
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The Function of the Web of a girder is to resist the shearing forces acting 
on the various sections of the girder and also to carry some of the bending 
moment. The depth’and thickness of a web plate must be such that its cross- 
sectional area will withstand the shear and buckling and ‘at the same time 

_ give the girder an economic depth that is, a depth requiring the least material 
in the girder. Girders are sometimes made with curved upper flanges, giving 
greater depths at the center than at ends. 


The Economic Depth of a Girder varies with the kind and RmOEnE of 
loads, the length of span and the allowable unit stresses. A common rule for 
girders up to about 40 ft span is that the depth should be such as to make the 
weight of flanges equal to the total weight of web with its splice plates and 
stiffening angles and in proportion as the span exceeds 4o ft to make the weight 
of flanges greater than that of the web and its details. Unless limited by such- 
considerations as head room, girders having constant cross-section should be 
given a depth equal to 1% or 1/9 their length, and girders of variable sections 
1/19 to 1/12 their length. For short built-up girders used as stringers the depth 
must generally be deeper, more nearly 4 their length. 


The Thickness of Webs must be such as to resist the shear at various 
~ sections and also to prevent buckling. The gross cross-sectional area of the web 
at any section is found by dividing the total shear by the allowable unit shearing 
stress. The required thickness for shear is#=V/Ssh. 


Buckling of the Web. The horizontal and yertical shears acting in a 
web plate produce a tension and a compression of equal intensities on planes 
making 45 degrees with the neutral axis. This compression tends to buckle 
the web plate, and the web must be thick enough to withstand the buckling 
or else stiffeners must be riveted to'the web to increase its compressive strength 
or, what amounts to the same thing, its shearing strength. Stiffeners are used 
over bearings, at points of concentrated loading and at other points where the 
width of the unsupported web between flange angles is greater than 6o times its 
thickness. These stiffeners are usually made of L’s riveted vertically to the 
_ web. Having found the required thickness for shearing from the formula just 

given, the proper DISTANCE BETWEEN STIFFENERS must then be determined; 
and if the distance.in the clear between stiffeners, d, comes. equal to or greater 
than the clear vertical distance between horizontal angles the stiffeners are spaced 
equal to this vertical distance, with 6 ft as a maximum. If d comes out very 
small so that stiffeners are required too close together, a thicker web should 
be chosen to reduce the number of stiffeners. The horizontal distance in 
the clear between stiffeners is given by d= (12 000—s)t/40, in which s is the 
average shear per sq in in the web at the. section where d is desired, The 
“following table, based on the above formula will be found useful in spacing 
stiffeners. To obtain the spacing near a given section of the girder find V/A 
= average shear per sq in at that section, seek in the. proper ¢ column the 
nearest number to V/A and the required spacing d is given in the left column. 


The Minimum Thickness for Webs of plate girders in buildings is 14 in, for highway 
bridges 5/15 and preferably 3 in, and for railroad bridges not less than % for lightest traffic 
and 7/1, for heavy traffic. The thickness near the ends of heavy girders is sometimes 
greater than near the center, and the increase may be made either by riveting reinfore- 
ing plates on the sides of the main web plate or by using a thicker plate near each end. 
In the latter case thin fillers must be used between the flanges and the thin web plates. 

* Webs as thick as t inch have been used, but ordinarily they are from 7/1¢ to 34 for railroad 
bridges, 5/15 to 7/1 for highway and‘from 14 to 34 for bujldings. Sheared plates may be 
obtained as wide as ro ft, with lengths of ro or 11 ft, and universal mill plates up to 4 ft 
wide by 70 to 80 ft long. Plates of great width or length are subject to special prices. 


- Intermediate Stiffeners, Fig. 44, used to stiffen the web of a railway plate girder 
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V/A=Shearing Stress for Webs in Pounds per Squate Inch | 


P Thickness of Web in inches 

d, 

inches : 

1=4 5/16 % 16 % 9/16 54 
10 10 400 16 720 10 933 tr 086 Ir 200 ti 289 It 360 © 
Ziq 10 240 10 592 ro 827 10 994 II 120 rr 218 TI 296 
12 10 080 10 464 10 720 to 903 II 040 Ir 147 Il 232 
13 9 920 10 336 Io 613 ro 811 10 960 rr 076 Ir 168 
14 "9 760 Io 208 Io 507 Io 720 Io 880 II 005 II 104 
15 9 6506 16 080 Io 400 To 629 to 800 ro 933 | Ir 040 
16 9 440 9 952 TO 293 10 537 10 720 ro 862 10 976 | 
17 9 280 9 824 to 187 10 446 Io 640 Io 791 to g12 
y 38 9 120 9 696 106 086 to 354 10 560 40 720 ro 848 

t9 8 960 9 568 9 973 10 263 16 480 to 649 to 784 
20 8 800 9 440 9 867 io 171 10 400 to 578 To 720 

- Be 8 480 9 184 G 654 9 989 | 10 240 Io 436. | 10 592 
44 8166 8938 9 44t 9 806 10 080 To 203 TO 464 
26 7 840 8 672 9 228 9 633 9 930 Io 1§t To 336 — 
28 7 520 8 416 9g O14 g 440 9 760 10 009 Io 208 
30 7 200, 8 160 8 801 9 257 9 600 9 867 To 080 
32 6 880 7 904 8 588 9 074 9 440 9 725 9 952 

bia 6 566 4 648 8 374 8 891 ‘9 280 9 §82 9g 824 
36 6 246 7-302 8 16r 8 709 9 120 9 440 9 696 
38 5.920 7 136 7 948 B 526 8 g60 9 298 9 568 
40 5 600 6 880 7734 8.343 8 800 9 156 g 440 

PI 

44 4 960 6 368 7 307 7977 8 480 8 87x g 184 
48 4 320 5 856 6 680 7 611 8 160 8 587 8 928 
52 368 | 5344 | 6454 | 7246 | 7840 | 8302 | 8672 
56 3 040 4 832 6 028- 6 880 7 §20 8 018 8 416 
60 2 400 4 320 5 600 6 514 7 200 4 733 8 160 
64 i760 .| 3 808 5 174 6149 | 6880 |. 7449 7 904 
68 £120 3 296 4747 5 783 6 360 7 165 7 648 
72 480 2 784 4 320 5417 6 240 6 880 7 392 


vary from 314314 X% in for spans under 50 [t to 6X44 in for roo-ft spans. By 
the A. R. E. A. specifications the outstanding legs should not be less than 1/39 of the depth 


of the girder plus 2 in. For girders in buildings and highway bridges they are frequently 


miade lighter. They should be used in paits, one on each side of the web. In dack 
bridges intetmediate stiffeners should be proportioned to carry the greatest wheel load 
in compression, shotild be connected to the web with sufficient tivets to transmit this 
load, should not be crimped, that is, not bent arouhd the vertical legs.of the flange ’s 


and should have outstanding legs as wide as possible and not extend over the edge of the - 


Hotizontal leg of flange L’s. For thru spans the connecting |.’s at floor beams should 
have otttstanding legs of at least 4 in, with rivets aftangéed so that foor beams may be 
placed without spreading girders. 


End Stiffeners used to connect one yirder web to another, as at junction of sttinget 
to floor beam, must be capable of carrying the full end shear bf a vertical section thra 


the line of rivets. Where a girder rests upon a support as at abutments the end stiffen- * 


ets (Fig. 44) usually consist of two pairs of L’s, one pair at the extreme end of girder and 
the other over the bed plate and about x inch from its inner edge: For girders with 
bearings arranged on rockers each pair of L.’s should be proportioned for 44 the maxi- 


mum end reactions, but for those resting on flat bearings each pair should be assumed to. 


carty at least 34 of thé reaction. Stiffeners at the ends and at points of concentrated 
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loading should be proportioned as long columns, using ‘the unit stress obtained by the 
formula, S=16 000—701/r; in which / is taken equal to one-half the depth of the girder 
in inches and + is the radius of gyration of the pair of stiffeners about their gravity axis 
lying in the central plane of the web plate. The outstanding legs should be as wide as 
the flange angles will allow and should fit tightly against them.. 

Thus, given an end shear of 319 500 lb, depth of girder $014 in, thickness of web plate 
7/1, in, and thickness of fillers between stiffeners and web 34 in. Assume two pairs of 
5X316X/is in L.’s with the s-in legs outstanding. The 3!4-in legs are separated by the 
7/16 in web and the two 34-in fillers, or 115/,5 in in all. r for their combined section abotit 
the axis in the web is 3.12 in. §=16 000—70//r=16 000~70X40,25/3.12=1§ G60 
(nearly). Required area =319 300 + T5 000=21.4 Sq in. The actual area of the 4L’s 
is 21.5 sq in. The number of rivets in double shear required to transfer the end shear 
from the angles to the tight fillers is 319 500 + 14 430=23. The number used is 30, not 
counting those thru the flange angles. The number of rivets in bearing on the web 
required to transfer the end shear from fillers to web is 319 500 + 9190=35. The num- 
ber used is 48, making the filler plates a rigid part of the web plate.. 

For intermediate stiffeners, 1/39 of the depth of girder plus 2 in réquirés the outstanding 
leg to be 5 in. Accordingly each pair of intermediate stiffeners will consist of 5X34 X34 
in L’s. The spacing should not exceed 6 ft nor be greater than ¢(12 ooo—S$)/40, where 
#=7/i, in and S=total shear at section + gross area of web. The exact position of the 
several pairs of stiffeners is goveried by the location of the cross frames. 


End Bearings. Expansion and contraction longitudinally due to changes 
in temperature must be allowed at one end of all spans, a range of 150 degrees 
Fahr. being the amount generally used. Taking the coefficient of linear expan- 
sion of steel as 0.000007 per degree Fahr. and a range of 150 degrees, the expan- 
sion amounts to 1% inch for to ft of length. Spans less than 80 ft. may have 
planed sliding bearings at one end, Fig. 44. For spans over 80 ft long turned 
rollers not less than 6 in in diameter 
should be used and each end should 
rest on a rocker or bolster arranged 
with a pih to fix the point of ap- 
plication of the reaction. Allow- 
able PRESSURE PER LINEAR INCH 
OF ROLLERS is variously taken at 
from 600 D to 300 D depending 
on whether impact is of» is not’ 
allowed; D is diameter of roller in 
inchés. BEARING ON MASONRY 
may be safely taken at from 300 
‘to 600 Ib per sq in. SEGMENTAL 
ROLLERS as used for long spatis are fig. 35 
made by removing portions of 
cylindrical rollers as shown in Fig. 35. The dimensions x, y and w must be 
fiven by the following formulas to prevent binding when the bridge expands or 
contracts a distance of e inches: «> ¢/cos 0, y > (d sin @)/2, w < (d cos sda 
m > e¢/23 0 +186 e/dr. 


Web Splices. Girders over 4o to so ft in length usually have their webs 
in two or more pieces; the web plates being spliced generally with one plate 
on each side of the web at each joint, and sometimes in addition thereto’ a 
plate riveted at each joint to the vertical leg of each of the four flange angles. 
Web plate splices should always be designed for moment, and whet shear 
acts simultaneously it should likewise be considered, altho generally when a 
splice is sufficient to carry the full bending moment of the net section of the 
web the shear may be neglected, To design a web splice consisting of two 
plates (Fig. aM, one on msnes side of the web. @) Make thertwo splice plates 
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as deep as the vertical distance in’ the clear between flange L’s, and then 
compute their thickness so that the combined net moment of resistance of 
the two plates equals that of the web, but no plate less than 3% in should be 
used. Thickness of each splice plate is 4 =th?/2In*. (2) Next space the 
rivets in one vertical’ row uniformly if possible; if any uneven spaces are 
required ‘place the larger spaces near the neutral axis of the girder. The 
pitch in a row should be not less than 3 and not over 4 in. (3) Compute 
_the bending moment that one vertical row of rivets in the splice plates can 


carry, using M; =(2 H/s2) D¥"y2, where H is the value of the outermost flange 
rivet in bearing on the web (Fig. 36) and =¥y2 is the sum of the squares of 


the distances from neutral axis to the 
rivets on one side ‘of thisaxisonly. (4) 
Compute the net moment of resistance 
of the web =My =Sih2/8, S being the 
allowed unit stress in the tension flange. 
(5) The number of rows of rivets on each 
side of the jointis My/Mr. If the num- 
ber of rows thus found involves a frac- 
tion of a row, as 21% rows, the rivet 
spacing in each row may be changed 
Fig. 36 accordingly, or better, use only the full 
’ rows for each side of joint, two in this 
case, and place the splice at a point where the flanges have sufficient excess 
_ area to carry a moment equal to the difference between the net moment of 
the web and the moment of the two full rows. In case the splice cannot be 
so placed, then additional plates having a net area equal to that just men- 
tioned should be placed on each flange. 


Neutral Surface 


With a uniform pitch, the bending moment a row of rivets will carry is given by 
Mr=HpN(N-+1)/6, where H is the horizontal force on the rivet farthest from the 
neutral surface and which is included as carrying moment, If H is pounds, # inches, 
‘and NV the number of rivets in one full row, then M7 is inch-pounds. / 


21, Plate Girder Flanges 


Notation. M@=bending moment in inch-pounds, di=distance in inches between 
center of gravity of flanges, S=allowable unit tensile or compressive stress in Ib per 
sq in, A=net area of cross-section of tension flange in sq in, ¢=thickness and h= 
depth of web, /=unsupported length and w=width of compression flange, =pitch 
of rivets all in inches, V =vertical shearing force on girder, r=value of rivet in pounds, 
v=resultant shear per running inch of flange in pounds, W=maximum. wheel load in 
pounds, m=exact longitudinal shear per running inch of flange in pounds, m=stati- 
cal moment in inch units, J=moment of inertia of entire cross-section of girder in inch 

_ units. ‘Dp 

The Flanges of a beam or plate girder’ carry the greater part of the bend- 
ing moment acting on the girder, and as they receive stress. from the web they 
serve to prevent its deformation. One flange, usually the lower, is in tension 
and the other is in compression. The latter is a horizontal column receiving 
its stress from the web at points thruout its length, and held in a vertical 
direction by the web, and in a horizontal direction, usually tho not always, 
by bracing. The function of the flanges of a girder, then, is to carry moment 
and they must be designed for this purpose. 


The Composition of Flanges varies in different girders and also usually 
at different sections of the same girder. For light loads or for short spans 
each flange may ‘be made of two L’s alone (Fig. 37) or for heavier work two 
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’s with one or more horizontal flange or cover plates riveted to the out- . 
anding legs of the L’s (Fig. 38). To-secure larger cross-sections vertical 
ange plates between the L’s and web are used, and these plates are run the 
ntire length of the span, while the horizontal flange plates are made of dif- 
went lengths. For deck girder bridges the varying thickness of. the upper 
ange causes difficulty in dapping, that is, notching the ties, and Fig. 39 and 
ig. 40 show sections designed to reduce this difficulty to a minimum; in one 


Flange 
Plates 


Flange Vertical 
Flange 
Plate 
~~, 
Fig. 37 Fig. 38 Fig. 39 Fig. 40 


erin case the ties rest on and are notched 
over the narrow upper plate and in 

the other the two small L’s serve 

th to hold and. support the ties. In 
each case the plate and the L’s 

extend the entire length of the gir- 

der and have filler plates underneath 

‘ where the main flange plates are 

‘ cut off. Figl. 41 is also suitable 


: - for the upper flange of a deck gir- 
Fig. 41 Fig. 42 der. For heavy sections an arrange- 
% ment such as is shown in Fig. 42 
ay be used for the top flange. In this case the lower flange is»generally” 
ven the more usual section consisting of two L’s with cover and vertical 
ates (Fig. 39).- Railroad bridge girders with over 150 sq in of gross cross- 
ction in each flange have been built. : 
Proportioning Tension Flanges. The design of a flange (Fig. 44) con- 
sts in finding the required cross-section at the point of maximum bénd- 
g moment, selecting proper sizes of L’s and plates and then finding the 
ngths of the plates. If the web could carry no moment the compression 
one flange and the tension in, the other would resist the full moment and 
ould form a couple the arm di of which is the distance between centers of 
avity of the two flanges; and each flange stress would be M/di: The flange 
ress divided by the allowable tensile unit stress S would give the required 
t area for the tension flange, ‘that is //diS. But since the web does carry 
moment = Sth?/6 if there is no vertical row of rivets at or near the section. 
msidered, and approximately S¢h2/8 if there is, then the equivalent area, 
hich if placed in each flange will carry the same moment as the web can 
rry, is th/6 or th/8 respectively. The correct required net area of the ten- 
om flange is usually based on the latter value and is A =M/diS —th/8. In 
yplying this formula care-must be taken to use the proper numerical values. 
hus if di, f and /# are inches and S‘is lb per sq in, then M is inch-pounds, and the 
sult A will be square inches. 
With following data, to proportion the cross-section of a tension flange: maximum 
in {t-lb=1 500 000 live, 360 000 dead, 1 210.000 impact, total 3070000; web 84 by 
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Win, distance back to back of flange L’s, 8414 in, maximum tensile stress, 16 000 Ib 


persqin. Assume the distance center to center of gravity of flanges, called the eflective 
depth, as 83.0 in, then the required net flange area=3 070 000 (12)/83.0 (16 9000) — 
84/2(8)=22.5. Two 6 by 6 by % L’s with gross area of 14.2 sq in have a net area of 
14.2—4 (1)§%=11.7 sq in, which deducted from 22.5 leaves 10.8 as the required net 
area of plates. Assuming plates 14 inches wide with two 7% rivets in one section the 
net width is 12 in. Required thickness for plates=10.8/12=0,9 in. Hence one plate 
14 by 4 and one 14 by 7/1 and two 6 by 6 by 54 L’s are to be used. In computing 
the net area of the twoL.’s the two holes for % rivets in each L are taken as \% larger in 
diameter than the rivet, namely 1 in; similarly in the plates. The position of the center 
of gravity of this flange must be computed to check the effective depth, and if the as- 
sumed effective depth is in appreciable error the design must. be revised. ‘ 


_The Compression Flange should not be of less and is generally of the same 


* gross section as the tension flange.- It is usually supported laterally at points 


distance apart not exceeding 12 times its width. When the compression flange 
consists of angles, or of angles and flat cover plates, it is proportioned by the 
column formula, S =16 990 —2001/b, where S = allowable unit stress on the 
gross section of the flange, /=unsupported length and 6 =flange width. When 
the cover of the flange is a channel the stress per square inch should net exceed 
S =16 o00—150 //b. 


Lengths of Flange Plates. Following is a graphic solution for a single-track thru 
railroad girder bridge of 60 ft span divided into 6 equal panels. By means of above 
formula for A compute the required net flange area at each of the panel points, 1, 2, 3 
(Fig. 43), these being the points at which the live and dead moments are previously 


144 x16 Plx 198° 
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' = "One nay spon 30.0, ft. 


Fig. 43 


computed; suppose their net areas to be 11.4, 20.1 and 22.5 sq in respectively, Plot 
these values at points T, 2, 3 to any convenient scale, such as 4 in=z sq in. Tor the 
horizontal scale 4 in=1 ft is convenient, At the end lay off on opposite side of the 
horizontal axis the web equivalent, that is, 4/8, here assumed 5.25 sq in, and then draw 
a smooth curve thru the four points Tecate Proportion bottom flange at point of maxi- 
mum moment, finding the sizes of L’s and plates as described above, and, beginning at 
the horizontal axis, lay off first the net area of the two L.’s, 11.7 sq in, and then of 
succeeding plate, placing the thickest plate next to the L’s. The half lengths of plates 
may now be scaled from the diagram, and to each half length should be added x ft or 
enough to get in at least two rows of rivets. The plates on the top flange may be m; 
the same length as.an the bottom except that the one next to the .’s should run ‘a 
entire length of girder. , 3 
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When the bending moment M can be exprest algebraically the lengths of plates 
can be computed by reversing the above formula for proportioning flanges and express- 
ing therein the moment in terms of known loads and an unknown quantity representing 
the position of end of plate. Thus, M = (A + 1% th) d,S, in which A is the flange area 
exclusive of the plate the length of which is being determined and exclusive of all plates 
outside of this plate. If the girder depth is variable, d,; and # must be exprest in terms 
of the unknown quantity. 

With a uniform load over span Z and a unifcrm depth of girder the length x of any 
plate is x = L VJ alAy a/Ay, where A, is the total area of the flange at the maximum section 
plus the web equivalent, and a is the area of the plate being cut plus the areas of all 
plates outside of it. If there are several plates, a is first the area of outside plate; second, 
this plus the area of the next plate; third, these two plus the area of third plate. 

The Pitch of Flange Rivets (Fig. 44) is the distance from the center 
of one rivet to the center of the next whether in the same row or not. In 
bottom flanges of deck girders and in both flanges of thru girders the rivets 
connecting the flanges to web plates transmit longitudinal shear only, whereas 
these rivets in the top flanges of deck girders or stringers carry, in addition 
to the longitudinal, a vertical shear due to the pressure from the wheel loads 
and track. The required pitch for horizontal flange rivets which connect the 
flange L’s to the web in girders without loads on the top flange is, according 
to the usual approximate method, p = rd,/V, where, is the value of the rivet, 
namely, the bearing value on web plate or bearing on two L’s or double shear 
whichever is the least. If the rivets carry vertical loads in addition to the 
longitudinal shear, as in top flanges of stringers or deck girders, the resultant 
shear per running inch is v = V(V/d,)? + (W/36)2, in which W is the maxi- 
mum wheel load, here assumed distributed over 36 inches of fiange length. 
And the pitch is p =r/v. -This approximate method for finding the pitch of 
horizontal rivets in flanges gives spacing slightly smaller than the true value 
and is on the safe side. The exact LONGITUDINAL SHEAR existing between the 
flange and web or between the flange plates and L’s isv, = Vm/I, in which m 
is the statical moment about the neutral axis of that part of the flange outside 
of the section on which the horizontal shear is desired, in other words, that 
part of the flange section which is connected to the remainder of the flange 
or to the web by means of the rivets the pitch of which is required. 

In Spacing Rivets in Flanges the pitch i is computed at intervals of from 2 to 5 ft for 
stringers and deck girders, and the spacing is varied in accordance with those computed 
values. For thru girders the pitch thruout any one panel is made constant since the 
shear is constant except for dead weight of girder. Vertical rivets which connect flange 
plates to flange L’s are generally given the same pitch as the horizontal rivets. The 
pitch can be computed by the above exact formula. 

A Good Method for Finding Pitch of flange rivets is illustrated by the following 
modification of the above approximate method. Required the pitch of horizontal flange 
rivets at the end of a thru girder having a web 60 by 14 in; at the end each flange con- 
sists of two 6 by 6 by 1% L’s and one cover plate r4 by 44: Rivets 7% in diameter; bear- 
ing 24 000 lb per sq in; shearing 12 000 lb per sq in. End shear including live, impact 
and dead, 200000 lb. Effective depth 58.6 in. The gross area of two L’s and one 
cover plate is 11.5 + 7.0 = 18.5 sq in and including the web equivalent is 18.5 + 3.75 
= 22.25 sq in, hence the longitudinal shear per running inch between flange L’s and 
web is (18.5 /22.25) 200 000/58.6 = 28-0 lb. The least value of the rivetis 7% X 4 X 
24 000 = 10500 Ib, and the required pitch at end of girder is 10 500/280 = 394 in. 


22. Riveted Joints 


Notation. Sc, Ss and Sy are the aHowable unit bearing, shearing and tensile stresses 
in lb per sq in; d, diameter of rivet; 7, end distance; #, thickness, and w width of main plate; 
all dimensions in inches; , number of rivets on each side of joint. 

Before being driven a rivet consists of a shank, or cylindrical portion, and a head 
which may be either conical or nearly hemispherical, the latter form being called button- 
heads. The process of tiveting consists of heating the rivet and while it is hot sete 
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it in the hole and upsetting the shank end to form a second head. A countersunk rivet 
is used where it is desired that the head of the rivet must be flush with the surface of the 
part into which it is driven, but to secure a surface free from obstruction the countersunk 
head must be slightly chipped. 

Lap Riveted Joints are shown in Figs. 45, 46, the first being single and 
the second double riveted. Butt joints are shown in Figs. 47-50, those with 
two cover plates being better because of less bending in the rivets. Butt 


Single Riveted jouble Rivete hain Riveted| 
ue Fy ae = — 
Fig. 48 Fig. 49 Fig. 50 


joints require twice as many rivets as lap joints to transfer a stress from the 
one main plate into the other. In lap joints, and in butt joints with a single 
strap or cover, the rivets are in single shear, while in butt joints with double 
covers all rivets are in double shear. 

Design of Riveted Joints. In Fig. 48 the main plate has a tension of P 
and is spliced with two covers each of which must have a thickness of at least 
t/2, altho usually each would be made from 2/3¢ to 34¢. There must be suf- 
ficient net area in the main plate on its cross-section thru the row of rivets to 
carry the force P in tension, that is, (w—nd) tS,=P. The number of rivets 
on each side of the joint must transmit the force P in double shear, that. is, 
n=2 P/nrd*Ss; or in bearing on the main plate, »=P/tdS¢. The distances 
Zand h, Fig. 48, must be sufficient to prevent shearing or tearing of the main 
plate and two covers respectively. For bridge work, rivets of 34 and % inch 
diameter are commonly used; for buildings, generally 34 in. The minimum pitch 
used for structural work is 3d, and the minimum /=1.5d. Distance between 
rows in Fig. 49 should not be less than 2d. Bearing value of one rivet on 
plate having thickness ¢=/dS,. Single shearing value of one rivet is Syrd2/4. 

The Efficiency of a Joint is the ratio of the strength of a given width 
of joint to that of a solid plate of equal width, and is usually exprest as per- 
cent; for example, single-riveted lap joints show efficiencies of from 50 to 
70% and double-riveted lap joints 60 to 80%. Joints with drilled or reamed 
holes show higher efficiencies than those with punched holes. Values of 
from 60 to 70% are what may usually be expected. By careful design the 
Tivets may be arranged so that, higher efficiencies may be obtained. Tests 
on full-size angles show that tensile strength on the net area varies from 
475 to go% depending on the arrangement of rivets and on whether or not 
both legs of the angles are connected to the endplates by which stress is 
transmitted into the angles. Both legs of angles should be riveted at con-| 
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nections. FRIcTION between the main and splice plates in butt joints and 
between the two main plates of lap joints should not be relied upon, for 
altho under quiescent loads it may continue to exist, it is uncertain and for 
movable loads it may be destroyed altogether. 


23. Tables for Rivets 


The American Bridge Co’s Standards show for button-head rivets: diameter of 
head 114 times diameter of shank plus \% in; height of head = 0.425 times diameter 
of head; for countersunk heads the slope is 30 degrees from axis of shank and the depth of 
head is 14 the diameter of shank. CamBrtA STEEL Company's STANDARDS give for but- 
ton-heads: height of head = $49 times diameter of shank, radius of head = 34 times 
e 
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Fig. 51 Fig. 52 Fig. 53 
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Fig. 54, Conventional Signs for Rivets 
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diameter of shank +1/1¢ i in; for countersunk heads the diameter is the same as for roe 


heads aid the slope is 30 degrees. For required clearances see Figs. 51, 52 and 53. 
In Fig. 52, 


Fig. 51, @ must be sufficient to make 6 at least 14 inch for 34 or 4% rivets. 


In 


minimum ¢ is 114 and 1}4 for 3% or 7% rivets respectively. In Fig. 53 fis 1% in plus 


2 e but never less than 2 in, 


Lengths of Rivets in Inches 
Fig. 55 
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Sizes of Rivet Heads. American Bridge Company — 
All Dimensions in Inches 


Button-head Countersunk 


Diameter}. 22 ta ee ee ee 
of Shank Height | Diameter | Radius Diameter 
8% 1% 
yy 560 

oF 
1546 
138 
1%o 


58 


Stress | Diam. 


Lb per| Rivet Single 
sqin | Inches| spear | % | 540 | 96 | ce | ¥% | %e | % | 16 


8% 66> | 1130 | 1410 | 1690 
4% | 1180 | 1500 | 1880 | 2250 
56 1840 | 1880 | 2340 | 2810 
84 | 2650 | 2250] 2810 | 3380 
7% 3610 | 2630 | 3280 | 3940 
I 4710 | 3000 | 3750 | 4500 


12 000 for Bearing 


56 830 | 1410 | 1760 | 2110 
44 | 1470 | 1880} 2340 | 2810 
5§ | 2300 | 2340:| 2930 | 3520 
34 | 3310 | 2810 | 3520| 4220 
7g 4510 | 3280.! 4100 | 4920 
I | 5890 | 3750] 4690 | 5620 


1s ooo for Bearing 


8— | 1100 | 1£80 | 2340 | 2810 
¥4_| 1960 | 2500 | 3130 | 3750 
5% | 3070 | 3130] 3910 | 4690 
%4 | 4420 | 3750 | 4690 | 5630 
6 6010 | 4380] 5470 | 6570 
I 7850 | 5000 | 6250 | 7500 


10 ooo for Shearing | 7 500 for Shearing | 6 000 for Shearing 


20 000 for Bearing 


§ 
5 470] 6 250 
6 840} 7 810 
8 210} 9 380 


9 580 |10 940 
16 940 |12 500 


12 000 for Shearing 
25 000 for Bearing 
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SIMPLE TRUSS BRIDGES 


24. Types of Trusses 


Historical. The following are important steps in the development of American 
metallic teuss bridges. First iron truss bridge built in 1840 over the Erie Canal by Earl 
Trumbull, some members were cast and some were wrought iron. In 1840 Squire Whipple 
built the first bow-string truss and in 1847 published the first work on stresses in bridge 
trusses; in 1852-53 he built a railroad span of 146 ft on the Rensselaer and Saratoga R.R. 
which had the first double intersection trusses. In 1845 first iron truss railroad bridge 
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Fig. 55. Fink Fig. 56. Bollman Fig. 57. Whipple 
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Fig. 58. Thru Howe Fig. 59. Thru Pratt Fig. 60. Thru Warren 


TATANSINS i VANISAAN Ba VANANTAV 


Fig. 61. Deck Howe Fig. 62. Deck Pratt F ig. 63. Deck Warren 
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Fig. 65 Fig. 66 Fig. 67 
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Fig. 70.K Truss 
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Fig. 71. Bowstring Fig. 72. Parker Fig. 73. Pennsylvania 


was built on the Reading R.R. by R. B. Osborne. In 1844 Thomas and Caleb Pratt 
patented the Pratt combination truss of wood and iron, and by 1850 Pratt trusses were 
made entirely of metal. First Fink truss in 1852 at Fairmont, W. Va., had three spans 
each 205 ft, with cast chord and wrought-iron diagonals. Longest Fink truss at St. 
Charles, Mo., built 1871, span 306) ft. First long Bollman truss built in 1852 at Harper’s 
Ferry, Va.; span 124 ft. In 1858-59 John W. Murphy built for Lehigh Valley R.R. a 
Whipple truss with pin connections thruout, and in 1863 he first used all wrought iron 
‘compression and tension members in a pin-connected bridge with cast-iron chord blocks 
and pedestals. Howard Carroll began building riveted lattice trusses entirely of wrought 
jron on New York Central R.R. in 1859. In 186r J. H. Linville first used wide forged 
eye-bars and wrought-iron web posts, the upper chords being cast iron. ' First Baltimore 
or Pettit truss 1871 at Mt. Union, Pa., designed by bridge department of Pennsylvania 
R.R. The first Post truss 1865; built by S. S. Post for Erie R.R. About 1870 C. H. 
Parker modified the Pratt truss, using inclined upper chords, thus originating the Parker 
truss. Steel first used 1874 in Ead’s arch bridge at St. Louis. In. 1879 first bridge built 
entirely of steel at Glasgow over Missouri River. Pegram truss introduced by G. H. 
Pegram, 1887. The longest simple truss bridge is one of ‘720-ft span built over the Ohio 
River at Metropolis, Ill., in 1917, it has Pennsylvania trusses. 
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Long Span American Simple Bridges 
From Merriman and Jacoby’s Roofs and Bridges, Part ‘I. 


Span } Sc Date 
center to} Kind of Over what Sian of. 
center of truss river com- 
end pins | Single | Double} pletion 

ft in 
720 90 |Pennsylvania|Ohio......... Metropolis, Tk. ........).4. 008 1917 
668 o ee Mississippi. . .|St. Louis (Municipal)... tr9— 
640 0 os St. Lawrence... Juebec.........-...-+-05 * 1917 
586 0 oy Great Miami..|Elizabethtown, Ohio....]....../...... +1906 
552 0 ay OHIOs..,< « eat Metropolis, Ill......... te IQI7 
546 6 td Ohio. . ...../Louisville and Jefferson- 

WUGT oe. inte * ToT (1894) 
542 6 Ss Qbio. . 25 tae = Cincinnati and Coving- 
ton’... 2.07 Se ae eee as * +1889 
533 -° a Delaware..... Philadelphiag’. ....:/..e2]t mae & 1896 
532 ..0 0 Allegheny, .....// Pitts bimrgi; .,<...ctesg aatopsscil olesaters al eee tro14 
523 0 a @Oltio. $77 nae. Pittsburgh (Brunot’s I). TA eee 1890] 
522 0 <f Obio. Sa 428 Wheeling... 3... see. 0s AGS Ho BE 1885 
52r 1134]Warren..... Olio, Fae. Henderson, Ky......... * he eee 
‘ sub-verts 
519 214|Pennsylvania|Ohio.,....... Wheeling: cc, 7a cee dl) oe tee eee 
518 134|Whipple...../Ohio......... LOST) Ay A Ae PR os Eee © OT eae 
518 o |Pennsylvania |Ohio......... Kenova, W. Va.......% , Sy 
518 0 = Susquehanna..|Havre de Grace, Md....]...... z 
517 84 i Monongahela. |Glenwood, Pa..........|......}ee.ee- 
517 6 et Mississippi. . .|St. Louis (Merchant’s)..}....,. x 
517 6 ug Mississippi... |St. Louis (McKinley): ..}......|....-. 
517. 6 |Baltimore...|Allegeny..... Denny Sta. (Bessemer)..}) * ©|...... 
5r5 o |Whipple.....|Ohio......... Cincinnati... v,.4.-6 ue lla |S A 
515 o |Pennsylvania|Monongahela.|West Braddock, Pa.....]......].....- 
515. 0 sf Monongahela. |Webster to Donora, Pa..|.,....)...2.- 
506 8 st Ohio.........{Newport and Cincinnati}; * |7..... 
500 0 as Missouri... . . Sioux City. 2 ocn oc seas SBE ie 2 
498 o se Monongahela. |}Clairton, Pa......:..../... ieee | 
495 8% oy Monongahela .|Rankin, Pa.:.......... 
489 3 ‘al Monongahela. |West Braddock, Pa.. ey 
484 6 id 10) :17 dees Cincinnati and Coving- 
tome. Aik eee a> ee bel 
465 o14|Parker...... Miami....... New Baltimore Ohio. . as 
453 10 |Pennsylvania |Monongahela.|Pittsburgh (So roth St.). 
450 0 gf Brazos. 2.0... Waco, Tex... 3. eas 
4470 Sa }Allegheny. . ..|Mossgrove, Pa......... 
442 104 fie Ohio. ebag se Beaver sate . lye tons 
440 © |Baltimore...|Missouri..... Bellefontaine, Mo......]...... 
439 3  |Pennsylvania|Allegheny.:..|Pittsburgh (Sixth Street), . 
435 10 |Baltimore...|Miami....... Hamilton, Ohio......../.. 
430 © |Pennsylvania|Mississippi...|Red Wing, Minn....... F 
428 0 i Missouri. .... Kansas City) rk or) a 
425 0 &“ Mobridge, S. Dakota... > OWA one 
416 6 cde Near Rock Island, Wash.) 9* |. 2... f 
416 olf fs <3 | Sta@harles; Mooi J.s014..5 420s ‘ 
416 if .|Pittsburgh (Brunot’sTd.)} * |...... 


° 2 
415 6 |Whipple..... .|Point Pleasant, W. Va..} -* J...... 
413. 0 |Pennsylvania|Allegheny....|New Kensington, Pa....}......]...... 
410 0 ‘f Kentucky... ..|Frankfort, Ky 
408 0 s€ Massena, Can.}Massena, N. Y. 

° 


Parkers. 02-31: Monongahela . |Port Perry, Pa... ......).....¢ ; 
t Highway traffic, 
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Types of Bridge Trusses are the Pratt (Fig. 59), Parker (Fig. 72), Balfi- 
iore (Fig. 68), and Pennsylvania (Fig. 73). The Howe truss while ordi- 
arily built of wood was also made of iron during early stages of truss develop- 
1ent. Post, Bollman and Whipple trusses are no longer built, and the Fink is 
sed only for roof trusses in a modified form. Warren trusses are serviceable 
or short spans. The Pratt, Howe, Whipple, Warren and Post types have two 
orizontal chords connected by the web system composed of diagonals or diag- 
nals and verticals. In the Pratt the verticals are in compression except 
he end suspender or HIP VERTICAL, s in Fig. 59, which is a tension member; 
nd the diagonals are in tension except the two end ones called end. posts. 
ratt trusses are sometimes made with vertical end posts even in thru bridges, 
1 which case the diagonal in each end. panel slopes downward towards the 
enter and is in tension. The dotted bars in Fig. 59 are COUNTERS, or 
OUNTER DIAGONALS, and they come. into action when the live load shear 
1 the panel is greater than and of opposite kind from the dead shear in that 
anel. For greater rigidity it is better practice to omit the counter diagonals 
nd to make the main diagonals in the panels requiring counter bracing, com- 
ression members. In Fig. 60 the dotted lines represent sUB-VERTICALS 
yhich are frequently used to reduce the panel length, and the short verticals 
nd diagonals of the Baltimore truss (Fig. 68) are for the same purpose. The 
OLLISION STRUT, c in Fig. 58, is used to brace the end post. For spans larger 
han about 250 ft, for railroad, and about 200 ft, for highway bridges, the in- 
lined or curved chord trusses are most economical, and the Parker (Fig. 72) 
nd Pennsylvania (Fig. 73) types are the best forms, In Fig. 73 the dotted 
orizontal members are not essential for stability but serve to brace the long 
erticals. MUuLTIPLE-wreB systems (Figs. 57, 64-67) were commonly used 
1 the Whipple, Post and Warren trusses till 1880. They gave short panels, 
ence small stringers and floor beams, and as the web members had small 
tresses their connections to the chords were easily made. The most recent 
ype, suitable for long spans, is the K truss. It has been used for the 230-ft 
pan built by the Atchison, Topeka & Santa Fe Ry. across the Arkansas river 
t Pueblo, Colo. The webbing is arranged as shown in Fig. 70. ‘Trusses of 
his type are economical only for spans of 300 ft or over. The most notable 
se of this type of webbing is in the cantilever and anchor arms of the new 
juebec bridge. The chief superiority of the K type over the Pennsylvania is 
1 the lower secondary stresses and in the avoidance of the use of the short 
orizontal struts required, in the Pennsylvania truss, to brace the vertical 
osts. 


The Economic Depth of a Truss. is that which makes the material in 
ne bridge a minimum. It varies from 1/; to 14 of the span depending on the _ 
rm of truss, the length and number of panels and the allowable unit stress. 
‘or short span thru bridges the minimum depth is fixt by the required clear 
ead room. As the depth of a truss increases the weights of the chords become 
ss and the weights of the web members greater, hence there must be a depth 
yr each bridge for which the weight of material is the least. Ordinary spans 
f 250 ft or less usually have depths of about 1% the span. Longer spans are 
enerally relatively shallower in order to avoid excessively long web members 
nd the increased cost of handling and erecting the deeper truss. The greater 
he live load and the wider the bridge the greater may the relative depth be 
iade. In the 523-ft spans of the Ohio Connecting bridge the center depth is 
t ft or 1/575 of the span; in the ss2+ft spans of the Metropolis bridge it is 
3 ft or 1/¢.95 of the span; in the 720-ft span of the same bridge it is 110 ft or 
/s.54 of the span; ‘and in the 64o-ft suspended span of the Quebec bridge it 
; 110 ft OF 1/s.92 Of the span. End depth of trusses is fixt by the clearance 
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plus depth of portal, which latter increases with the length of span. The para- 
bola give a satisfactory curve for the chord. 


The Economic Length of Panel is more or less independent of truss depth 
since in the longer spans, subdivided panels may be used, while for the shorter 
trusses without subdivided panels there is a practical advantage in the use of 
long panels, in as much as the heavier floor system is stiffer and freer from 
vibration. The inferior limit of span length for trusses with subdivided panels 
varies between 240 ft.for highway to about 300 ft for railway bridges. Panel 
lengths for ordinary highway bridges vary between 15 and 25 ft; for rail- 
way bridges between 25 and 4o ft. Panels are generally kept of uniform length. 
In the Municipal bridge at St. Louis the panel lengths vary from 30 ft near the 
end to 48 ft at the center of the span. By varying the panel length greater 
freedom in truss design is gained at the expense of greater shop cost of the floor 
system. 


25. Stresses in Pratt Trusses 


Notation. V=shear on a given panel, @=angle between diagonal and vertical, 
W=live plus dead panel load, Wi=live panel load, p=panel length, m=number of 
panels in span, 2 =number of panels to right of a given panel, My, and My,+1=momenis 
at right and left end of a panel respectively, g=equivalent uniform live load, /=length 
of a bar, A =area of cross-section, #=modulus of elasticity. 


Stresses in Bridge Trusses are determined graphically (Sect, 12) or 
algebraically; for the latter there are two general methods: that of moments 
and that of resolution of forces. The second method may be subdivided 
into method of joints and method of sections. The METHOD OF MOMENTS 
consists in passing a section thru the truss so as to cut the bar in which the 
stress is to be found, then writing an equation of moments for all forces on 
one side of thé section and solving this equation for the unknown stress. 
The METHOD OF JOINTS consists in passing a section around each joint and 
finding the forces acting at each joint successively. In the METHOD OF SEC- 
TIONS a section is passed thru the bar in question, and by applying to. one 
side of the section either or both of the conditions that the algebraic sum of 
horizontal forces must equal zero or that the algebraic sum of the vertical 
forces must equal zero, the unknown stresses in the bars cut by the section 
may be found. To illustrate: consider the single-track thru Pratt truss bridge 
in Fig. 74 having a dead load of 400 lb per ft for the track and 1000+10 L 
=1000 + 10(120) =2200 lb per ft for the steel in the bridge; total 2600 lb per 
ft of bridge or 1300 X20 =26 000 Jb per panel per truss. Assume all on loaded 
chord. Live load 3000 Ib per ft per truss or 60000 lb per panel per truss. 
Find maximum stress in bar 8 by method of moments; bar 2 by joints; and 
bar 5 by sections. The loads in Fig. 74 and the following computations are 
exprest in units of rooo lb. 


Meruop or Moments. For bar 8 pass a section vertically thru 8 and consider forces 
on left of section. The origin of moments is at intersection of other two main bars cut, 
namely, at lower panel point 3. Maximum moment at 3 and therefore maximum stress 
in 8 occur for full live and dead load. R1=215. Assume 8 in tension and place algebraic 
sum of moments of all forces on left of section a—a equal to zero; 215 (60) —86(20-+- 
40)+24 Ps=o. Ps=—322.5. The minus sign denotes that the stress is opposite from 
that assumed, and is compression. 


Metnop or Jornts. For bar 2 pass a section around lower end of 2 and consider the 
vertical forces acting upon the part below the section. Since the panel load is the only 
vertical force other than the stress P2 acting on this part of truss the stress Pe must be 
equal to this force; hence Pz is maximum for full panel load and equals 86. tis tension 
since it acts away from the lower joint. area 


1 
<—21,0 
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Meruop or Sections. For bar 5 pass a section vertically thru'5. Imagine Ps re- 
solved into horizontal and vertical components, and since the algebraic sum of the outer 
forces on left of aa, that is, the shear on the panel, together with the vertical component 
of Ps equals zero, it follows that Ps=V sec @. For a truss having horizontal chords the 
vertical component of « diagonal is equal to the shear in the panel. When shear is 
positiv Ps is tension, and its maximum value occurs for maximum positiv shear, which 
by the approximate method, Art. 19 paragraph 8, occurs when all panel points to right 
of the panel in question are loaded with live load and dead load covers whole span. Under 
this loading the positiv shear due to 86 on points, 1, 2, 3 is 86 (1+2+3)/6=86, and the 
negativ shear due to 26 on 4 and 5 is 26(1+2)/6=13, hence maximum positiv shear = 
86—13=73 and maximum Ps=73 X31.24/24=95.0 tension. If negativ shear occuiy 
in panel 3-4, Ps will be in compression, or if it cannot stand compression a counter as 
shown by the dotted line in panel 3-4 will be needed, and for symmetry one will also 
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be needed in panel 2-3. For maximum negativ shear place live load on points 4 and 5 
only, then negativ shear on panel 3-4=17, and P; will be 17 sec 8@=compression, or 
else a counter must be used, in which case maximum stress in counter=17 sec @=tension, 


For Concentrated Wheel Loadings the computation of stresses is the same in prin- 
ciple as with uniform or panel loads and the determination of the various moments and , 
shears is simplified with the aid of the moment diagram (Art. 19). For trusses with paral- 
lel chords the maximum stress in a diagonal is the maximum shear on the panel con-~ 
taining the diagonal, multiplied by sec @, and the maximum chord stress in a bar is the - 
maximum moment about its, origin of moments divided by the lever arm of the bar. For 
the verticals of trusses with parallel chords the maximum stress is the greatest shear on 
an inclined plane cutting the vertical and not cutting any diagonal in action for the load. 
ing producing the shear. 


Let it be required to find maximum live load tension in diagonal 5 (Fig, 74) using 
Cooper’s loading E~so (Fig. 34). To produce the greatest shear the loads must lie partly 
on panel 3-4 and principally to right of 3, and the total load on bridge must equal m 
(here 6) times the load on panel 3-4. Wheel r being small, place wheel 2 just to right of 
joint 3, then load on span is 215.0 which is greater than 6 X12.5=75.0; now with wheel 
2 just to left of joint 3, 215.0 is less than 6X37.5=225.0. Hence wheel 2 at joint 3 
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satisfies the criterion for maximum shear in panel 3-4. With wheel 3 at joint 3 the cri- 
terion is also satisfied. Starting with wheel 2 at joint 3 and moving up the loads till 
wheel 3 is at joint 3 the shear is increased because 215 X5/120+25 X4/120> 37.5 X5/20, 
hence position 3 gives more shear than position 2. 


Fig. 76 gives the influence lines for shear in the several panels of the truss 
of Fig. 74. An INFLUENCE LINE shows the variation in a stress function, such 
as a moment, shear, floorbeam load or stress as a single load rolls across the 
structure. In Fig. 76 the triangles o-3:-g and g-4:-6 are the influence dia- 
grams for the positiv and negativ shears, respectively, in the panel 3-4. 
gis the neutral point in the panel; h /2.and 1/1, J’: are the segments of the positiv 
and negativ triangles, respectively. The position of the live load for maxi- 
mum tension in the diagonal 5 may be obtained from the chart, Fig. 26 (Art. 10). 
The distance of the neutral point from joint 3 =np/(m—1) =3 X20/5 =12 
(Art. 19). Entering the chart for h =12 and /:=np =6o, it is found that wheel 
3 should stand at 3. 

The Shear in Panel 3-4 (Fig. 74) with wheel 3 at joint 3=Tleft reaction minus floor 
beam reaction at 4. Using the moment diagram the shear=(8385-+240X4)/120— 
287.5/20=63.5. Maximum tension in diagonal 5=63 500 sec 0=63 500X31.24/24 
=82700 lb. In this manner live load stresses in all diagonals may be found, and after 
adding impact and dead load stresses the diagonals can then be designed. The maximum 
stress in vertical 4 equals the maximum shear on the inclined section cutting bars 7-4-11. 
This occurs for the same loading, and is of the same magnitude as for maximum shear just 
found, hence compression in bar 4=vertical component of diagonal 5 or 63 500 lb. 

The shear in panel 3-4 can also be found by multiplying the corresponding triangular 
influence area, Fig. 76, by the exact equivalent uniform load obtained from Fig. 25 
(Art. 10). This shear may be exprest by V=1% ghle/p. Thus for maximum positiv 
shear in panel 3-4, h=12, 2=60. From Fig: 25 (Art. 10) the exact equivalent uniform 
load g=3600 for E-so, and V=14X3600 X12 X60/20 =64 800. The small error is due 
to wheel x, being 1 ft in the negativ area. Similarly the maximum negativ shear =1%4 X 
q'l'\l'2/p, where q’ is obtained from Fig. 25 for //s=8 and J/2=40. Actual stresses are ob- 
tained by multiplying the shear by sec 6. 

THE HIP-VERTICAL bar 2 has a maximum tension equal to the floor beam reaction and 
hence receives its stress only for loads on the two adjacent panels 4~5.and 5-6. ‘The 
position of the loads must be the same as will cause maximum bending moment at center 
of aspan of length 4-6, and alter the loads are so placed the stress in bar 2=(M4—2Ms5)/p, 
where M; is the moment about 4 of all wheels on distance 4-6 and M; the moment about 
5 of loads on 5-6. This position can be obtained from the chart, Fig. 26 (Art. 10) 
by taking and 2 each equal to 20 ft, the adjacent panel lengths. It is found that wheel 
3 should stand at joint 5. The live load tension in the hip-vertical can be taken directly 
from the table in Art. 10. It is the maximum pier (or floor beam) reaction for two ad- 
jacent 20-ft spans and equals 8x goo |b. 

The Moment Influence Lines are shown in Fig. 75, that for member 8 being o-3:-6, 
with the apex at 3: under the center of moments at joint 3. h=60, =60. Fig. 26 
shows that wheel 11 at joint 3 is the governing position for maximum moment. From 
Fig. 25 is obtained the equivalent uniform load g=3210 for E-so.. The bending moment 

’ for a triangular influence diagram is M=14 qhle, Whence a9 Naalenoe ee 
=240 750. 

The Moment at Joint, due to any load P standing anywhere on ‘the span 
is equal to the product (called the load product) of the load and the influence 
ordinate at P; multiplied by the distance of the center of moments from the 
left end of the span. If several wheels stand on the span the moment is equal 
to the algebraic sum of all of these products. For any series of wheel loads the 
position of the loading producing a maximum moment can be found by trial 
and is the one which makes the algebraic sum of the load products a maximum. 
The stress is equal to. the sum of the load products multiplied by e/h, where 
e =the distance of the center of moments from the left support and / =the lever 
arm of the stress with reference to the center of moments, . 


‘ 
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26. Warren and Baltimore Trusses 
Notation the same as that at beginning of Art. 25 


To Compute Maximum Stresses for all bars of the Warren truss in Fig. 77, let dead 
panel load on each bottom chord joint be 20 (thousands of pounds) and live panel load 4o. 
Place dead load of 20 at each bottom joint, and beginning at center and using method 
of joints write on each web member and then on each chord member a coefficient from 
which the true stresses for uniform full loading may be found. Since truss is symmetrical 
each diagonal meeting at panel point 2 has a vertical component of 40.0 and this com- 
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ponent or coefficient is written on the bar asshown. Then the joint at upper end of this 
diagonal is considered and the vertical component or coefficient for the next diagonal (3) 
obtained, ro.o in this case, and so on to the end where the vertical component of end post 
should equal the reaction. By applying method of joints to point 4 the horizontal com- 
ponent of P; is found to be 30.0 tan 6, so the coefficient 30.0 is written on the lower chord 
member; and similarly at joint 3 the actual tension P=(30.0+30.0+10.0) tan 8=70.0 
tan 0 and the coefficient 70.0 is written on the bar. All diagonal coefficients must be 
multiplied by sec @=22.36/20; all chord coefficients by tan 9=10/20. Thus dead load 
stress in end post=30X22.36/20=33.5 compression; and P7=20.0X10/20=15.0 
tension. For live load chord stresses multiply dead ‘chord stresses by ratio of live 
panel load to dead panel load. For live web stresses find maximum live shears by 
method of sections, Art. 25, and multiply these shears by sec@. Thus for panel 3-4 
maximum shear=4o0(1-+2+-3)/4=60; for panel 2-3, maximum positiv shear=40(r+ 
2)/4=30 and maximum negativ shear=40(1)/4=10. The following table shows the 
final stresses, } j 
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Stresses for Truss in Fig. 77 in Thousands of Pounds 


Pi Po Ps Ps Ps Po, Pi Ps 
Dead...}— 33.5 | + 33.5 —11.2|+11.2 —30.0 |— 40.0 | +15.0 |-+ 35-0 
Live...|— 67.1 |+ 67.1 +11.2|—11.2 —60.0 |— 80.0 | +30.0 |+ 70.0 
{ 3325 sat) 
Max. ..|/—100.6 |+100.6 —44.7|+44.7 —90.0 |—120.0 | +45.0 |+105.0 
Min,.../— 33.5 |+ 


33-5 0.0 0.0 | —30.0 |— 40.0} +15.0 |+ 35.0 
\ 


—denotes compression. -+denotes tension. 


The influence lines for shears, Fig. 79, and for moments at the loaded joints, 
Fig. 78, for the Warren truss, Fig. 77, are the same as for a Pratt truss of equal 
length and number of panels. For example, that for the moment for Pg is 
o-2)-41, Fig. 78; 1, and 2 are the segments of the influence triangles; maximum 
moment M = Yghle; maximum shear in a panel, V = % qhio/p. The influence 
line for moments about the unloaded joint opposite Pg is o-21-31-4 (Fig. 78). 
Ps and Ps may be found by multiplying the respective influence areas by e/h, 
where i =depth of truss; e=horizontal distance from the center of moments 
to the left support (=2p for Ps and 114 for Ps). The charts, Figs. 25 and 
26, apply exactly only when the influence diagram is a triangle. When the 
latter is not a triangle, as in the case of o—21: —3: —4 for Ps, Fig. 78, the charts 
may still be applied with sufficient accuracy by assuming a triangular influence 
diagram coinciding as nearly as possible with and having the same area as the 
actual influence diagram. /; and / to be used in the charts are then the two seg- 
ments of this triangle, and the governing wheel obtained from Fig. 26 stands 
at the loaded joint nearest the apex of the triangle. 


The Baltimore Truss (Fig. 68) may have its sub-verticals and sub-diag- 
onals arranged as in Fig. 80 or in Fig. 81 which represent panels without 
counters on left of center of truss. In 
Fig. 80 maximum P; =Wp sec #:/(p+ 1) 
and is compression; if pi =p (as is usual) 
then P; =(W sec @)/2; in other words the 
vertical component of Pi=% W, as may 
be easily seen by studying the forces be- 
low the dotted section. and taking moments 
at a. In Fig. 81, for members in action 
as shown, P4=(W sec @)/2 and is fension. 
Meximum tension in P2 (Fig. 80) occurs 
when live load extends from right end of 
span up to and including 06, and if fi= 
», P2:=(V—W/2) sec 6. Maximum tension P2 (Fig. 81) occurs when the live 
load extends from right end of span up to and including c and Ps =(V +W/2) sec 8. 
If 1=number of panels to right of 6 (Fig. 80) or to right of c (Fig. 81), and 
-m=number of panels in the span, all equal, then maximum live load tension in 
P, and also in P3 is given by the formula 4% W[n(n+1)/m—1]. 


Influence lines for shears in the main web members of the Baltimore truss, Fig. 82, 
are shown in Fig. 83, and for moments. in Fig. 84. Maximum live load shear in the upper 
diagonals (af type Ps, Ps), and in the vertical posts (of type Ps)=V =Yghle/2p; that in 
the lower half of the main diagonals (of type Pi, Pa) =V=Mqhh/p. For actual stress 
multiply by sec @. 

* The influence line for moments about joint 8, for Ps, is o—8:—12, Fig. 84. That for 
Pa is o—61—71—12. Maximum live load stresses may be found by multiplying these 
areas by the equivalent uniform load g and by e/h; where e=distance from center of 
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moments to the left support; 4=depth of truss, e=4p for either Ps or Ps. ¢/h=sec 0 
for all web members of a truss with horizontal chords. / and /2, for use in the chart, 


| 
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Fig. 84, Moment Influence Diagram. | 


Fig. 25 (Art. 10), are the Jengths of the two segments of the triangular influence diagram, 
or of the triangle approximating in outline and area the actual influence diagram (see also 
Warren truss, above), For all triangular moment influence diagrams M = ghle. 


27. Other Types of Trusses 
Notation the same as that given at beginning of Art. 25 


Stresses in Trusses having Inclined Chords are found by methods of 
moments. Maximum chord stresses occur for full live and dead loads over 
entire span. Referring to Fig. 85, show- . 
ing a thru Parker truss, the maximum 
live and dead load stresses in upper 
and lower chord bars Pi and P2 are 
given by the following formulas 


Mn ih _ Whn(m — n) 
hin p 2hn 
Mn+1 Wp(m—n—-1)(n +1) 


eek Fe) amAAET 


Maximum tension in Ps occurs for live panel loads on all panels from right 
end of span up to and including a, with dead load over whole span, and ~* 


P= (3 Het!) 
Sle rw Ry a 


where J; is length of Ps, and My and My+1 are simultaneous moments at right 
and left ends of panel respectively. Maximum compression in Ps occurs 


‘Center 


ff 
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for same loading as for maximum ARE in Ps and is found by methods of 
moments using all forces to left of dotted section with origin of moments at/O. 
Some verticals in inclined chord bridges are in tension for certain positions 
of live load and these stresses must be computed. 


Chord Stresses due to Wheel Loads are found by method of moments: 
For example, in Fig. 85 the maximum chord stress P1 would be found by 
dividing the maximum moment at the origin of moments @ by the lever arm 
of the bar Pi, that is, by the perpendicular distance from @ to the bar. In- 
stead of using the lever arm of the bar however it is often more convenient to 
‘use the arm of one of the components of the stress and then find the stress 
fromthe component. Thus in the case of P; its horizontal component = 


Ma/hm and its stress=Mah/phn. The criterion for determining the position _ 


of loads to secure maximum moments is given in Art. 19. 


Influence for Moments in the Parker truss, Fig. 86, are similar to those for a Pratt 


truss and are not here shown. The influence line for a web member, Fig. 87, is con- ~ 
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Tpanels at 28.57= 200.0 ft: 
“Fig. 86 Parker Truss 
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structed & laying off h'o/ho eda from 0; where ho and ho are the vertical Heueal 
at the right and left supports, respectively, to the continuation of the top chord member 
cut by the section passing thru the web member. For example, to find the stress in 
the diagonal 9 due to Cooper’s E-6o a vertical section a-a thru the diagonal also cuts 
the upper chord member 8, the continuation of which gives the vertical intercepts h’0o=44 
ft and ho=30 ft; h'o/to=44/30=1.467. The influence line for Po is o—41—52—7. 
g is the neutral point in the panel. The distance g—4=h=np/(n+h'o/ho(m—n—1) 
=4X28:57/(4+1.467 X2)=16.5. b=4X28.57=114.28. From Fig. 25 (Art. 10), 
q=4020. The area of the triangle o—41—g—0 = 4 X 4/7 X130.78=37.37- The center 
of moments for Pe lies 428.55 ft to the left of the left support; the lever arm for Ps about 
the center of moments =393.7 ft. e/h=428.55/393.7=1:088. P2=37.37 X4020X1.088 
=164 000, 

For the vertical x0, the section b—b cuts the top chord member 12, and h'o/k=54/26 
2.077 which is laid off downwardly from o, Fig. 87, to furnish the influence line o—q1 
—s'2—7. ‘The distance from the neutral point g’ to the right end of the panel= 
np/(n-+h'o/ho(m—n— 1))= 4X 28.57/(4+ 2.077 X2)=15.6=h. = 124.28 : g= 4030. 
The area of the triangle o—41—g’ -o=% X4/7 X129.88=37.11. ¢/h=214.28/271.42 
=0.79. Pi0=37.11 X4030X0.79=—118 000, 


Statically Indeterminate Trusses are those in which the stresses can- 


not be found by the principles of statics. Some trusses are statically deter- 


Art, 27 Other Types of Trusses 909 


minate as regards the outer forces but are statically indeterminate as regards 
the inner forces or stresses. A REDUNDANT MEMBER in a truss is one that 
is not necessary for the stability of the truss. The condition that a truss is 
statically determinate is 6=2j7-—3 where bis total number of necessary bars, 
j the number of joints in the truss. The equation applies to the whole or 
any part of the truss. If 6>2j—3 the system is statically indeterminate, if 
b<2j—3 it is unstable, Stresses in statically. indeterminate trusses are found 
either by making the assumption that the truss is divided into its separate 
systems and that each system acts independently, or by the principle of least 
work. 


The Double-system Warren Truss in Fig. 88, also called a lattice truss, is statically 
indeterminate because 26 bars>2(14)—3=25. ‘Assume the web to be divided into 
two systems as shown by heavy and light lines and let it be required to compute the maxi- 
mum tension in P; under a dead panel load «* 6 andia live panel load of 12 thousands of 
pounds on the lower chord. Maximum posiiv shear on panel 4-6 of web with heavy 
lines occurs for live panel load on points 2 and 4 and'stress Pi=[(2+4)18/6] sec 0. 


Fig. 88 d Fig. 89 


The Principle of Least Work requires that the total internal work performed by 
the stresses in the members of a truss must be a minimum; bence an outer load acting on 
a statically indeterminate truss will be distributed on the different systems of the truss in 
such a way that the total internal work done by the stresses will be a minimum. Work 
is the product of force times its displacement. The work performed by a stress P ona bar 
having length /, area A, and modulus of elasticity Z is 14P2//AE and total interns] work in 
truss is 4DP*/AE. The truss in Fig. 89 carrying the load W at the center can be sep- 
arated into two trusses as in Figs. 90 and 91, one with the force kW and the other with a 


force (t—k)W at the center respectively. The value of & must be such as to make the 
total internal work a minimum. The stresses in various bars of Fig. 90 and Fig. 91 in 
terms of the unknown loads kW and (r—k)W respectively can be found and substituted 
in the formula. The differential coefficient of the work with respect to & is then placed 
equal to zero and solved for k. The final expression for & involves the dimensions of the 
truss and the areas of the bars. This process can be applied for a load of unity at each of 
the panel points in succession and a table of stresses prepared from which the stresses for 
any panel load may be determined. Since the areas of the bars must be known before the 
principle of least work can be applied, the process of design is a tentative one. 


h, 28. Design of Tension Members 


Notation. S=allowable tensile unit stress, P =direct tension in a member in pounds, 
Si=maximum stress in pounds per square inch in eye-bar due to combined tension 
and bending, ‘=thickness, /=length and 4=width of eye-bar; all inches. 

Pin-connected Trusses were generally used in America till about 1890 
for spans of all lengths. Since that date the RIVETED TRUSS has come to be 
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the standard for railroad bridges having spans less than rs0 to 250 ft. The 
railroad bridge over the Missouri River at Kansas City has riveted trusses of 
425 {t 6%-in span. The longest riveted simple truss is the 720-ft channel 
span of the Metropolis bridge. The 552-ft spans of this same bridge are like- 
wise riveted. For highway bridges the pin-connected type is often used for 
shorter lengths. Short pony trusses for country highway bridges are now 
invariably riveted, for greater lateral stiffness. The riveted structure is the 
stiffer form and the individual members thereof are more nearly free from 
objectionable vibration and rattling. The pin-connected truss usually is some- 
what lighter than the riveted and can be more easily and more quickly erected. 
The ideal truss has hinged joints without friction. Neither of the types used 
fulfills this requirement, for as: the truss deflects the rigidity of the riveted 
joints and the friction on the pins of a pin joint cause bending or secondary 
stresses in the truss memberst The most complete analysis of secondary 
stresses that has as yet been made for any riveted truss is given in the paper 
“Stress Measurements on the Hell Gate Arch Bridge,” by Dr. D. B. Steinman, 
Proc. Am. Soc. of Civil Engineers, Oct., 1917. 


Tension Members maybe eye-bars or built-up sections. An EVYE-BAR 
has a uniform rectangular: cross-section thruout the greater part of its length 
and at each end has a head or enlarged portion thru which the pin passes. 
It is the most efficient means of transmitting tension and is economical of 
* material but deficient in rigidity. Eye-bars should not be used where the 
minimum stresses are light or where compression is possible, as in the first 
two lower chord panels, for hip verticals, or for diagonals subject to counter 
stress. Counters are sometimes used in light highway bridges and are com- 
posed of one or two adjustable eye-bars or square rods with looped ends, but 
whenever possible adjustable bars should be avoided. 


Built-up or Riveted Tension Members may be made in any of the forms 
suitable for compression members but less emphasis need be placed upon 
lateral stiffness. For light construction one L, or two L’splaced with their backs 
together, or separated to form a built channel (Fig. 92), or four L’s (Fig. 93), 
are used. In the last two cases the L’s may be separated by tie plates, but 
lacing or a solid web plate should be used for good work. For heavier con- 
struction some form of box section composed of rolled or built channels connected 
by lacing and tie plates’ (Fig. 94, 95) is used. The sections may be further 
enlarged by the addition of one or more side plates riveted to the web of each 
channel. In riveted trusses the flanges are often turned in to permit the member 
to go inside of the connecting joint gusset plates. In built-up tension mem- 
bers the rivets should be so placed as to reduce the section as little as possible. 
The net section will generally occur at the first row of rivets infa splice, end 
gusset or pin plate. In computing net sections the diameter of the rivet holes 
should be taken 1 in larger than the nominal diameter of rivet. 


" Eye-Bars vary in size from 2 in in width having a minimum thickness of 5 in to ro 
in in width for usual construction, and even more for the largest structures; 16-in bars 
have been used in several of the epee bridges, the maximum size used in the 668-ft — 
span of the Municipal bridge at St. Louis being 1621/1 in. For wide bars the thick- 
ness rarely exceeds 214 in. Generally the ratio of width of bar to thickness lies between _ 
the limits of 4 and 7. If bars are made too thin their heads may buckle, due to the 
compression at the pins, and if made too thick the bending moments on the pins are in- 
creased unnecessarily. The dimensions of eye-bar heads as given in steel companies’ 
handbooks are such that the bars break in the body when tested to destruction. Eye- 
bar heads are forged or upset in a die, and the net cross-sectiona! area thru the pin hole — 
is from 33 to 40% larger than that of the body. ‘The heads are finished the same thick- 
ness as the body. : 4, 7 : 2a) ee 
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To Proportion tension members subjected to direct stress the required 
net area of the cross-section is P/S. For an eye-bar under the tension P 
the maximum unit stress Si on the bottom fibers due to combined tension 
and bending caused by the weight of the bar is 


5 Fin 4 700 000 h 
th P/th+22 400 ooo(h/1)? 


29. Design of Compression Members 


Notation. .S=maximum or allowable unit stress, A =cross-section of a member, 
P=direct stress in a member, M=bending moment, c=distance from gravity axis 
to most stressed fiber, J=moment of inertia, /=lIength of column, r=radius of gyra- 
tion of column, ¢=distance from center of gravity of cross-section to point of application 
of eccentric load, H=modulus of elasticity, w=weight of compression member per 
unit of length, Jp and Je =moments of inertia of one C about gravity axis perpendicular 
and parallel to web respectively, 41=area of one C, x=distance from back of C to center 


of*gravity. 


Compression Members should be proportioned, whenever possible, to be 
of equal strength about the two principal axes A-A and B-B (Fig. 94), if 
there is only direct compression in the member; and if there is transverse 
bending in addition, the strength about the axis around which bending takes 


Fig. 92 Fig. 93 Fig. 96 Fig. 97 

place should be the greater. The cross-sectional area should be as far re- 
moved from the center of gravity of the section as possible consistent with 
proper thickness of materials and proper bracing of the different segments. 
Figs. 92 to 97 show typical sections of web compression members and Figs. 98 
to 101 of compression chords and end posts for bridge trusses, the smaller ones 
being suitable for light highway or railroad construction and the larger nes 


for heavy work. All of the sections shown except the H section in Fig. 967 
require lacing or’ lattice bars to connect the segments together. In Fig. 99 
and Fig. 101, flat bars are riveted to the lower L’s to keep the center of gravity - 
of the section at or near the mid-height axis. Chord sections as in Fig. 99 
are called Box sECTIONS, the vertical plates are calle¢ weps and the upper 
horizontal plate is the cover PLATE. See also Art. 38. Compression mem- 
bers should not have //r exceed too for main members nor 120 for laterals. 


\ ‘ - 
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Short Columns are those having //r less than 30; if the load is concentric, 
that is, applied at the ¢enters of gravity of the end cross-sections or uniformly 
over these sections, the stress is one of simple compression distributed uni- 
formly over the various cross-sections of the column, and the unit compression 
is S=P/A. If the load is eccentric, that is, not applied at the axis of the 
column, the maximum unit stress is S=P/A+Mc/J and the minimum unit 
stress on the same section may be found from the same formula by changing 
the + toa — sign. 

The strength of a short column depends. primarily upon the elastic limit 
of the steel and also in large measure upon the effectiveness with which its 
segments are tied together. The ultimate strength of a column never exceeds 
and is often considerably less than the yield point of the steel. The results 
of extensive tests made at the Bureau of Standards under the direction of the 
Special Committee on Steel Columns and Struts of the Am. Soc. of Civil 
Engineers (Final Report, Procs. Am. Soc. of Civil Engineers, Dec. 1917) 
indicate that the elastic limit of columns made of carbon steel having a tensile 
strength of 60000 lb per sq in may be as low as 19 500 lb per sq. in. This 
committee recommends 12 000 lb per sq in as the maximum unit stress to be 
used when //r<6o. The A. R. E. A. specifications permit the use of 14 000 
up to 1/r =29. ; 

Long Columns are additionally weakened by their tendency to buckle in the 
plane of the maximum //r. Their strength, for ordinary values of //r, is 
affected by too many accidental and uncertain conditions to permit of its 
expression by a rational formula. The committee of the A. S. C. E. after a 
study of the tests of columns having //r=120, recommends a unit stress of 
8000 lb when //r =120 and an interpolation between 12000 and 8000 when 
l/r lies between 60 and 120. By the A.R.E. A. specifications §S =16 c00 —7o0//r, 
with a maximum value of 14 000 for //r<29. On account of the deflection of 
structures and the distortions at the joints all columns are regarded as pin- 
ended. By the A. R. E. A. formula S =7600, when //r=120. For values 
of l/r<7o the A. R. E. A. formula gives unit stresses greater than that recom- 
mended by the committee of the A. S. C. E.; for values of //r> 70 it gives slightly 
smaller stresses. 

For columns subjected to combined compression and bending, and for tension mem= 
bers under combined tension and bending, the maximum unit compression or tension is 


5 P Mc 
At TF Ph/ak 
in which az is a constant depending on the condition of the ends and the kind of loading 
causing bending moment M. For members having hinged ends a2=9.6 for uniformly 
distributed loading and 12 for a concentrated load at the middle; for members haying 
fixt ends a2=32 for uniform loading and 24 for a concentrated load at middle. The 
minus sign in the denominator must be used when P is compression and the plus sign 
when P is tension. This formula may also be used for members having eccentric loads, 
in which case M is the bending moment due to the eccentric loads and azshould be taken 
for a uniformly distributed loading. 
Proportioning Top Chord. Let it be required to proportion the top chord of the 
4 panel, 200 ft, typical pin-connected truss of the American Bridge Co., shown in Fig. 109. _ 
The maximum compressions from dead, live and impact stresses are: U;U2=870 000; 
U2Us=980 000; UsUs=978 000. The lengths are 28.85, 28.64 and 28.57 ft respectively. 
The section for U2Us will also answer for UsUs. Allowable unit stress =16 000—7ol/r. 
Design of UiU2. Let.the chord be of box section asin Fig. 102. The least radius of 
gyration is approximately 4/19 the depth of the section which is here assumed to be 25, 
in, orr=10. With /= =346 and a trial r of ro the allowable average unit stress is 13 580 ; 
Ib persqin. A trial section must have 870 000/13 580=64'sq in. The section shown — 
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in Fig. 102 with 66.44 sq in as determined below has its gravity axis A—A above the 
+ mid-height axis B-B a distance d=169/66.44=2.53 in, 169 being the statical moment 
about axis B-B. I 4-4 =6602—66.44X(2.53)?=6177 and radius of gyration about 
gravity axis A—A =(6177/66.44)2=9.65 and allowable average unit stress is 13 480 
Tb per sq in. Thecolumn has an actual average stress of 870 090/66.44=13 100 lb per 


SECTION TOP (HORD, UV, Uz 


Fig. 102 Section Top Chord UiU2 


8q in and {s therefore of sufficient size for the compression. The statical moment and 
moment of mass about mid-height axis B-B are found as follows: 
A Stat. Mom. Ip-B 
1 Pl 29 X54=18.10X12156= 227.5X12.56=2862 
2L’s 4X4 X7/ig= 6.62X11.09= 73.5X1r.09= 815 
2L.’s 6454 =11.72 X1I1.22 = 132.011 ,22=1485 
2 Pls 24X54=30.00 00,0 1440 


66.44 169.0 | 6602 


In this computation the moments of inertia of the L.’s and horizontal plates about their 
gravity axes have been omitted. The radius of gyration about axis A—A is less than that 
about the vertical gravity axis, and since A-A is a principal axis, the radius used, 9.65 
is the least radius of the section, 

The center of the pin=2.53—2.0=0.53 in ieloea axis A~A, The upward moment 
due to eccentricity =870 000 Xo.53 = —461 000 in-lbs; the downward moment due to 
the weight of the member=wi2/8=about 302 000 in-lbs. The resultant moment =— 
159 000 in Ibs and the additional compressive stress in the lowest fibre of the section is 
S=Mc/I =159 000 X14.78/6177 =380 lbs per sq in. The required sectional area= 
870 000;'(13 480—380) =66.3 sqin. Actual area=66.4 sq in. 

Design of U2Usand U3Us. Thesame section as for UiU2 will be used except that the 
web plates will be 13/1 in thick instead of 54 in. By the method of computation employed 
above the following data are obtained: I 4-4 =6534; r=9.3; 1/r=37; S=16 000—70 X37 
=13 410; required area =980 000/13 410=73 sq in; actual area=75.48 sq in; d=2.24 
in and the center of the pin=2.24—2.0=0.24 in below axis A-A. The moment from 
the weight of the member is 348 000 in-lb and the resultant moment =348 000—980 000 
0.24 =103 000 in-Ib, The additional compressive stress on the upper fiber of the sec- 
tion is S=Mc/I =103 000 10.63/6534=170 lb per sq in. The required sectional area 
=980 000/(13 410-170) =74.0 sq in. Actual area=75.48 sq in. By the specifications 
the thickness of the cover plate must be at least 1/59 the distance between the rivets con- 
necting it to the flanges =1/p) X25.25=0.50 in; and the thickness of the web plate must 
be at least 1/49 the distance between the rows of rivets =1/49 X2a=0.50 in. The sec- 
tions chosen satisfy these requirements. “ 


914 Simple Truss Bridges Sect. 8 


Proportioning Compression Vertical. Let it be required to proportion the vertical 
U2L2 composed of two C’s (Fig. 103), carrying a maximum concentric dead, live and im- . 
pact stress of 221000 Ib. The center of the pins is in the axis D-D. Assume two [’s 
15 in 40 lb having a combined gross area of 23.52 sq in and a radius of gyration for the 
two (’s about a gravity axis perpendicular to the web of 5.4 in. //r=408/5.4=76; 
S=16 000—70X76=10 680 Ib per sq in. Required area=221 000/10 680=20.7 sq in. 
The (’s are spaced 12.5 in back to back. To make r about axis B-B equal that about 
D-D (Fig. sige the distance s must be atv (Ip —I¢)/A1which in this case is less than 12 

in. If the flanges of the C’s are turned outward z . 

is the same as above except that x is negativ. z 

may also be obtained directly from the Steel Co. 

handbooks. Since the floor-beam and the top strut 
reduce the unsupported length of the column for 
bending about the axis B-B, z may be less than 
this value for equal values of //r. Axis D-D there- 
fore decidedly governs in this present case. With 
flanges turned in as in Fig. 103 thedistance in the 

clear between flanzes should not be less than 24% 

in if lattice bars are to be hand riveted nor less 
. than q in if machine riveted. 

Inclined End-posts of Thru Bridges are 
subjected to a direct compression from live, 
dead and impact stresses and also, at times, 

a to a slight increased direct compression due 
Fig. 103, Section Vertical Post U1U2 t> wind and to a considerable transverse 

bending due to wind ina plane perpendicular 
to the plane of the truss, these wind stresses being due to the action of the 
wind on the upper portion of the truss. The end-post is a part of the portal 
system and as such carries to the supports the wind pressure brought to the 
hip joint by the top lateral system. The cross-sectional area of the post 
must be such that the actual average unit stress P/A, due to live, dead and 
impact stresses shall not exceed that given by the column formula P/A = 
16 000 —70 I/r, where / is the length in inches between pin centers and r the 
radius of gyration of cross-section about the gravity axis parallel to the cover 
plate, as axis A-A, Fig. 102. The maximum unit stress on the outermost 
fiber due to live, dead, impact and wind stresses may exceed by not more 
than 25% the allowed axial unit stress, that is, for railroad bridges the maximum 
combined unit stress, S in formula below, should not exceed 16 0oc0+25% of 
16 000 =20 000 Ib. This maximum fiber stress due to axial compression, the 
tendency to buckle in the plane of the truss and the bending moment in the 
plane of the portal due to transverse wind forces is given with sufficient ac- 
curacy by 


P, lL Me 
O54 HE 


In this tormula P must include the direct compression due to all loads, includ- 
ing wind; cis 1% the extreme width of end post, J is moment of inertia of section 
about gravity axis perpendicular to cover plate, /; is length of end post from bot- 
tom of knee-brace to lower bearing of end-post; M =Wh/4 or Wh/2 depending 
on whether the bottom of the post is fixt or is not fixt, //r has the value used in 
the column formula for direction compression. The post may be considered 
as fixt at lower end if the end floor beam is rigidly connected to it, or if the — 
moment due to one-half the direct compression in post acting with a lever arm 
equal to the distance between bearings on the pin is greater than Wh/2. W is 
the total wind load in pounds acting at the hip joint including that brought 
to that joint by the top lateral system. If the weight of the member is alsa 
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considered S will contain another Mc/I term in which M is the bending move- 
ment due to the weight of the post, c is the distance from the gravity axis . 
parallel to the cover plate to the upper- 
most fiber, and J is the moment of iner- 
tia about the same axis. 


Design of LoUi. The section of UiU2 
will be used except that the web plates 
will be increased to 34 in. P=873 000; 
t=41.4 ft; h=31.4 ft. By the ‘preceding 
method of computation it is found that 
LA-A =6501; r=9.5 3 l/r=52.5; S=16 000 
— 70X52. = 12325; required. area = 
873 000/12 325=70.7 sq in; actual area=72.44 sq in. d=2.31 in and the center of the 
pin=2.31—2.0=0.31 in below the gravity axis A-A. The negativ momeni from 
eccentricity =873 000 X0.31 = —270 630; the positiv moment from its own weight= 
about 370 000, and the resultant moment=about 100000 in-lb. The additional com- 
pression on the upper fibre=Mc/I =100 000X10.88/6501=170 lb per sq in. The 
required sectional area =873 000/ (12 325—170) =72.0 sq in, which is less than the actual 
area. 

It is necessary to test the section when the wind stresses are included. The wind 
load along the top chord is 200 Ib per lin ft. W=200X3X28.57=17 200; Wh/4=17 200 
X31.4X12/4=1 630000 in lb. The direct compression from dead and live load is 
610 000 lb and from wind 26 400 Ib; the distance between bearings on the shoe =21 in 
and the available moment of restraint at the shoc =636 400X21/2=6 700 000. Since 
this exceeds the moment from the wind the end may be considered fixt and the point 
of contraflexure taken at the mid-point between pin and foot of knee-brace. The 
moment at the knee-brace likewise=1 630 000 in-Ib. Further it is found that I —¢ (about 
the axis perpendicular to the coverplate)=7600; c (to the extreme fiber of the bottom 
flange L.’s)=16.37 in; //r (in the plane of the truss) =52.5; 70 //r=3675. The maxi- 
mum unit stress upon the outer fiber of the lower flange L (neglecting effect of weight 
of member and eccentricity, which is slight) is 


_ 873 000-+-26 400 1 630 000 X 16.37 


S SeaG +3675+ 566 =19 485 lb. per sq in. 
Since this is less than the allowable 16 000-+25%=20 000 the section does not need to 


be increased on account of the wind stresses. 


30. Design of Detaiis — 


Notation. D=diameter of pin, Sp=allowable unit fiber stress for bending, Sc for - 
bearing on pins, S¢ for tension, Ss=actual average unit shearing stress on pins, t= 
required thickness for bearing of a built-up member, w=width of the widest eye-bar 
on a pin, P=direct tension or compression in a member. ' 


i 


| 


ASS 


Fig. 105 Fig. 106 Fig. 107 - Fig. 108 


In Pin-connected Bridges (Fig. 109) there is at each joint a cylindrical steel pin which 
has at each end screw-threads upon which hexagonal nuts are placed, the Lomas nut, 
Fig. 106. being most common form. Cotter pins, Fig. 105, are seldom used. Pilot nuts, 
Fig. 107, and driving nuts, Fig. 108, are placed on pins to protect threads during erection. 
For ordinary trusses, pins with Lomas nuts vary from 2 to 9 in in diameter, but pins of 
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greater diameters are used for large trusses. In packine, that is, arranging bars on a 
pin, the bars should be packed as closely as possible, allowing clearances of 14g in between 
two eye-bars and from 1% to 14 in for built-up members; bars having horizontal com- 
ponents should be close together, similarly those haying vertical components; bars should 
run parallel to plane of truss 1f possible and maximum deviation should not exceed 1 in 
per foot, better 4¢ in per foot; generally a bar with small stress should be on the outside; 
bars running in same direction should have a space of at least 1 in between them. 


To Determine Diameter of Pin after all joints of the truss are packed, 
assume the diameter, then compute thicknesses of reinforcing or pin plates 
‘for built-up members, and then, taking the forces as concentrated at the centers 
of the eye-bars and at the centers of the bearings of built-up members, com~ 
pute the diameter of pin to withstand the maximum bending moment. If 
this diameter agrees with the assumed, diameter the maximum shear on the 
pin should be investigated; if not, the computation should be revised. Not 
more than one or two diameters should be used in a truss. The trial and 
final diameter of pin must be equal to or larger than (S7/S-) w or otherwise 
the bearing on the eye-bar is excessive. The value of 57/S¢ is often taken 
at 3%. In desigaing pins to carry moments it is best to assume forces con- 
centrated at centers of bearings, but in investigating the strength of an exist- 
ing structure this assumption may in some cases lead to a resulting extreme 
fiber stress larger than the ultimate strength of the material in bending and 
yet the structure stands. In such a case if an assumption can be made 
which results in safe unit stresses thruout, the joint is safe. The total re- 
quired thickness of a built-up member in bearing on a pinist = P/S-D. 


. The MAXIMUM BENDING MOMENT, M, at a section of a pin is the resultant 
of the moment at that section due to horizcntal forces, M,; and that due to 


yertical forces, Mz, or M = M72 + Mf. And the diameter of pin required to 


withstand this moment is D = A/ 10.2, M/Ss. Tables showing bending moments 
of pins of various diameters are given in structural hand-books, so that the 
value of D can be easily taken from the tables as soon as M is known. The 
MAXIMUM SHEAR, V, at a section of a pin is the resultant of the shear at that 
section due to horizontal forces, Vz, and that due to vertical forces, Vz, or 


V =MV V2 + V2. The shear is usually assumed distributed, in which case 
S; = 1.27 V/D?, but the intensity of maximum shearing stress on the neutral 
plane is 1.70 V/D?. : 

In Riveted Trusses.(Iig. 114) the members are connected together at the joints by 
gusset plates which must be of sufficient size and thickness to transmit the stresses, and 
there must be a sufficient number of rivets in each member to develop its full strength. 
The stress is assumed to be @qually distributed over the various rivets hence they should 
be spaced with this in view. Gussrr pLAtrs are frequently made too thin. They must 
be computed to carry the compression and tensile Stresses brought on them by the main 
truss members, and as these stresses are frequently applied eccentrically to the gussets. 
the eccentricity must be allowed for. In such cases as the lower chord joints of Pratt 
truss*s the gussets must have sufficient net area along the horizontal row of rivets con- 
nécting the plates to the chord to carry the shearing force on that section and similarly at 
the vertical row of rivets connecting gusset plates to the vertical. Ordinarily two gusset 
plates are used at each joint, tho in light trusses only one is used. Center of gravity lines 
of all members should meet at a point, and the center of gravity of rivets connecting a 
member to a gusset plate should coincide with the center of gravity of the member. 


Lattice Bars must be of sufficient strength to brace the segment of a ~ 
compression member so that the segments will act as a unit and in doing this 
they are subjected to tension or compression due to shear resulting from the 
bending of the column. ‘The ordinary specifications for lattice bars and tie 
plates are given in Art. 12. The exact determination of stresses in lattice 
bars is unknown, but the following formula given by C, C, Schneider in the 
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report of Royal Commission, Quebec Bridge Inquiry, 1908, p. 196, gives the 
required cross-section in square inches, A,, of one bar where the column 
consists of two segments connected by a single system of lacing bars, and is 
based on the assumption that the elastic line of the column is a parabola 


A, = (8 car /kd) sec 8 


where & is the allowable unit tensile or compression stress in pounds per 
square inch depending on whether the bar is tension or compression; if the 
latter, k must be that given by a column formula, a may generally be taken 
as the actual cross-section of column in square inches; 7, radius of gyration in 
inches of cross-section of column about an axis perpendicular to plane of 
lacing; d, width of column in inches in plane of lacing; c, constant from column 
formula (such as 7o in 16 000 — 7o//r); 6, angle between lattice bar and a 
line perpendicular to segments connected by the bar. If the segments are 
connected by two systems of lacing, the required area of one bar, Aj, is one- 
half that given above. 


31. Deflection, Camber, and Bracing 


Notation. P = direct tension or compression in a member, / = length of member, 
A = area of cross-section of member, E = modulus of elasticity, « = stress in member 
due to load of unity, Z = span of truss, p = panel length, #1 = increase in panel length, 
HT = depth and R = radius of truss, ¢ = camber of truss. 

Deflection of a Truss may be due to elastic deformation of the members caused by 
stresses within them, to imperfect workmanship such as the play in pin holes of a pin- 
connected truss, and to deformation of the members caused by changes of temperature. 
The deflection in any direction of any joint of a truss due to any cause may be computed 
by the following method provided the change in length of each bar can be determined. 
Place a load of unity at the joint and acting in the direction in which the deflection is 
wanted and compute the stress in all bars due te this load; call this stress #; then the de- 
flection is given by A = Sul, where A denotes the deflection of the joint in the direction. 
desired, and = denotes the summation of the various products of the stress « due to load 
unity by the change in length /, for each bar successively. The change of length 4s, in 
any bar due to a series of loads upon a truss is P//AE, hence the deflection for this case 
is given by A = 2Pul/AE. In applying this formula, tensile stresses should be given 
the positiv sign and compressive stresses negativ, toth for stresses due to the loads cn 
the truss and for the imaginary load of unity. If all the bars are of the same material 
the E may be placed on the outside of the summation sign. A is usually the gross area 
of the cross-section, even for tension bars. To find the ABSOLUTE DEFLECTION of a joint 
with respect to its original position it is necessary first to find the vertical movement by 
placing the load of unity vertically at the joint, then the horizontal movement by placing 
it horizontally at the same joint, and the resultant of these two component movements 
will give the magnitude of the true deflection. 

The Camber of a Truss is the distance the center of a chord is raised 
above the ends to allow for the deflection of the truss. It is usually exprest 
in inches and varies from %4oo00 to Yooo of the span length. Camber is 
used so that when the maximum load is on the bridge the truss will have the 
form assumed in the design, and is usually obtained by making the panel 
lengths of the top chords, or their horizontal projections, longer than the 
corresponding panels of lower chord in the proportion of % in in ro ft. 
Camber is sometimes made equal to the deflection due to full live and dead 
loading by increasing or decreasing the lengths of the truss members by 
amounts equal to their corresponding deformations. When the camber is 
made equal to this maximum deflection the radius, R, to which the lower 
chord of the truss is curved and the increase, p,, in panel length of the upper 
chord are given with sufficient accuracy by the following formulas respectively, 


R=L17/8c and p,=8cpH/L? ‘ 
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“Bracing for Deck Bridges usually consists of a horizontal truss in the 
plane of the top and also of the bottom chords, together with a vertical trans- 
verse system at each panel point. The transverse bracing is also called 

- sway bracing, and the horizontal trusses are called the top and bottom lateral 
systems. The chords of the main trusses constitute the chords of the lateral 
system, and the floor beams usually act as the struts of the top system. With 
a sway bracing at each panel point the bottom laterals are not really neces- 
sary, altho desirable, and sometimes are omitted in all or in alternate panels, 
in which case the sway bracing must be designed to carry the wind loads 
from bottom to top panel points. When both lateral systems are. used, the 
function of the sway bracing is to equalize the deflection of the trusses when 
the latter are subjected to unequal loading as when only one track of a double 
track bridge is loaded. Since the wind loads on top and bottom panel points 
are unequal the sway bracing receives stress due to unequal lateral deflection 
of these points. The sway or portal bracing at each end of the bridge must 
be heavier than at intermediate points. 

Thru Bridges have top and bottom lateral systems and also have sway 
bracing at each top panel point extending down as low as the required head- 
room allows. When the end posts are inclined the end sway bracing or 
PORTAL is placed in the inclined plane of the end posts. In the best con- 


w 16 


Fig. 110 Fig, 111 Fig. 112 Fig. 113 


struction all members of the bracing systems are rigid, that is, made of angles 
or other similar shapes. Simple portals are shown in Figs. 110, 111, 112 and 
113, and the following formulas give the stresses due to wind load W when 
the posts are hinged at bottom. 

For P, tension = Wh /b, shear = W/2, moment = W (h — d)/2. For Pzcompression = 
Wh/b, shear = W/2, moment = W (hk —d)/2. For P3 compression = Wh (¥% e-— 1/b) 
shear = W (hk — d)/2 d, moment = W (h — d)/2. For Ps tension = Wh (Ye — 1/b), 
shear = W (kh — d)/2d, moment = W (h — d)/2. For Ps and Pe, direct stress = 
zero, shear = W (hk — d)/2d, moment = W () — d)/2. For P; compression = Wh/b, 
shea = W (h — d)/2d, moment = W (h — d)/2. For Ps tension = Wh/2b, shear = 
W (4—d)/2d, moment = W (h —'d)/2. For P 9 compression = Wh/2b, shear = 
W (h—d)/2 d, moment= W (h —d)/2. For Py) tension = Whl/2 de. For P,, compres- 
sion = Whl/2de. For Py, tension = Whl/bd. For Py compression = Whl/bd, For 
P,, tension = Whl/bd. For P,; assumed zero. For Pj, tension = Whl/2 bd. For Py; 
compression = Whi /2 bd. For Py; compression =W (h + d)/2 d, shear =Wh (14 € — 1/0), 
moment = Wh (14 —e/b). For Pg compression = W/2, shear = Wh/b, moment 
= Wh (4 —e/b). For Poo tension = W (h — d)/2 d, shear = Wh (1ge — 1/b), mo- 
ment = Wh (14 — e/b). For P,,; compression = W (h,+ d)/2d. For Pog tension = 
W (h —d)/2d. For P23 compression = Wh:/2d. Chord stresses in Fig. 113 may be 
obtained by use of moments. Dotted bars in Fig. 111 have no stress. If posts are fixt 
at lower ends, # in above formulas should be replaced by distance from top of post to 
point of contraflexure, which is usually h/2 + d/2. 
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MOVABLE AND CANTILEVER BRIDGES 
32. Types of Movable Bridges 


A Draw or Movable Bridge is.one which can be moved from its normal 
position to allow the unobstructed passage of vessels. Movable bridges are 
classified into the five following types, swing, bascule, retractile, lift, and 
ferry bridges. ‘Those of the swinc TYPE revolve horizontally about a vertical 
axis, which may be at the center, at one end or at an intermediate point of 
the span. BAScULE BRIDGES include all movable bridges which move in a 
vertical plane, rolling back from the opening or rotating about a horizontal 
axis. RETRACTILE DRAWBRIDGES are those which are supported on wheels 
testing on tracks on shore, and which are rolled horizontally backward from 
the opening either along the approach of the bridge or at an angle thereto. 
Lirf BRIDGES can be raised vertically to a sufficient height to allow vessels 
to pass underneath. FERRY BRIDGES consist of a movable car which is sus- 
pended from, and which moves back and forth under an overhead fixt 
bridge supported on towers, the overhead portion being so high above water 
level as to afford proper clearance for navigation. 


Swing Bridges generally consist of two or more plate girders or trusses" 
supported on a center or pivot pier in such a manner that they can be revolved 
on a circular track or pivot resting upon and attached to the pier. When 
the bridge is open there is a passageway for vessels on either side of the pier 
and the draw, and the.trusses act as cantilevers overhanging the middle 

. Support. ‘To prevent the open bridge from being struck by a vessel approach- 
ing or passing thru the channel, a FENDER PIER of piles and timber is built 
around the supporting pier, thus protecting the open draw span and guiding 
the vessel into the channel. ‘The fender pier extends lengthwise of the stream 
and must be longer and wider than the open draw. Sometimes the pivot is 
placed on one side of the center between the center and the end of the draw, 
and the bridge then has two arms of unequal length, the shorter arm being 
counterweighted to balance the longer. Unequal arms may be used where 
the stream is too narrow for a central pier; the short counterweighted arm 
hanging over the shore and the long arm over the water when the bridge is © 
closed. DovUBLE SWING BRIDGES have been used in a few instances. They 
consist of two swing spans each supported by a pier on each side of the stream 
and having their outer ends connected at the center of the channel when the ~ 
bridges are closed. Swing bridges are the simplest and most economical 
of the various types and where there is ample room for operation they should 
generally be used. In locations where the pivot pier takes. up too much 
space in the stream, or where room is not available for turning, the swing 
bridge cannot be used and some form of bascule bridge is preferable. 

The Jack-knife or Folding Drawbridge is a swing bridge used only for railroad 
traffic, and. as usually built has one Howe truss or steel truss under each rail, the rail 

. being fastened directly to the upper chord of ‘the truss. ‘The trusses are connected to- 
gether by small pivoted bars every few feet apart along the top chords, and each truss 
revolves horizontally about a pivot at one end, while the movable end is supported during 
operation by a needle beam which is guyed to the top of a tower or bent located on the 
shore at the pivot end of the span. When the bridge is open the trusses are parallel with 
the bank and are folded closely together. Since jack-knife draws cannot have floors, 
such bridges should not be used. 

- Bascule Bridges of various designs are in use, some being patented. Their 
merits lie in the speed with which they are operated and in the small amount 
of room required for their erection and operation. One to two minutes is 
the time often required for opening or closing a bridge altho many structures 


ke 
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cannot be made ready and opened in this time. Bascule bridges having 
their trusses or girders hinged at one end and the outer ends attached to 
cables passing over pulleys at the top of a tower are called TRUNNION BASCULE, 
OR HINGED LIFT BRIDGES. The cables are attached to counterweights which 
are of such size and move in such paths that the power required for opening 
or closing the draw is only that necessary to overcome inertia, frictional 
resistance, wind and snow. The more common forms of bascules have no 
cables but aré counterweighted, and are operated by racks and pinions or 
other similar arrangements. The Page and the Strauss types are trunnion 
bridges. The Scherzer rolling lift bridges, Fig. 117, are of the bascule type, 
fy 


4 
Li 
Wy 


Fig. 115 Fig. 116 Fig. 117 


but instead of rotating on trunnions they roll back on a horizontal track, 
the ends of the main girders or trusses being curved for this purpose. As the 
curved portion rolls backward on the track the outer portion or bascule leaf 
rises, leaving the channel clear. Bascule bridges may have one or two leaves 
and are used for either highway or railroad traffic. 


Retractile, Direct Lift and Ferry Bridges are not common types. Re- 
tractile bridges may have one or two leaves overhanging the stream when 
closed and extending back over the abutments far enough to serve as a counter- 
weight. This type is applicable to short-spans only. The direct lift bridge 
consists of a simple truss structure which when closed rests on the abutments 
similar to any fixt span, but it is opened by being raised vertically by means 
of cables or chains passing over sheaves at the top of a tower at either end 
of the span, Counterweights are used to reduce the work of moving the 
bridge. The only ferry bridge in the United States is, that across the ship 
canal at Duluth. It has two riveted steel trusses of about 390 ft clear span 
supported on a steel tower on either side of the canal. The clear height is 
about 135 ft above the water level. These two fixt trusses carry the track 
from which are suspended a steel frame and a ferry car, both of which travel 
back and forth across the canal. The retractile, direct lift and ferry bridges 
are used for highway traffic only. 


Swing Bridges, which-are generally supported at the center of the span 
are either center-bearing, Fig. 115, or rim-bearing, Fig. 116. While in motion 
a CENTER-BEARING STRUCTURE is supported at the pivot pier on a turntable 
consisting of some transverse girders which carry the dead weight of the 
bridge to a center pivot or casting about which the structure revolves. When 
the bridge is closed wedges are inserted under the trusses at the center so as 
to carry no dead load but to carry all the live load reaction on the center pier. . 
Trailing wheels placed under the turntable steady the bridge while swinging 
but receive no load otherwise. From 4 to 8 wheels varying in diameter from 
12 to 20 in are used. The CENTER Prvor consiste of an upper and a lower 
casting between which conical rollers, spherical balls or phosphor-bronze’ 
disks are placed, the latter being considered best. Rim-BEARING swing 
bridges have their trusses supported at the center pier directly on the drum 
or on distributing girders from which the load is carried to the drum. The 
prum is a circular girder resting on conical wheels which in turn are supported 
ona circular track of the pier. 
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Swing Bridges may be continuous, partially continuous or discontinuous. 
. A CONTINUOUS BRIDGE’is one in which the trusses are supported at three or 
more points and continue unbroken over the intermediate supports; shears 
and moments are transferred from one span into the others. A PARTIALLY 
CONTINUOUS TRUSS has four supports and the diagonals in the panel between 
the two central supports are omitted, thus allowing moment. but no. shear 
to be transmitted across this panel. A DISCONTINUOUS DRAWBRIDGE is one 
having either three or four supports, but is so arranged that when closed the 
ends are raised, or the center lowered, sufficiently to render some central 
top chord bars incapable of carrying stress, thus converting each truss into 
two simple spans, one on either side of the center pier. This is usually accom- 
plished by slotting the pin holes of each of the top chord members adjacent 
to the tower or central panel or by placing a flexible joint at the middle of 
these members so that when the ends of the trusses are raised the bars are 
thrown out of stress. The discontinuous truss has the advantage of being 
more rigid than the continuous types, and where openings for vessels are 
infrequent, or where the time allowed for opening may be comparatively 
great, the discontinuous draw should be used. Jf frequent openings are 
necessary, much more power is required to raise the ends of the discontin- 


Long American Movable Bridges 
From Merriman and Jacoby’s Roofs and Bridges, Part IV. 


Railroad 
Type Location eee Span or Built 
highway 
P ff nen 
Swing St. John’s) Ores acisjew oie ty <0 Willamette R.j52z o |R.R. 1908 
ie East Omaha, Neb..... ..|Missouri R...|520 0 |R.R. 1893 
ay East Omaha, Neb..... ..|Missouri R.../519 414)R.R. 1903 
oe New London, Conn ...... Thames R .../497 7 |R.R. 1889) 
Ch ey Staten, Island). i. ven. nec: - Arthur Kill [496 6 |R.R. 1888 
o Duluth, Minn... 10.2.0... St. Louis Bay |485 714R.R. Hy.|1897 
os C.M. & N.R.R., Chicago. ..|}Drainage Can.|474 314/R.R. 1899 
me Sioux City, Iowa... ......- Missouri R...|469 113¢R-R. Hy.|1895 
it Middletown, Conn........ Connecticut R.\447 0 |Hy. 1896 
Scherzer lift |Terminal Ry., Chicago..... Chicago R....\275 © |R-R. Igor 
4 B.& O. R.R., Cleveland....|Cuyahoga R..|230 © |R.R. 1907 
gs zed St., Chicago..<++.... Chicago R ..\216 o |Hy. 1906 
Trunnion bascule|Sault Ste Marie ..|Ship Canal. ..|336 .o |R.R. 19I4 
ram ** \Chattanooga, Tenn........ Tennessee R..|310 o |Hy. 1917 
ri Boe UOC OC. CHICAZO) «cis «0 Chicago R ..|260 o [R.R. 1918 
ef Fer take St:; Chicago... ... +0 So. Chicago R245 o |Hy.Elev.|1916 
a3 BEeI So; Chicago’. BENE. 20. Calumet R.../235 o J|R.R. 1914 
bs ye GrandiIslandss) ai 224 6.1.3 Sacramento R226 0 |Hy. 1916 
«¢ |. <* |Northwestern Ave., Chicago.|Chicago R..../205 7 |My. 1904 
ss five |\Seattle; Wash 5.149262 ova « Salmon Bay. .|200 0 |R.R. 1914 
i ««  |Fullerton Ave., Chicago.....|Chicago R..../r86 0 |R.R. 1916 | 
ve ‘¢ — |West Division St., Chicago..}Chicago R..../r72 8 |Hy. 1904 
ae ¢c''|North Ave., Chicago....... ChicagoR..../172 8 /Hy. 1907 
Vertical lift |Fratt B., Kansas City...... Missouri R...|428 o |R.R. 
He « |G. N. R.R., Montana,...,. Missouri R. ..!296 © |R.R. 
af 4t \Portland, Ore... © Sielayerete he Columbia R..,/275 © Hy. 1916 
‘% . ‘\Pa. R.R.,Ch'ceago..........|Chicago R....|272 10 |R.R.’ 
« ‘« \Pine Bluff, Ark...... -|Arkansas R.../239 4 |R.R.Hy.|r916 | 


ka *¢ ‘!Portland, Ore.......... ne Willamette R.!220 0 |R.R. 
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uous type, and they cannot.generally be operated as quickly as the continuous 
bridge. The Charlestown bridge in Boston, having a draw span 240 ft 
6 in long and 100 ft wide, is discontinuous when closed, and during the year 
ending Dec. 31, 1908, the draw was opened 1409 times for the passage of 
6218 vessels. The average delay to traffic for each opening was 8 min 30 sec. 


Drawbridge Trusses whether center or rim-bearing may have their ends 
simply supported, latched, or raised. The ENDS are SIMPLY SUPPORTED 
when the end supports are so placed that the ends of the trusses will just 
come to a bearing without producing any dead load reactions and the entire 
dead weight is carried by the center pier either when the bridge is open or 
closed. The live load can thus produce upward end reactions only, and when 
it is in such a position as to cause a downward end reaction the truss will 
rise from the bearing, and, in such cases, when the live load passes over the 
bridge the ends hammer on the bearings. This is not a good arrangement. 
With ENDS LATCHED OR LOCKED to the abutments when the bridge is closed, 
there are no dead load end reactions and the live load end reactions may be 
either up or down depending on the position of the live load, hence the truss 
is a true continuous truss for live loads and simply two overhanging beams 
or cantilevers as far as dead loads are concerned. If when the bridge is closed 
the ENDS ARE RAISED by suitable machinery, the dead load causes end re- 
actions, the magnitude of which depends on the amount the ends are raised, 
and the live load reactions are given by the laws of continuous trusses. If 
the ends are raised just the required amount the dead load reactions follow 
those laws, but since it is difficult to raise the ends the proper amount as 
dead load stresses are uncertain if the ends are raised. 


33. Continuous Swing Bridges 


Notation. My, Mz, Mz = moments at three consecutive supports; k = ratio of dis- 
tance of load from support to span length ; » = ratio of length of center to length of end 
span; E = modulus of elasticity of material; 7 = moment of inertia of cross-section of 
girder or truss; P = stress in member of truss due to load of unity acting on an interme- 
diate joint; # = stress in member of truss’ due to load of unity acting at point and in 
direction in which deflection is desired; L = length of truss member; A = gross cross- 
sectional area of truss member. : ' 

Reactions. There are two methods of computing reactions on a con- 
tinuous swing bridge when the bridge is closed. In one the truss or girder 
is assumed to be a continuous structure with a constant moment of inertia 
and the reactions are computed by the THEOREM OF THREE-MOMENTS. This 
is an approximate method of sufficient accuracy for a preliminary design, but 
for a careful determination of the stresses the method of deflections should 
be used after the preliminary design is made. The three-moment equation 
gives the relation between the bending moments at three consecutive supports 
of a continuous beam whose moment of inertia is constant, hence for a given 
case as many equations may be written as there are unknown quantities, 
and from these equations the bending moments at the supports may be com- 
puted, the reactions found, and then the stresses in the bars computed in the 
same manner as for Simple trusses. The equation for a beam having sup- 
ports at different levels 21, h,, h,, Fig. 118, above a datum plane is 


Mi, +2M,(), +1.) + Mg, = - 2W12(k — B) - ZW J 72k - 32 +B) 


-~6EI (‘5% Ay gg Bae *) 
I, ry faily 


When the supPoRTS ARE AT THE SAME LEVEL the above equation becomes — 
Myl, + 2M,(1, +1.) + My = — ZW (hk — BS) - ZW (2k — 3 B+ Re) 
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Fig. 118 Fig. 119 


Jith a uniform load w, per unit of length on a portion of the left span only. 
s in Fig. 119, the equation of three-moments for level supports is 


Mj, +2Mll. +1) + MJ, =- if:  wyhi(k — 8) dh 
4 


or a uniform foad of w, per unit of length over the entire leit span and we 
T unit over entire right span the equation for level supports is 


Ml, + 2M, +1) + MJ, =- 4%wili-%wJs 


Trusses with Two Equal Spans. The 
reactions for a load of W in the left span, 
Fig. 120, are as follows: 

R,=Wa -k)-UYW(k —#') 
R,= Wk + Wk = k) 
R,= — YUW(k — k’) 


Fig. 120 Reactions, R,, R,, R,, due to a load of 

unity at successive panel points in the 

ft span are given in the accompanying table for trusses with two equal 

mans, the panels in the two spans being all equal. For a load in the left 

yan, R, and R, are upward and KR, is downward, whereas for a load in the 

ght span R, and R, are upward and R, is downward. Also for a load in 

le right span the numerical values of the left reaction are those for R, in the 
ble and for the right reaction those for R, in the table. 


Reactions R,, Re, Rs, Fig. 106, for Load of Unity in Left Span 


k +R + Re — Rs k + Ry + Ro 


ae i 
eet | 074 | 0-852 é 
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+ denotes an upward and — denotes a downward reaction, 
\ 
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Trusses with Three Spans. For swing bridge trusses having four points 
of supports, Fig. 121, the end spans are equal and the center panel is usually, 
tho not always, equal in length to the panel of the end spans. The reactions 
for the closed bridge with a load of W in left span are as follows: 
W(2+2n)lk — k*) 


2 


Saher Gy APC iae 4. +n? — 1 
2 3 
R.=-Wk+ W(2+ 5+ 2n7)(k — k°) 
d 4n(r+nyP=n 
W(2+3n+ nk — k*) Wn(k — k*) 
2 3 Ry 2 
4n(1 +n)? - 73 4(r +n —2? 


R,=- 


With these formulas the reactions for any given truss may be found for a 
unit load placed successively at each panel point of ve left span and a table 
prepared similar to the preceding table for 

trusses havirig three points of support. For we 

a load in the left span R,, R, and R, are 
upwardand R, is downward, while for a load 
in the right span R, acts downward and 
R,, R; and R, act upward. For the truss 
shown in Fig. 122, if the downward live re- : 
action at-R, for live loads on points r to 4 Fig. 121 

inclusive were greater than the upward dead 

reaction at R, when the bridge is closed, the truss will tise from its bearing 
at R, Boies it is anchored there. If the points R, and R, are properly 
anchored: or if the dead upward reactions are greater than ite live down- 
ward reactions at those points, the truss will not rise and the reactions 


Fig. 122 


are all given in accordance with the preceding formulas. If, however, the 
ends at R, and R, are latched down and the truss rises from its bearings at 
R, when the right span is loaded with the live load, the structure then becomes 
a continuous truss supported at R,, R, and R, and the formulas for reactions 
for a truss of unequal spans on ithtee | ors must be used. Such trusses 
as Fig: 108 are frequently computed. as partially continuous and the diagonals 
*n the central panel made very small or omitted altogether. 

Computing Stresses. With truss in Fig. 123 and the above table for six oe panels 
in each span, let it be required to compute the maximum tension and maximum compres- 
sion in the diagonal in panel 2-3 for a dead panel load of 20 thousands of pounds and a 
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live panel load of 30:thousands of pounds, The ends are assumed to be latched down, 
hence the live load causes reactions in accordance with the table and the dead loads 
cause no end reactions. The dead load stresses in all members are the same for bridge 
open and closed. It is here assumed that the dead panel load at the end lower joint is 
15. The dead shear in panel 2-3 is 20 + 20 + 15 = 55, which is carried by the vertical 
components of the diagonal and top chord. The latter is (20 X 20 + 15 X 40)/(22 X 10) 
= 4.55 and the vertical component of diagonal is then 55.00 — 4.55 = 50.45, hence dead 
load tension is 50.45 X 31.24/24 = 65.67. For maximum live load tension, load joints 
I, 2, 7, 8, 9, 10, tr. Ry = 1.020 for a load of unity at each of these joints, as may be 
found from the preceding table, and for the live load Ry = 1.029 X 30 = 30.62. Live 
tension in the diagonal = 41.97. For maximum compression in diagonal, load joints 
3; 4, 5, giving Ry = 0.750 X 30 = 22.50, and the live compression is 23.97. The diagonal 
in question has therefore a maximum tension of 65.67 + 41.97 = 107.64, and as the 
miaximum live compression is less than the dead tension the minimum tension is 65.67 — 
23.97 = 41.70. ‘The unit used here ts 1000 lb. Let it be required to find the maximum 
tension and maximum compression in lower chord member 2-3, Fig. 123, the ends of the 
truss being assuned simply supported. The stress in bar 2-3 is equal to the bending 
moment at the top chord joint above joint 3 divided by the lever arm of the bar, namely 
24 ft. The dead load stress is the same tor bridge open and closed and is (20 x 20 + 20 
40 + 15 X 60)/24 = 87.52 compression. ‘or maximum live compression, load joints 
7, 8, 9, 10, rt, and from the preceding table R, tor a load of unity at these joints is 0.366 
and for the panel load of 30 is 0.366 X 30 = 10.93 downward. ‘The live compression in 
bar 2-3 = 10.98 X 60/24 = 27. 5. For maximum live tension load joints 1, 2, 3, 4, 5, 
in which case Ry = 2.136 X 30 = 64.08 upward, and the live tension in bar 2-3 = 
[64.08 X 60 — 30 (20 + 40)]/24 = 85.20. Hence maximum compression is 87.50 + 
27. 5 = 114.95 and mininun compression = 87.50 — 85.20 = 2.30. 

For Ends Raised sufficiently to make the dead load reactions follow the laws of con- 
tinuous trusses, let it be required to find the maximum compression in the end post of 
truss in Fig. 123. The live load must be placed to secure the greatest upward reaction 


at Ry, that is, placed on joints x 2, 3, 4, 5, giving a live Ry = 2.136 * 30 = 64.08 upward. ’ 


The effective dead load Ry = 20 (2.133 — 0.365) = 35.40 upward, altho the total dead 
Ry is 15.00 more than 35.40. The maximum compression in end post is (64.03 + 35.40) 
28.28/20 = 140.65 thousands or pounds. With the live load on joints 7, 8, 9, 10, rz the 
live R; is 10.93 downward, and as this is iess than the dead R; of 50.40 acting upward, the 
‘ends of the truss cannot rise, and hence the end post has only compression when the bridge 
isclosed. With bridge open the dead load tension in the post is 15.00 X 28.28/20 = 21.21. 

_ Plate Girders are often used instead of trusses for swing bridges, the 
longest being on the Louisville and Nashville R.R., near Mobile, Ala., which 
has a span of 196 ft between centers of end bearings. For short spans plate 
girders are better than trusses. Turntables for turning locomotives are 
swing bridges with center bearings, and are generally arranged so that the 
ends just clear the supports when no live loads are on the bridge. Trailing 
wheels, which are usually placed at the ends, serve to prevent the turntable 
from rocking on the center support. 

True Reactions on Swing Bridges. Reactions found by the preceding 
formulas, and hence the stresses dependent thereon, are approximate, be- 
cause the effect of the web members is omitted, and because in many cases 
the moment of inertia of the truss is not constant. Reactions may be found 
more accurately by deflections after the sizes of the truss members are deter- 


mined from the approximate stresses, then the stresses and the sizes may be - 


revised and a new set of reactions and stresses found, the process being 
repeated till sufficient accuracy is reached. Assuming the gross cross-sec- 
tiomal areas of the members known in Fig. 123, the true reactions due to a 
load of unity on any joint such as 2 may be found as follows. If the center 


support is considered as removed, the downward deflection at the center due 


to the ‘load of unity at 2 is expressed by the formula 
D = Z2PuL/AE 
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where the Z sign denotes the summation of the quantities PuL/AE for all 
members of the truss. P is the stress in each of the members due to the load 
of unity at 2 and w is the stress in each of the members due to a load of unity 
. acting downward at the center. Tension should be given the plus and com- 
pression the minus sign. With the truss supported at the ends and with the 
center support still considered removed, if a single load of unity be applied 
at the center and acting upward the deflection at the center is 


d= 2WL/AE 


where # has the same numerical value as above, but since the load here acts 
up instead of down as above, the sign of u is different in the two cases; how- 
ever, since “ is squared in the second formula its sign in that formula is of no 
consequence. The 2 sign here denotes the summation of the quantities 
«’°L/AE for all members of the truss. Then the center reaction due to a load 
of unity acting at 2 is . 


2 
ioe ~ 2/2 


If all bars are of the same > E may be omitted from this equation. 
In the above manner R,, Fig.123, may be computed for a load of unity at 
joints 1, 2, 3, 4, 5 successively and then R, and R, found and a table of re- 
actions, due to a load of unity, prepared similar to the preceding table of this 
article. 


34. Partially Continuous Swing Bridges 
For notation see Art. 33 


Partially Continuous Swing Bridges. By the omission of the diagonals 
in the central panel, Fig. 124, no shear can be transmitted across that panel 
when the upper and lower chords are 
horizontal, and the truss is no longer 
a true continuous truss. The theo- 
rem of three-moments does not 
apply, but the reactions may be 
found by other means if the moment 
of inertia of the truss be assumed 
constant. For a load in the left 
span Ri, R, and R, are upward and R, is downward. With horizontal 
chords in the center panel the moment at R, is equal to that at R, The 
formulas given for this case do not apply if bifher of the chords in the center 
panel is inclined. 


W(k —B3) Wk'—F) 
DS ay Girth) ria ser Ban Whe sree 
W(k — k’) 
aes Te Rowe 
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Twin or Double-swing Bridges, The reactions on a double-swing bridge, 
Yig. 125, locked at the center C and haying the two portions alike, are: 


Fig. 125 
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With load of W on left span distant ki from R, 
i 

R= we=m- TE—*) R,=W-R, 

R,=- R,= —R,=Ro=W(r -k)-R, ; 
With load of W on the portion between R, and C and distant kJ from C 
W(x —k) Wk —k) 

2 8+ 12” 

R.=Wk-R, R,= R= -R,= Wr -k) +R, 


te R,=-R 


35. Center Supports for Swing Bridges 


Methods of Support. The weight of the bridge which is carried to the 
center pier should be distributed by girders to the TURNTABLE OF THE RIM- 
BEARING or to the PIVOT OF THE CENTER-BEARING Structure, whence it should 
be distributed. uniformly over the masonry pier. In many heavy bridges, 
combinations of center- and rim-bearings are used, so that the greater part 
of the weight is carried on the turntable and the lesser part on the -center 
pivot. With this arrangement the pivot is held in place and the drum is 
less likely to become distorted. Fig. 126 shows one arrangement for carry- 
ing the loads to eight points on the circular drum of the rim-bearing support, 


Fig. 126 Fig. 127 


and Fig. 127 shows a COMBINED CENTER- AND RIM-BEARING SUPPORT in 
which a portion of the weight is carried to sixteen points on the drum and the 
remaining portion to the center casting., In Fig.126 the two trusses are 
supported at points A on four girders which carry the loads to the drum at 
eight points B. The girders BB may either rest on top of or be framed 
into the inside of the drum at points B; and at A rockers should be placed 
between the bottom of truss and top of girder. The RADIAL stRuTS R are . 
used to brace the drum and are connected to the upper movable part of the 
center casting about which the turntable revolves. Where the distance 
between trusses is too great, to allow the trusses to rest directly on girders BB, 
two transverse girders supported at points A may be used, and the trusses be 
connected to their outer ends as is shown in Fig. 127, where the two trusses © 


\ 


\ 
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rest at E on the ends of transverse plate or box girders which are supported 
at points C on short girders which are connected to the radial girders R. 
The distributing girders FG are riveted between the transverse girders and are 
supported at points C. The radial girders distribute the loads on sixteen 
points D of the drum and also carry a portion of the weight to the center 
casting. For proper distribution of the weight on the wheels the drum should 
be loaded in at least eight points. 

The Turntable for a rim-bearing swing bridge includes the drum, the 
radial struts or girders, the center casting to which these struts are connected, 
and the wheels and track upon which the drum revolves. The DRUM is usu- 
ally a single curved plate girder, tho double drums consisting of two con- 
centric girders have been used, and the strength and depth of the girder- 
should be sufficient to distribute the loads uniformly over the wheels. Many 
drums are too light to do this and unequal wearing of the wheels and track 
results, thus offering greater resistance to turning. To be stiff enough to 
distribute the loading, drums should have a depth equal to from 440 to % 
the distance between the loading points. Fig. 128 shows details of drum, 
radial strut, wheels, track and center casting for a rim-bearing turntable. 
The drum has a cast-steel tread riveted to its bottom flange, the tread being 


Fig. 128. Rim Bearing Turntable 


cast in short lengths, riveted to the drum, and while the drum is temporarily 
erected at the shop the tread should be machined. The upper tread may 
be level or beveled, but it is simpler to machine the tread if it is level. Wheels 
should be made of cast steel and must be conical in form and must be held 
between two circular channel rings, the axles for the wheels passing thru the 
channels and provided with nuts, washers and oil holes. Between the wheels 
the inner and outer channel rings are connected by tie plates. A Common 
but poor form of arranging the wheels is to have each wheel connected to_ 
the movable part of the center casting by an adjustable rod which passes 
thru the wheel, thus serving as an axle and at the same time as a spacing bar 
to hold the wheel at the proper distance from the center of revolution: The 
inner channel ring should be connected to the movable part of the center- 
casting by rigid struts, not byrods. Where the center pivot carries no weight 
both its upper and lower parts may be made of cast iron, but when a portion 
of the load is taken on this pivot it should consist of an upper movable and a 
lower fixt part, both of which may be cast iron (tho better of cast steel), 
but between these two should be placed two cast steel disks or lenses sepa-_ 
rated by a disk of phosphor-bronze. Oil wells should be provided for the 
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center casting. The fixt portion of the center pivot is sometimes imbedded 
in conerete to hold it more firmly. The lower track and rack should be of 
cast steel in segments about.5 ft long, and must be anchored to the masonry. 


Center Béarings, also sometimes called center-bearing turntables, should 
carry the entire weight of the draw while swinging, and when the draw is 
closed wedges or other bearings should be inserted under the main trusses 
or girders so that the live load will not be borne by the center castings. The 
weight of the swinging bridge is usually carried to the pivot by means of two 
transverse girders, which are so placed as to either allow the: pivot to go 
between them or else they rest on top of the pivot. In‘some cases additional 
longitudinal girders are necessary to get the load to the ‘center. The Pivor 
tonsists of an upper movable casting, preferably of cast steel, upon or sus- 
yended from which the weight is carried, and a lower fixt casting attached 
to the pier. Between these two castings are placed conical rollers (as in the 
Sellers center), steel balls or disks. ‘The pivot should beso arranged that the 
disks or rollers can be inspected or replaced without interfering with traffic. 
Conical rollers are apt to wear unevenly, and even when set in guide rings 
they are apt to bind in the bearings. Ball bearings. have been used very 
little. The best form of center bearing is that which has a phosphor-bronze 
disk between two hardened steel disks of oil-tempered tool steel. TRAILING 
WHEELS should be of cast steel and should: have a circular steel track, an 

_ ordinary rail being used for light bridges.’ All trailing wheels and pivots 
should be adjustable so that the revolving portion of the drawbridge may be 
slightly raised or lowered. Fig. 129 shows one type of center bearing suitable 
for a plate girder drawbridge of the swing type. Center bearings may be 

Girders Fi 


Fig. 129. Center Bearing Turntable . 


used for long-span single-track railroad bridges, but for wide highway-or 
double-track structures they are not as suitable on account of the heavy 
girders necessary to transfer the weight from trusses to center pivot. 
Allowable Unit Stresses used in good practice are as follows: ROLLERS, in pounds 
per linear inch; at rest, cast iron goo d, cast steel 800 d; in motion, cast iron 200 d, cast stéel 


400d, where d is diameter of roller in inches. Brartnc; of hardened tool steel on phos- _ - 


phor-bronze disks in center-bearing turntables, 3500 |b per sq in; of cast-iron wedges on 
cast iron or structural steel, 500 lb per sq in; of axle steel on phosphor-bronze trunnion 
bearings for bascule bridges, 2000 lb per sq in. 


36. Machinery for Swing Bridges 


Notation. W = total uplift of swing bridge at both ends in pounds, HP = total 
horse-power required for raising ends of swing bridge, h = total lift in feet, ¢ = time for 
lifting in seconds, R = radius of center line of track in feet, 4; = time for opening in 

. seconds, W,= weight on rollers under drum of rim-bearing or total revolving weight ‘on 
pivot of center-bearing bridge in pounds, r = radius of pivot in feet, 6 = width and 
- | = length of bridge in feet, 
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Machinery for Operating a Swing Bridge includes that necessary for 
turning the bridge and for lifting and lowering the ends of the truss or girders. 
All swing bridges should be so arranged that they can be operated by hand 
power, and.all but the smallest that are opened infrequently should be pro- 
vided with motive power. The motor may be a steam engine, an electric 
motor ora, gasoline engine. Where electric current is available the electric 
motor is the simplest and most economical, for it takes up little room, is 
easily installed and the cost of maintenance is low. For the larger bridges - 
where electric current is not available the steam engine gives the most satis- 
factory power, especially if the bridge is to be opened frequently, but with 
light spans and infrequent openings the gasoline engine is best. 

Turning Machinery. Whatever form of power is used for turning the 
bridge it is usually applied:thru a vertical shaft which is attached to the drum 
of a rim-bearing turntable and to some girder or floor beam of the center- 
bearing type. On the lower end of the shaft is a pinion engaging in the cir- 
cular rack which is attached to the pivot pier or to the lower track on which 
the turntable revolves. ‘The rotation of the shaft causes the bridge to revolve. 
Electric motors are usually set on top of the drum or on a platform projecting 
from the side of the drum, and they are usually of the railway type, series 
wound and waterproof. The armature speed varies in different bridges 
from about 450 to 650 rev per min and generally should not exceed 600 rev 
per min, The controllers for the motors should be placed in the operator’s 
house, together with the switch-board and necessary switches, meters, cir- 
cuit-breakers and fuses. Friction brakes are used for most movable bridges, 
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Tig. 130. Turning Mechanism, Charlestown Bridge, Boston, Mass. 
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altho where the motor is close to the rack of swing bridges they are not abso-« 
lutely necessary but.even here are desirable. .When two motors are used, as 
in most heavy bridges, they are placed on opposite sides of the drum. <Fig. 130 
shows the turning mechanism for the swing span of the Charlestown bridge 
in Boston, Mass., which has two trains of gears driven by electric motors, 
one of which is shown. The motor A is attached to a steel supporting: frame 
and drives the reduction gearing which transmits the power thru the pinion 
shaft to pinion B engaging the circular rack bolted to) the base, casting or 
track C. A brake D is attached to each pinion shaft and.is operated. by 
comprest air. 

End-Lifting Mechanisms. | Swing bridges require some form of end-lifting 
device which will lift the ends of the trusses or’ girders when the bridge. is 
closed and which lowers them when the bridge is to be opened., Lifting 
may be done in small bridges by allowing the ends to run up on wheels which 
are mounted on the fixt piers, but for ordinary cases some better arrange 
ment; such as TOGGLE JOINTS or HYDRAULIC JACKS, is necessary. for raising 
the ends sufficiently to allow WEDGEs or other similar supports to be inserted. 
No end bearings should be used where the ‘support of the truss while) the 
bridge is closed is dependent.upon the machinery, for the lifting mechanism 
is merely to lift and lower the ends and not to support them. Wedges having 
a bevel of 1 to 5 or 6.are frequently used for bearings, and when in place they 
should be locked so that they will not work out, . End locks or latches must 
be provided both for centering the draw span when closed and for: holding 
the ends down in case the maximum live downward reaction exceeds the dead 
load upward reaction. Where electric motors are used for operating the end- 
lifting mechanisms one motor may be placed at each end of the bridge, thus 
doing away with long lines of shafting from the center to the ends of the draw. 

The end lifting and supporting mechanism for the highway swing bridge at New 
Bedford, Mass., is shown in Fig. 131. This drawbridge, has two trusses, carrying a road. 
way and owo sidewalks, the length of the trusses being 282 ft 8 in center to center of end 
bearings. The trusses are made discontinuous when closed by raising the end sufli- 
ciently to render the top cliord bars adjacent to the center tower incapable of catryig stress, 
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Fig. 131, End Support of Bridge at New Bedford, Mass. 


Fach end of each truss is raised with a hydraulic jack, placed close to fhe truss and 
attached to the under side of the lower flange of the end floor beam F. ‘To raise the 
truss the plunger P, which has a maximum stroke of 6 in, is forced down till it bears against 
the base plate B, and then as the pressure is continued the end of the bridge is raised 
5¥m in, thus bringing the lower surface of the wedge W % in above’ the top of Bi "The 
-wedge is then pushed into place over the base plate, the pressute in the jacks:decreased 
and the trusses lowered 1% in till the wedge bears on the base plate. The wedges thus 
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serve as supports for the trusses when the bridge is closed, The longitudinal motion of 
the wedge is approximately 2 ft 6 in and is accomplished by a piston rod R operated from 
a cylinder subjected to a pressure of “ zero oil ” at from 12 500 to 25 000 Ib per sq in, which 
is the satfie as in the jacks. Wedges as ordinarily used are beveled, but in this bridge the 
upper and lower surfaces are both horizontal. The uplift at each jack including the 
weight of snow at ro Ib per sq ft of roadway and sidewalks is 200 000 |b, 

Rail-lifts for railroad bridges are generally provided to raise the ends of 
the rails on the swing span so that as the bridge revolves they will*be above 
the rails on the adjoining fixt spans. This is usually done by means of ~ 
shafting connected with the end-lifting device, and there should be automatic 
home and distant SIGNALS on each side of the bridge interlocked with the 
end-lifting mechanism and rail lifts so that the signals can be’ set at safety 
only when the ends of the bridge and the rails are in their proper positions. 
Rail-lifts are objectionable because the rails are not properly held during the 
passage of trains, and those forms of RAIL-LOCKS which insure proper aline- 
ment of rails and allow the rails to be securely fastened to the track are 
better. “END LATCHES to bring the bridge into proper alinement when closed 
should be arranged to work automatically but only when the ends of the 
bridge are slowly approaching the supports. 

The Power Required for operating a swing bridge is that for lifting the 
ends and for turning the bridge. These two operations are not performed 
at the same time, so that the maximum power necessary is the greater of the 
two, not their sum. To LIrr THE ENDS the resistance varies from zero at 
the beginning to a maximum at the end of the operation, and the total horse- 
power required, excluding the frictional resistances of shafting and all other ” 
movable parts of the end-lifting mechanism, is HP = Wh/ssot. In’ this 
formula W must be taken as the total end uplift; for example, if the uplift 
at each end of a truss is 30 ooo Ib and there are two trusses, W weuld be 120 000 
lb. ‘The frictional resistances to be overcome in lifting the ends vary greatly 
and are estimated af from 100 to 250 % of the above value of P. If friction 
at 100 % is allowed, then the horse-power required for lifting and overcoming 
frictional resistances in the lifting mechanism is Wh /275 t. 

In Turning the Bridge the resistances to be overcome are those due to friction, unequal 
wind pressure and inertia of the mass. The frictional resistance in a rim-bearing bridge 
is caused by friction between the wheels and the upper and lower tracks, also at the axles 
of the wheels and at the center pivot.. The COEFFICIENT OF THE TOTAL FRICTION 10r rim- 
bearing bridges was found by C. Shaler Smith to be from 0.004 to 0,008 of the load on 
the wheels; by Boller and Schumacher to be 0.0035 for the Thames River bridge in Con- 
necticut, and by Theodore Cooper to be 0.0038 for the Second Avenue bridge in New York. 
In center-bearing structures the friction is principally at the center pivot, and the coefii- 
cient of frictional resistance at the circumference of the pivot was found by C. Shaler 
Smith to be 0.09 of the weight turned; and by C. C. Schneider to be 0.06'7 at the start and 
0.045 to maintain motion at uniform speed for a bridge with a center-bearing of hardened 
steel and phosphor-bronze disks carrying a pressure of 3000 Jb per sq in. The last-named 
engineer also ‘ound the highest coefficient of total friction on new bridges, including that 
of shafts and gearing for hand operation, to be 0.115 for starting and 0.08 for maintaining 
motion. The resistance due to an UNBALANCED WIND PRESSURE of from 4 to 5 Ib per sq ft 
of surface of one arm of the draw is sometimes allowed for in determining the power 
required, and sometimes. this is provided for by using larger coefficients of friction than 
above given. To overcome the inertia of the bridge and to accelerate the motion the 
power required depends on the time allowed for opening the bridge. The motion may be 
accelerated during the first half and retarded during the last half of the movement, as is 
usual; or it may be accelerated during the first third, then maintained ata uniform om, 
for the second third, and retarded for the last third. 

‘The Horse-power required for overcoming all frictional and wind rasta 
ork a ‘rim-bearing bridge while turning is given SDBFOREONEES by WRI feiss ty 
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‘ 
in which’ the coefficient of resistance is assumed to be 0.015. And fora 
center-bearing bridge while turning with an assumed coefficient of resist- 
ance of 9.15 the horse-power i is W,r/1167t,. The hele Pawes reguired for 
overcoming inertia is Approxitetely Wie + P)It0 767 4,8, In the three for- 
mulas just given it is assumed that the motion is accelerated during the first 
half and retarded during the last half cf ihe time of swinging; and in the first 
two formulas the force is applied at the center of the track and in the last 
it is applied at the center of gyration. 
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Historical. Bridges which have cantilever, that is, projecting, arms are 
called cantilever bridges and the principle involved in their construction is_ 
very olds The rirst EUROPEAN CANTILEVER structure of note was a high- 
way bridge of r24 ft span designed and built by Gerber in 1867 over the river 
Main at Hassfurt, and the first cantilever railroad bridge was a span of 148 ft 
completed in 1876 over the Warthe at Posen. IN AMERICA THE FIRST IRON- 
CANTILEVER bridge was the Kentucky River bridge of the Cincinnati Southern 
R.R., built in 1876-7 by C. Shaler Smith of the Baltimore Bridge Co. The 


Longest American Cantilever Bridges 


Rail- Hieh- Deck | Date 
Span Crossing Location road 18 or 
} ; tracks} “®Y | thru | Com- 
pletion 
ft- in 

1800 o |St. Lawrence River.|Quebec, Ont............ 2 | overs sf TBE | 29%7 
1182 0 |Kast River........ *Blackwell’s Id., N.Y ...)...... = se 1909 
812 o |Monongahela River|Pittsburgh, Pa.......... BY Onis ig 1904 
790 5 |.Mississippi River .|Memphis, Tenn......... I = He 1892 
790 5 | Mississippi River. . Memphis, Tenn......... 2 s fs IgIs 
775 © |Qhio River. ...... tSciotoville,O.......... Pigott: ul mox8h 
769 © |Ohio River. Wer BOR MER EA imlcye orcfe ein ciin Col Wretecce.n Ss 19— 
750 © |Ohio River Sewickley, ba vite ee ee * oe I9Io 
joo o /Ohio River Mingo Junction, Ohio .. aa ire er: #¢ 1904 
671 © |Mississippi River . |Thebes, Ill............. 3 IS en ee 1905 
660 o |Colorado River....|Red Rock, Cal,...... SE pune acs aes On 1890 
650-0 }Ohio River....... Marietta, O. ......!.. Mh | Py Bee cn bs es 1903 
555 9 |Ottawa River..... Ottawa, Ont. .fejeu. Esk I is as 1900 
525 © |Long Lake..,.... Hamilton! Co.) NJ Wee eh Wd nae % ay 1901 
523 © |Hudson River..... |Poughkeepsie, N. Y...... Fla | ee Deck | 1888 
520 3 [Allegheny River... |{Bessemer, L. Erie R-R.. an (es ro Sf 1918 
520 o |Kentucky River... |Tyrone, Ky’ .......... ek Sac ur 1889 
520 © (Ohio River....... Cincinnati and-Newport.. |...... m Thru | 1891 
483 © |Ohio River....... Louisville, Ky.........- I = gis 1886 
480 o |Mississippi River.. |Burlington, Ia..........]...... < ty 1917 
480 o |Kanawha River... |Point Pleasant, W. Va...| xr |......1 ip 1888 
477 «© \St. John River. ...|St. John, N. B.......... x 1885 
470 © |Niagara River. ...|Niagara Falls, N. Y.... - ws 1883 
450. © |Allegheny River. . . |Highland Park, ele do oils x Thru | 1900 

442 © |Mississippi River. . Muscatine, Ta ve 1889) 
420 © |Mississippi River. .|Clinton, Iowa ... on 1892 
420 o |St Lawrence River. |Cornwall, Ont 1899 
| 413. © |Allegheny River... |Bet.Reno and Oil City, Pa.|...... 2 < 1902 


* *Known as Queensboro bridge. + Continuous bridge. 
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Michigan Central R.R. bridge over Niagara River was the second important 
American cantilever and was completed in 1883. The bridge of this type 
having the LONGEST SPAN in the world (1918) i is the new Quebec bridge, which 
has a span of 1800 ft center to center of river piers. The Quebec bridge which 
collapsed Aug. 29, 1907, during construction also was being built with a span 
of 1860 ft. Until the successful construction of the present Quebec bridge, 
the largest bridge of the cantilever type and the one having the longést span 


was the Forth bridge in Scotland, which, has among others two spans each ~ 


of 1700 ft center to center of bearings. 


- The Modern Cantilever Truss is the outgrowth of the continuous truss 
the change being brought about by the use of hinges which fix the pomts of 
contraflexure in the cantilever truss, thus removing some of the uncertainties 
in the calculations. The ordinary cantilever bridge, Fig. 132, of thtee spans on 
four supports consists of two ANCHOR ARMS, one at each shore, two CANTILEVER 
ARMS, and one SUSPENDED SPAN and the suspended span is supported at the outer 
ends of the cantilever arms, whereas for bridges of great lengths, one or more in- 
termediate spans, Fig. 134, are used in combination with some of the parts just 
mentioned: An INTERMEDIATE SPAN is one*which extends unbroken between 
two piers and beyond which it projects to form a cantilever arm in each of the ad- 
joining spans. A HINGE is a junction between a cantilever arm and a suspended 
span where the bending moment is zero after the bridge is complete, and for 
trusses is usually made by connecting the two portions by a pin at one chord 
and either omitting the opposite chord bar of the truss or arranging it so that 
it cannot carry stress after the bridge is self-supporting. Hinges can transmit 
shear but no moment after the bridge is complete, but during erection they 
are arranged to carry both. In PLATE GIRDER CANTILEVER bridges links 
connecting the suspended span to the cantilever arm have been used as hinges. 
Cantilever bridges have the advantage over simple trusses that the span con- 
taining the cantilever arm and suspended span can be erected, without false- 
works by being built out from the adjacent spans piece by piece, and the 
advantage over continuous trusses that the stresses are more accurately deter- 
mined and are not altered by any reasonable settlement of the foundations. 


Typical Trusses of five large American cantilever structures are shown in Figs. 132-136. 
Fig. 132 shows one half side elevation of thé QuEsBec bridge which collapsed on account 
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Fig 132. Quebec Bridge, 1907 


of the failure of the lower chord in the ahende arm, while being built in 1907 over the St. 
Lawrence River about 6 miles above Quebec. It consisted of two trusses 67 ft between 
centers, each having two anchor arms BC, two cantilever arms CD and one suspended 
span huhg from the cantilever arms at D. At each end was a short approach span AB, 
The structure was designed to carry two railroad tracks, two electric railway tracks, two 
highways and two sidewalks, Clearance above highest tide 150 {t; maximum depth of 


water about 180 ft, Main trusses were pin-connected with pins as large as 12 in in 
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diameter and eye-bars as wide as 18 in. Depth of truss: suspended span, at center r30 ft, 
at hinge D about 97 ft; anchor arm, at end B about 97 ft, at pier C 3rs ft. Panel 
lengths: anchor arm, ro at so ft; cantilever arm, 10 at 56 ft 3 in; suspended spau, 12 
at 56 ft. 3 in. : 

The New Quebec Bridge, Fig. 133, is built at the same site and has the same channel 
span, 1800 ft center to center of river piers, as the bridge which collapsed. The length 
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Flg. 133, Quebec Bridge, 1917 
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of the main structure is 2830 ft and the total length, face to face of abutments is 3239 ft. 
The depth of truss at the river pier is 310 ft; at the ends of the anchor and cantilever 
arms, 70 ft; at the center of the suspended span, 110 ft. The main structure consists of 
two trusses of the K type, 88 ft between centers. It carries two railroad tracks and two 
3-ft walks, one on the side of each track. It is designed for a live load consisting of two 
E-60 engines and 5000 lb per lin ft on each track. Main trusses are pin connected 
with the pins varying from 8 in to 30 in in diameter and maximum width of eye-bars 
16in. There are thirty-two 16 in by 23/16 in eye-bars, with a net cross-sectional area 
of x120 sq in, in the top chord panel adjoining the vertical post over the river pier. 

The Thebes Cantilever Bridge, Fig. 134, crosses the Mississippi River at Thebes, 
Ill, and consists of a steel structure of five spans with several approach spans of concrete 
arches at each shore, One-half the steel structure is shown in Fig. 134.. The suspended 
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Fig. 134. Thebes Bridge 


span AB is supported on pier A and on the cantilever arm BC. Span CD is an inter- 
mediate span and DE is another cantilever arm which supports the central suspended 
span. Clearance above high water 65 ft, above low water 103 ft. There are two lines 
of trusses 32 ft on centers carrying two railroad tracks. Each of the three suspended 
spans is 366 ft long, each of the four cantilever arms 152 ft 6 in long and each of the two 
intermediate spans is 521 ft 2 in center to center of bearings. Depth of truss: suspended 
span, at center-55 ft; cantilever arms at B and E soft; intermediate spans, 27 ft thruout. 


The New Memphis Bridge is located about 200 ft upstream from the structure built 
in 1892. It has the same length of channel span as the older bridge, 790 ft 5 in. In © 
‘Arrangement of spans, outline and type of truss it is very similar to the portion of the 
Thebes bridge shown in Fig. 134. “But whereas the latter is symmetrical about the cen- 
ter of the channel span, the Memphis bridge terminates with a 186 ft anchor arm on the 
right of the channel span. ‘The span lengths are, beginning at the left, Fig. 134; sus- 
pended span, 417 ft 984 in; cantilever arm, 186 ft 334 in; fixed span, 62r ft; cantilever 
arm, 186 ft 334 in; suspended span, 417 ft 934 in; cantilever arm, 186 ft 34 in; anchor 
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arm, 186 ft 334 in. Total Jength of main structure, not including a 345 ft simple approach 
deck span, is 2201 ft 1014 in. It consists of two lines of trusses, 32 ft between centers, 
carrying two railroad tracks and two 14-ft cantilever highways. Superstructure is 76 
ft in the clear above high water level. Depths of truss are: at center of suspended spans, 
67 ft; at ends of cantilever arms, 55 ft; thruout fixt span, 88 ft. It was designed for 
Cooper’s E-50 loading on each of the railroad tracks, and a 17}4-ton road roller and roo 
Ib per sq ft on the highways. Maximum diameter of pin is 20 in and width of eye-bars 
is 16 in. 


The Wabash R.R. Bridge over Monongahela River at Pittsburgh, Pa., is a canti- 
lever bridge 1504 ft long exclusive of the steel viaduct approach on each shore. Fig. 135 
shows one-half of the main structure which consists of two trusses 32 ft on centers carrying 
two railroad tracks spaced 13 ft on centers. The anchorarcm AB is 346 ft long, the canti- 
lever arm BC 226 ft, and the suspended span, which is supported at C, is 360 ft in length. 
Depth of truss: at portals, 60 ft; suspended span, 60 ft thruout; at main piers, 126 ft 6 in. 
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Fig. 135. Wabash RR. Bridge, Pittsburgh, Pa. 


The tracks are on a 1% grade, so that the clearance under the central span near one pier 
is 70 ft, and near the other is 77.86 {t above “ full pool ”’ level, which is below extreme high 
water. Panel lengths vary from 30 to 4o ft. Eye-bars are from 12 to 14 in wide, the 
latter having heads 33 in in diameter. Pins 12 and 14 in in diameter. 


Queensboro or Blackwell’s Island Bridge spans the East River and Blackwell’s 
Island at New York and is a cantilever bridge on’six masonry piers, two on each shore 
and two on theisland. Fig. 136 shows the outline of that part of truss from the center of 
the island span at A to the end E in Borough of Queens. The total length of the canti- 
lever portion of the bridge is 3724 ft 6 in, divided into an intermediate span of 630 ft on 
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Fig. 136. Queensboro Bridge 


the island, two cantilever arms each of 492 ft on the east, two cantilever arms each of 59r 
ft on the west, one east anchor arm of 459 ft and one west anchor arm of 469 ft 6 in. 
Longest span 1182 ft. Depth of truss oyer each of the four intermediate piers such as B 
and D, 185 ft. There are two trusses 60 ft on centers, made partially continuous by 
having the two cantilever arms joined together by rockers at C, thus making the STE 
statically indeterminate. 
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Live Loads on Large Bridges. Firts or Fort: 2240 lb per lin ft for each of two 
tracks. MEMPHIS: 4000 ib per lin ft per track; single track. New Mrmpuis: Cooper’s 
E-5o0 loading per track, 17}4-ton road roller and roo lb per sq ft on highways. WaBAsH 
R-R. over Monongahela River at. Pittsburgh: two, censolidation locomotives followed 
by 4500 Ib per lin ft for each of two tracks. Tursrs: for floor system, one concentrated 
load of 50000 Ib followed by 5000 lb per lin ft for each of two tracks; for trusses 20% 
less. First QuEBEc: trusses in general, (a) on each steam railway track 3000 |b per lin 
ft for unlimited length, or (b) on each steam railway track two Cooper’s Class E-33 
locomutives followed by a train of 3300 lb per lin {t, total length of train goo ft, or (c) 
on each steam railway track one Cooper’s Class E40 locomotive followed by a train 
of 4000 lb per lin ft, total length of train 550 ft; no loading on electric railway tracks, 
roadways or Bidewalks: hangers, sub-diagonals and floor system, (a) on each steam rail- 
way track two Cooper’s Class E-40 locomotives followed by a train of 4000 lb per lin ft, 
and (b) on each electric railway track 50 000 lb on two axles ro ft apart with 20 ft to lead- 
ing axle of car following, and (c) on each roadway 24 000 lb on two axles ro ft apart, 
New QueBec: two Cooper’s E-6o engines and 5000 lb per lin ft on each track. QuEENS- 
BORO: main.trusses, original specifications for “‘ congested” load of 12 600 lb per lin ft 
of bridge as follows, two elevated railway tracks at 1700 lb per lin ft each, four trolley 
tracks at rooo lb per lin ft each, 35.5-ft roadway at 100 lb per sq ft or 3550 lb per lin ft 
of bridge, two 12-ft sidewalks at 75 lb per sq ft.or 1650 lb per lin ft of bridge, and a 
* regular ” live load of 6300 lb per lin ft; two elevated railway tracks added later increased 
original truss live loading from 12 600 to 16 000 and from 6300 to 8000 Ib per lin ft of 
bridge for “‘congested ” and “regular” loadings respectively; floor systems and secondary 
trusses, on each elevated railway track, cars of four axles spaced 6-10-6 ft with 26 000 
Ib per axle, on each street car track cars of two axles spaced ro {t with axle load of 26 000 
Ib or 1800 Ib per lin ft of track, onany part of roadway 48 ooo lb on two axles ro ft apart 
and 5 ft gage covering a space-r2 {t by 30 ft and on the remaining roadway surface roo 
Vb per sq ft, on the sidewalks roo lb per sq ft. When nearly completed the Queensboro 
bridge was found to be too weak to carry the above loads, so that it is not being used as 
originally planned. 


Unit Stresses in Pounds per Square Inch specified for some large cantilever bridges. 
Tirte or Forts: maximum compression 17000; maximum tension 16 350; ultimate - 
tensile strength of steel 67 000 to 74 000 and ultimate compressive strength of 76 000 to 
83 000. MONONGAHELA River at Pittsburgh: dead load compression 21 000 where //r<40; 
dead load tension 22 000; live load stresses 14 these values; ultimate tensile strength for 
eye-bar steel 63 000 to 73 000 and for plates andangles 60000 to 70 000; shearing on.rivets 
10 000 for rivet steel of ultimate tensile strength of 52000 to 63.000. QUEENSBORO: 
compression for structural steel under ordinary loads 20 00o—go //r, and for congested 
loads 24 000—r100 //r; tension for nickel steel eye-bars under ordinary loads 30 000 and 
under congested loads 39,000; tension for, structural.steel in main members of trusses, 
towers and bracing 20 000 for ordinary and 24 000 for congested loads respectively; shear 
on shop rivets 13,000 and 16 000 for ordinary and congested loads; full sized annealed 
nickel steel eye-bars up to a maximum size of 16 in X 2.5 in were required to show a 
minimum elastic limit of 48 000, a minimum ultimate tensile strength of 85 coo and an 
elongation of 9% in 18 ft; opénitHearth structural steel eye-bars, minimum elastic limit 
28 coo and minimum ultimate strength of 56 000 and elongation of 10% in body of bar. 
First Quesec: compression, ordinary, 12 000 (t-+-min/max), extreme 24 000, both fur l/r 
<50; tension, ordinary 12000 (1-++min/max), extreme 24009; structural steel with 
ultimate tensile strength of 62 000 to 70 000, 


Compression Members of large cantilever bridges in America are latticed 
box sections as shown in Figs. 137,138 and 139. ‘The Forth bridge members 
are hollow cylinders some of which are 12 ft in diameter and made of plates, 
r¥\ in in thickness, riveted together and stiffened by inside stiffening frames. 
Fig. 137 shows a section of a lower chord member of the ill-fated Quebec 
bridge, Fig. 138 of the Queensboro, and Fig. 139 of the Monongahela River 
bridge. These are typical sections for the three bridges respectively. The 
segments of the Quebec chord were connected by latticing only, and except 
at splices there were no’ diaphragms, while the segments of the Queensboro 
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and the Monongahela chords are braced by both latticing and diaphragms. 
The latticing and diaphragms are not completely shown here. The largest | 


Fig. 137 Fig. 138 Fig. 139 


cross-sectional. area of any compression chord in the Queensboro bridge is 
1072,1 sq in. 


Typical Compression Chords of Large Cantilever Bridges 


Area ‘ot" 'Sectignat Sectional | Length | Radius 
Bridge cross- |’ Area of | Ateaof is of Ir 
gartion (Laetice® -Lattice Chord | Gyration 
Rivetst 1 rt ' 
sq in sq in sq in ft in in 
Quebec (first). :......... 781 10 4.8 5709/59 19.7 35 
Memphis (old).......... 213 10 4.8 28 234 14.8 23 
Queensboro»... 4+.-2++- 852 25 4.8 31 6% 22 17, 
MEME DOS Ai nusat aeime wie 3 189 114 4.8 30 65/32} 20.1 18 
Monongahela..........- 262 144 7.2 30 61/39 25.4 14 


* Total area (measured at right angles to axis of lattice bar) of lattice bars cut by ‘cross- 
section of chord. + Area of rivets connecting all lattice bars cut by a cross-section 
chord to outside web, one end only. { Axis normal to latticing; not necessarily the denat 
radius of gyration. 


The Lower Chord, L1r3-L14 of the new Quebec bridge, Fig. 140, naueee 
to the main pier, has a cross-sectional area of 1902 sq in, being about 42 ft 
ir in long and 10 ft 314 im. wide. The depth of the lower chord diminishes 
in accordance with a regular taper of 1/3) in in 12 in, from about 7 ft 2 in at 
the main shoe to 4 ft 134 in at the end of the anchor arm. The chord section 
has four vertical ribs each consisting (L13-L14) of 4 web plates with an 
aggregate thickness of 334 in; 4 flange ele 8; 8 in X8 in x1 in; 2 cover plates, 
20 in 11% in; 2 cover plates, 20 in X13/j, in. Each outer pair of ribs is con- 
nected at top and bottom flanges by 844 in Xr in lattice bars, and at mid- 
height. by a horizontal diaphragm consisting of 1 web plate, 33 in X11/1¢ in, 
and 4 flange L’s, 8 inX8 in X5¢ in. The areas of these longitudinal dia- 
phragms are included in the cross-section. of the member. The webs are also 
strengthened transversely by cross (vertical) diaphragms about 15 ft apart, 
having 10 in X16 in manholes. The 81% in Xz in lattice bars have 2 rows of 
3 rivets each in each end and 4 rivets at the intersection. The inner pairs 
of ribs are tied together by vertical and mid horizontal diaphragms and by 
tie plates in the planes of the flanges. The weight of L13—L14 is about 400 
short tons. In order to facilitate shipment and erection this member was 
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spliced at the center and each of the'two sections divided longitudinally. ‘The 
Mar Verticat Post is 310 ft between centers of end pins. Its unsupported 
length is r45 ft. It is:com- ) : 


aan ee aes 11, 7 aia ae a 
posed of four separate col- te Stay es Ei em 7 i 


umns latticed’ together, its: =- 
outside dimensions being 
about g ft by ro ft. Its 
cross-sectional area is 1903 
sq in; its weight '1500: short 
tons anditwasshippedin26 . 
pieces. <i 
The New Memphis _ | 
Bridge compression chords 
also have four webs 42 in 
deep reinforced with “side 
plates, and 8 flange L’s $ in 
8 in. The maximum cross- 
sectional area is 445 sq in. 
The Length of the Can- Fig. 140 
tilever Arm for a given lo- J 
cation maybe varied considerably, but the location of the abutments and 


. piers is generally limited by local conditions. In’ such a bridge’ as’ the Mo- 


nongahela, Fig. 135, the centtal span’ between’ piers is determined by the 
width of the waterway, and the abutments are frequently located by other 
similar requirements. If the abutments are fixt, the position of the piers 
should be such as to make the total cost of the bridge a minimum, which 
will practically be when the material in the trusses isa minimum. On account 
of the varying live and dead loads, different shapes of, trusses and different 
unit stresses, the relation between the length of anchor arm and the entire 
length of bridge between abutments can be exprest only approximately. 
With the general arrangement shown in Fig. 135, the anchor arm is usually 
about 0.20 L, the cantilever arm about 0.17 L and the suspended span about 
0.26 L, where Lis the total length between abutments. These values are 
average values only, and many cantilever structures have been built in which 
the ratios of lengths do not agree with the fractions given. 


Anchorages. Most cantilevers with a central suspended span require anchoring at 
each shore end of the bridge to produce a downward reaction on the anchor-arm truss. 
These anchorages usually consist of a series of eye-bars attached to the end pin of the 
truss and extending down into the masonry where they are connected to girders.. The 
anchorage for each end of each anchor-arm truss of the first Quebec bridge consisted of 
sixteen ro in by 21/1, in eye-bars connected by pins to a series of eight plate girders each 
6 ft deep and 17 ft 6 inlong. Above these girders was another layer of girders 8 ft 6 in 
deep and 36 ft long and above this a layer consisting of twelve 15-in I beams 22 ft long. 
The eye-bars and the grillage of beams and girders were embedded in the masonry and 
grouted. In seyeral of the large cantilevers the anchorages are placed in inspection: 


galleries. 


39.. Reactions for Cantilevers 


‘Reactions may be determined by ordinary methods when the structure is 
statically determinate as regards the outer forces, and by deflections .when 
statically indeterminate. A cantilever bridge having the points of applica- 
tion of all reactions known and having all bearing points but one- arranged 
so ‘that they can exert only vertical reactions on the truss is STATICALLY 
DETERMINATE as regards outer forces when the number of equations given 
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by the manner of construction is equal to »—2 whére m is number of sup- 
ports. Thus the reactions on truss in Fig. 141 may be found by statics 
because the number of equations given by the method of construction, that is, 
by the insertion of a hinge at C and D, is equal to n—2=2. Similarly the 
truss in Fig. 142 is statically determinate because the two hinges, P and T, 
and the omission of diagonals in panel LM and the corresponding panel on 
right of center give the »—2=4 equations required. Each hinge makes 
the bending moment at the section where it is inserted equal to zero. The 
dotted members in Fig. 141 and Fig. 142 receive stress only during erection. 


Fig. 141 


Reactions for Fig. 141, having a central suspended span and four supports. 
For a load on the anchor arm AB, Ri and R2 are upward; for a load on the 
cantilever arm BC, Ri is downward and Rz upward; in either case Rs and Rs 
are each zero and Ri and R: are as follows: 


x<hth Ri =W(h —x)/h R: =Wx/h 


The suspended span is a simple truss supported at C and D, and for a load on 
that span the pressure on cantilever arm BC at C=W(h+h+h—x)/l and 
on cantilever arm DE at D=W (x —h —h)/Is; in this case Ri and Ry are down- 
ward, R2 and Rs; are upward, and their values are as follows: 


for x«>h+e for x<h+h+s 
Wh+h4+hs —x)l2 W (h. +e +13 —x) (h +h) 
R= — ——— RSS See 
Isla Igh 
W(x —h —le) (ly +15)  Weah=h)h 
REN Wis onl gay 2 amen 3 


With a load on the portion DF, Fig. 141, there are reactions at Rs and Ri 
only, and if x be taken as the distance from load to F, their values are the same 
as for R2 and R: respectively when the load is on the portion AC. 


With a UNIFORMLY DISTRIBUTED LIVE LOAD the maximum downward R; (Fig. 141) 
and maximum downward R, occur for live load covering the central span B to E; Tmaxi- 
mum upward R: and Rs, load spans h and /s respectively; maximum Re, load spans h, ls 
and /s3; maximum Rs, load spans /s, 14 and /s. 


Reactions for Fig. 142, having a central suspended span and six supports, 
only three of which are shown. Hinges at P and T make the bending moments 
at those points zero; and the omission of diagonals in panel LM makes the 
shear.in that panel zero; when the top and bottom chords in panel LM are 
horizontal, and therefore M2=Ms3. If one of the chords in panel LM were 
inclined, the shear in that panel would be equal to vertical component of the 
inclined chord, and M2/h2=M3/hs, where Mz and Ms, i2 and hs are the 
bending moments and heights at supports 2 and 3 respectively. For a con- 
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centrated load on the anchor arm GL reactions exist at Ri and Rz only, and 
this arm is a simple truss supported at Ri and Rz With the load on the 


¥ Fig. 142 


cantilever arm MP distant x: from M there are reactions at Ri, Rz: and R3; 
Ri: being downward, Rz and R3 upward, and their values are 


ma <ls R= Rass R3:=W 
h hy 
For a load on the suspended span PT, reactions exist at the six supports, 
the end ones (at the two abutments) being downward and the four central 
-ones (at the piers) being upward. 


40. Stresses in Cantilevers 


Stresses in Truss Members may be computed directly or found with aid_ 
of influence lines. Let it be required to compute maximum tension, Pz-—m, 
in top chord member LM in Fig. 142, for a dead panel load of 10, all on top 
chord, and a live panel load of 20 thousands of pounds. Let the panel length 
be 20 ft; depth of truss at L and M 40 ft, and at H 20 ft. Pass a vertical 
section thru: LM, consider forces on right of the section and write moment 
equation about the origin of moments, namely Rs. The live load should 
be placed on all top chord panel points between M and T. The moment 
equation for dead loads is as follows: 


10(20+40) +2.5 X10 X60 —40P,— mu =o, 


and Py- m for dead loads is 52.5 tension. Live Pxy—im = 2 X52.5 = 105.0 
* thousands of pounds tension. 


Maximum Stresses in Top Chord Member JJ (Fig. 142). Pass vertical section thru 
- I J, consider left side of section and take origin of moments at lower chord joint 25 ft 
under 7. Effective dead load Ri=—10(20+40)/100—2.5(10) 60/100+2(10) = —r.0, © 
the minus sign denoting a downward reaction. Moment equation for dead loads about 
origin of moments is : 
25sP] —j —10X20—1 X40=0 


from which P; —,7 for dead loads is 9.6 tension. For live tension, load all panel points 
between M and 7, and for live compression load joints H, I, J, K 


: u [20(20++40)++20X2.5 X6ol40 
Live tension, Pz —7 = — =67.2 


100 X25 
: 5 40X40—20X20 ' 
Live compression, Py —y Wiican Tagen I =48.0 


Combining the above live and dead stresses: maximum tension in J = 76.8 and maxi- 
mum algal =38.4 thousands of pounds. 
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Maximum Stresses in Vertical Kk (Fig. 142). Origin of moments 60 ft to left of Ri. 
Effective dead load At is t.o downward, as previously found, hence dead load causes com- 
pression in Kk. For live load in any position on the bridge there is compression in Kk. 
Dividing the moment above the origin by the lever arm of the bar. r4o ft, 

| 1 X60+10(80+100+120+140) 
Dead compression, Pg —x~= = 


140 


31.86 


Live compression =231.86=63.72, and the maximum compress:on is 95.58. There 
can be no tension in Kk. 


" The Maximum Uplift at Abutment G (Fig. 142) occurs when the live 
load covers the central span from M to T. Under dead loads alone the 
effective reaction R: is 1.0 downward, but the total dead Ri is really upward 
and is 5.0—1.0=4.0 if the dead load on the joint G be 5.0. The maximum 
live uplift, that is, the maximum downward live Ri, is [20(20+40)+20X 
2.5 X60/100=42.0], hence the true maximum uplift is 42.0—4.0=38.0. 


41. Influence Lines for Cantilevers 


’ Definition of Influence Line. If a load of unity be allowed to pass over 
a structure, and at each position of the load there is plotted the shear, moment, 


: D 
sasha ey tg Be wots Le grediigee 40) SNL Toten ees 


Fig. 143 


reaction or stress which exists at some fixt section of the structure, the 

resulting curve is called an influence line. These lines are useful in deter- 

mining what portion of a structure should be loaded with a live load to produce 

the maximum-or the minimum effect, and in determining the amount of the 
effect. For example, Fig. 143 shows the influence line for reaction Ri and the 

influence line for stress in diagonal 3’-4. 


Influence Line for Reaction Ri (Fig. 143). Let the load of unity approach 
fromthe right. There is no reaction at Rj till the load is to the left of hinge D, and as 
the load moves from D to C, Ri gradually increases till the load gets to C, when its value is 
=—1X40/100=—0.40; As the load moves from C to A, Ri gradually changes from a 
downward force of 0.40 to an upward one of 1.00, passing thru zero at B. Upward — 
reactions are called positiv and are plotted above the horizontal axis inthe diagram. With 
a uniform dead load the value of Ri is found from the influence line by multiplying the load 
per foot by the algebraic sum of the areas of the positiv and negativ triangles, and with a 
uniform live load the maximum upward or downward live R: is found multiplying the 
live load per foot by the area of the positiv and negativ triangles respectively. 
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Influence Line for Stress in Diagonal 3’-4 (Fig. 143). As the load of unity 
approaches from the right the stress in the diagonal is zero till the load passes D, when the 
stress gradually increases till the load is at C. With load at C the stress is most €asily 
found by considering forces to the left of a vertical section thru the diagonal 3'-4 and 
taking moments about the origin, which is 60 ft to the left of Ry. This stress is 0.4060 
X32.02/120%25 =0.256 tension, and is plotted at the load, namely at C. As the load 
moves from C to joint 4 the stress changes uniformly from tension to compression, and 
when it is at 4 the compression in the diagonal is 0.256 which is plotted at the load at 4. 
When the load crosses the panel 4-3 the stress changes from compression to tension and 
during the remainder of the movement to A there is tension in the bar 3’-4 as shown. 
Given a dead and a live load of 1000 and 2000 lb per ft per truss respectively, let it be 
required to find the maximum tension, P’3—4, in bar 3’-4. The area of triangle X, 
Fig. 143, is 54.55 X0.683/2 =18.63, of Y 5.82 and of Z 20.48. The units used are the 
foot and the pound. For tension in 3’-4 the live load must cover the distances represent- 
ed by the bases of the triangles X and Z, hence live Ps’-4=2000(18.63-+20. 48) =78 220 
Ib tension; dead P3’-4=1000(18 .63-+26.48—5.82)=33 290 lb tension; total tension, 
P3’-4=111 510 lb. 

Concentrated Loadings are sometimes used for trusses of long spans, but generally 
a uniform load and one or two excesses are employed instead, éach excess representing 
the additional weight of the locomotive over the uniform train load. With the influence 
line the effect of an excess load is easily found by placing the excess at the largest ordinate 
and multiplying the excess load by the ordinate in question. For example, with an excess 
load of 20 000 |b at joint 3 (Fig. 143), the effect on diagonal 3’-4 is to produce a tension 
therein of 0.683 X20 000=13 660 lb. With a system of concentrated loads the stress 
in a bar is obtained by placing the loads in the position to produce the kind of stress 
desired and then summing up the products of each load by the ordinate at the point where 
the load lies. In Fig. 143 the maximum negativ Ri occurs for the live loads on portion 
BD, and the position of the loads to give the greatest result is the same position that will 
cause the maximum moment at C on a span of length BD. 


42. Deflection of Cantilevers 


Displacement or Williot Diagram (Figs. 144, 145, 146). This is a graph- 
ical determination of the exact displacement of all points of a truss for a given 
loading. It is applicable to all cases where the changes in lengths of the truss 
members can be found. There are three steps in the solution as illustrated by 
the determination of deflections of all joints of truss in Fig. 144, which shows the 
diagram of truss drawn to scale, the joints lettered, the bars numbered in order 
in which their deformations are laid off in Fig. 145 and the changes in lengths of 
the various bars due to the loading shown, these changes due to stress being 
found by dividing the actual unit stress for each bar by the modulus of elasticity. 
The secohd step is to draw the displacement diagram by beginning at any 
joint and assuming this joint fixt in position and one of the bars at the joint 
fixt in direction. Usually start with a bar which appears to have a small 
movement. On lines parallel to the bars in the truss diagram lay off the 
changes in length for the bars and erect perpendiculars to these deforma- 
tions. Thus, in Fig. 145, starting with joint A as fixt in position and bar 
AB fixt in direction lay off to scale and to the right from A’ the change +.008 in 
for the bar AB, thus locating A’B’; then from A’ Jay off—.o11 in for bar 
Ab, marked 2 in Fig. 145, and erect a perpendicular to this line, and similarly 
with bar Bb, or number 3, thus locating b’. Continuing in this way the dis-' 
placement diagram is finally ended by locating G’. Care must be taken to 
lay off the deformations in proper directions; thus, bar Ab is in compression 
and its deformation is laid upward and to the left from*A’, This diagram 
has been drawn on the assumption that A is fixt, Whereas e is really fixt and 
A can and does move horizontally. The third step then is to rotate the 
truss about e, the real fixt joint, till all bars in the truss in Pig. 145 are at 


\ 


946 Movable and Cantilever Bridges Sect. 8 


Top Chord Panels 20.0 ft. 


80,000 7bs. 80,000 Zbs. eee 
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Joint A can move horizontally only 
+ denotes lengthening or tension 
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‘Figs. 144, 145. 146. Displacements for a Cantilever 
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right angles to the corresponding bars in Fig. 144. This is here done by 
moving A’ horizontally till A’e’ is at right angles to Ae, then completing truss 
A’G"el’. The true displacement of any joint is shown in Fig. 145, for 
example, joint A has moved to the right a distance A’A’; E has moved to. 
the right and downward from E” to E’. Fig. 146 shows a part of Fig. 145 
on an enlarged scale, and is here made necessary on account of the reduction 
in printing. 

The displacement diagram not only shows the final resultant motion of each joint but 
it also shows the horizontal and vertical motion as well. Thus, while joint A has moved 
only horizontally to the right a distance equa] to A” A’, joint B has moved vertically a 
distance equal to the vertical projection of B’’B’ and horizontally a distance equal to the 
horizontal projection of B’’B’. 


Two scales are necessary, one of distances for the truss diagram in Fig. 144 and the 
other for the deflections in Fig, 145, 


ARCH AND SUSPENSION BRIDGES 


43. Types of Arches 


Classification. An arch is a structure which under any and all loads pro- 
duces inclined reactions at the supports. Arches are classified as to the 
number of hinges used in one rib, there being three-hinged, two-hinged, 
one-hinged and hingeless arches. When THREE HINGES are used there is 
one at each support and one at the crown; when only Two HINGES are: used, 
one is placed at each support; and if an arch has only One HINGE it is located 
at the crown. HINGELESS ARCHES are also called fixt or continuous, Struc- 
tures with only one hinge are seldom built, but the other types are common. 
As to the arrangement of the ribs arches are also classified into two types, 
namely, those haying sclid webs extending between and connected to the 
flanges and those in which the webs are open and consisting. of web’ members 
connecting the upper and lower chords in the same manner as in ordinary 
trusses. In ribs having som weps both flanges are usually (tho not always) 
curved, thus making the rib a curved plate girder. Ribs with opEN WEBS 
miay be either spandrel-braced, in which case the upper chord is horizontal 
and the lower is curved, or they may have the two chords curved, either parallel 
or lune-shaped, and be connected by the web members, thus forming what 
are sometimes called trussed-arch, ribs There are, then, SPANDREL-BRACED, 
TRUSSED-ARCH, and SOLID RIBS, and any one of these may be hinged or fixt. 


Historical and Descriptive. The rartiest METALLIC ARCH of note in the United 
States is the cast-iron hingeless arch bridge carrying Chestnut St. over the Schuylkill 
River in Philadelphia This bridge was completed in 1866. dnd has spans of 185 ft, and 
the ribs, bracing and floor plates are all of cast-iron. The Eads bridge in St Wouis 
having a span of 519 ft 934 in and the Kaiser Wilhelm bridge over the Wupper River in 
Germany with a span of approximately 558 ft are the longest hingeless arches in the 
United States and Europe respectively. LONGEST THREE-HINGED ARCH bridge in the 
United States is (1918) the 592-ft span at Topock, Ariz. LONGEST ARCH SPAN in the 
world is the two-hinged railroad structure at Hell Gate, N. Y. with a span of 977 ft 6 in. 
Longest three-hinged arches for supporting roofs were used in the Manufactures and 
Liberal Arts Building, Columbian Exposition, Chicago, 1893, the span being 368 feet- 


44. Two-Hinged Arches 


Notation. Ax and Ay. horizontal’ and vertical movements respectively of origin of 
coordinates of a curved beam: Ag, angular movement of axis of curved beam at origin 
ofcoordinates. M, bending moment of vertical forces at point on arch axis (gravity axis), 
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Important American Arch Bridges 
From Merriman and Jacoby’s Roofs and Bridges, Part IV. 
Span Nature of Location 
crossing 
ft in | 

9776" '|East River.,...-..| Hall Gate, N.Y, ....d9\2+« 2 
840 ) |Niagara River,...|Niagara Falls, N. Y,....-... a0 
592.0 {Colorado River... .|Topock, Ariz............:5: 4 
59x © |Cuyahoga River.,.|Cleveland,O....,.......... 3 
550 06 |Niagara River... ..| Niagara Falls, N. Y....-.,.. 2 
540 o |Connecticut River.|North Walpole, N.H.. 3 
519 93@| Mississippi River. .|St. Louis, Mo............... ° 
508 95%|Harlem River ....|Washington Bridge, N.Y..... ams 
501 81%| Mississippi Riyer....|St. Louis, Mo ° 
456 o |Mississippi River .|Minneapolis, Minn 3 
448 -814|Rio Grande River. .|Costa Rica. ...,.0.-.deeeees 2 
440 0 |Pittsburgh Jn. R.R.|Oakland, Pittsburgh: Pa ° 
428 o |Genesee River. ...|Driving Park Ave., Rochester. . E 3 
4oo o |Whitewater River.|Richmond, Indiana.......... Hy. 3 
360 o |Magdalena River..|Honda. U.S. of Colombia..... R.R. 3 
360. ‘o Gulley and 3 streets| Hawk St., Albany, N.Y...... Hy, 3 
360° 0 |PantherHollow.. .|Schenly Park. Pittsburgh... . . Hy. 3 
35s 0 |Oak Orchard Creek|Main St., Watéerport, N.Y....| Hy. 2 
340, o| |Fraser River <.... Lillocet) Bi GA Ji L220... SP Hy. 3 
336.0 |Stony, Creek... ... Near Bear Creek Sta., B.C....| RR. 3 
327 0 |Papolopen Creek. .|Palisade Interstate Park,N. Y.| Hy. 2 
290- 414|Surprise Creek... .|Near Bear Creek Sta.,B.C,..,| RR. 3 
270 o |Salmon River..... Near Keefers Sta., B.C..;...| RR. 3 
258 0 |Mississippi River .|Hennepin Ave., Minneapolis...) Hy. 3 
258 0 |Mississippi River. .|/Hennepin Ave., Minneapolis...| Hy. 2 
240 5+ |Spokane River... ..|Post St., Spokane, Wash...... Hy. 3 
240 0 |Spokane River;....|Post St., Spokane, Wash...... RR. 3 
240,10 pl CADYON.,;. gictf5h =» Near Skagway, Alaska. ...... RR. 3 
234 o |Six Mile Creek ....|Stewart Ave., Ithaca; N: Y....| Hy. 3 
216 6 |Safmon River. .,..JPulaski, N. Yodo. os nosed oy Hy. 3 
210 6%| Mahoning River. ..| Youngstown, Ohio... . Hy, 2 
207 o |Menominee River..|Near Iron Mt., Mich RR. 3- 
200 o'' |Rock Creek... :. Penna. Ave., Washington.....| Hy. ° 
200 o |Croton River...... New Croton Dam, NVY...... + Hy. ° 
200 o |Turkey River..... Claremont, Iowa Hy. 3) 
200 o |Schuylkill River...|Fairmont Park, Phila Hy. 3 


x and ¥, coordinates of a point on arch axis. 
modulus of elasticity of material. » 
moment of inertia of cross-section of rib at crown. 

t, change in temperature in degrees Fahr. from normal. 


ds. elementary length of arch axis. 


ap 


I, moment of inertia of cross-section of mb. Ty, 


c, coefficient of linear expansion. 


Sr average | value of compressive 
unit stress: ZL, length'A, atea of cross-section of bar. U, stress in bar due to load of 
unity acting horizontally at one hinge of braced arch. P, stress in bar of braced arch 
due to vertical loads and vertica! reactions. 


Arches with Two Hinges have less deflection at the crown due to changes 
in temperature, and are more rigid than those having three hinges, but 
the temperature stresses are large and any horizontal movement: of one 
support produces stress thruout the arch.. The. two hinges are placed at the 
supports, and the arch may be spandrel-braced or may have two or more 


ih a 
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ribs with solid or open webs. . The two arches over Niagara River are typi- 
cal structures, the Grand Trunk Railway bridge being a deck: spandrel- 
braced structure with span of 550 ft carrying two railroad tracks on the 
upper deck and a highway immediately under this deck. The Niagara and 
Clifton bridge is near the Grand Trunk bridge and carries a highway on the 
upper deck, the highway being supported on vertical columns which are 
carried by the curved trussed ribs. 


Deflection of a Curved Beam. If beam OA (Fig. 147) is fixt at A and 
is free at O, the horizontal, vertical and angular movements of the axis of the 
beam at the origin of coordinates O are 
AM yds Aaiee AM xds ; cs AMds , 
EI ee “Jo 


~= 


Fig. 147 


Reactions on Arch with a Solid Web (Fig: 148). An arch with two hinges 
is statically indeterminate ag regards the outer forces, one condition or /equa- 
tion being required in addition to those of statics. This additional equation 
may be obtained by the principle of least work or by deflections. 


fy rds 
Rew) Vs=Wk : iS oe 


This equation for ‘can be integrated only at on equation of arch axis 
is known, in which case M, d; and IJ must be expresséd in terms of the coor- 
dinates » and y. The integration extends over entire length of rib. If the 
material-and the cross-section of rib are uniform for whole length the value 


of H becomes H = f Mya, / f y?ds.. In case the arch axis is not a regular 


curve so that the integration cannot be performed, the value of H for an arch 
of uniform material and crossesection may be determined approximately by 
dividing the axis into a number of equal parts and letting M be the bending 
moment due to vertical loads and reactions and y the ordinate at the center 
of each division, H = 2My/Zy*?, where 2My denotes the summation of 
the various products of M and y for the center of each division and Zy? the 
summation of the squares of the several ordinates to these centers. In all 
> of the above equations for H the 
Lexition t Line or Reaction LO --x- effect of shéar and axial force is 
Soar ae { neglected and only the effect of the 

moment is considered, 

Parabolic Arch Rib with Solid 
Web (Fig. 149). A parabolic arch 
rib is one which has a parabola for 
an axis, the vertex being at the crown. 
‘The formula for Hf gives its value for 
bending only and assumes a rib of 
uniform material but with a moment 


Fig. 149 
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of inertia varying from a minimum at the crown to.a maximum at the skew- 
back hinges; the moment of inertia at any section equals that at the crown 
times the secant of the angle the arch axis makes with the horizontal at that 
section. 


V,-W -2) V;=Wk 
1 SIMha ee ae, Sale _ Naeiile ie 
eee ec Ey fer 


Effect of Temperature on Arch Ribs with Solid Webs. A rise in the 
temperature tends to increase the span length and a fall in temperature to — 
decrease it. Jf the span cannot change, a horizontal reaction is exerted on™ 
the arch at each support, and temperature stresses are produced within the 
rib. For the general case, Fig. 148, the horizontal reaction is 


; ; 
H = El git / f Pale 
ov 


For A PARABOLIC RIB, Fig. 149, with solid web this equation for horizontal 
reaction becomes H = 15 EI,ct/8 h?. The temperature range ¢ is frequently 
taken as + 75° Fahr. from the mean temperature of 50° Fahr, For a rise 
in temperature above normal, ¢ is positiv and the reactions H act inwardly 
and for a fall in temperature below normal, ¢ is negativ and the reactions H 
act outwardly. The bending moment at any section due to temperature is 
Hy, being positiv for a fall and negativ for a rise in temperature. J is here 
assumed to increase from the crown towards the abutments. 


Rib Shortening in Arch Ribs with Solid Webs. The compression of the 
rib due to the thrust acting along the arch axis shortens: the arch axis and 
produces outward horizontal reactions at the supports. The horizontal 
reaction is 


z 
For general case (Fig. 148) HH =- SI / f ydx 


For the parabolic rib ‘Fig. 149) H = — 15 SI,/8 i’. 


Rib shortening is similar in effect to a 
tall in temperature. The moments are 
all positiv. For a rib having a small 
rise the effect of rib shortening should 
not be negiected. 

Reactions on a Braced Arch due 
to Vertical Loads. If in Fig. 150 
the arch were free to move horizontally Fig. 150 
at hinge b the horizontal movement 
of b due to the load W acting on the arch would be 2PUL/AE. The hori- 

zontal movement of 6 due to a single horizontal load of unity acting at 6 
would be 2U?L /AE and 


- ar Lae V,-Wa-) V,=Wk 


In formula for H, P is the stress in each bar assuming the arch to act like 
a truss, that is, with vertical reactions V, and V, only. Compressive stresses 
should be given the minus and tensile stresses the plus sign. 


45. Three-hinged Arches 


‘Three-hinged Arches are used for highway and railroad bridges as well 
as for roofs, They may have open or solid webs, but for long-span roofs the 
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trussed-arch rib having curved chords is most suitable, while for bridges the 
spandrel-braced rib with a horizontal upper chord and a curved or bent 
lower chord iscommonly used. A three-hinged arch is statically determinate 
as regards the outer forces, hence reactions are easily found, and the stresses 
in the members are only slightly affected by small settlements of the founda- 
tions or by changes in temperature. For an increase in TEMPERATURE the 
crown hinge rises and the horizontal component of the reaction is lessened, 
and for a decrease in temperature the crown hinge is lowered and the hori- 
zontal component isincreased. As the vertical movement of the crown is small 
as compared with the total height of the arch rib, the effect on the horizontal 
thrust is also small and hence the influence of temperature on stresses is 
usually negligible. 

Reactions for Vertical Loads as on bridges may be easily found algebrai- 
cally, while for inclined loads, as wind loads on roof arches, graphical methods 
are better. For Fig. 151 the vertical components are 


V, = Weft V,= Wl — x) jt 
With a single load on right of center, H = V,//2 h, and with a single load on 
left of center H = V,}/2 h, or : 
whenx=//2 H=Wsx/2h whenx=//2 H=W(l-x)l2h 
With uniform load of w per unit of length over right half span 


V,='%uwl V, = 36 wl H = wih /16h 
With uniform load of w per unit of length over entire span 
V,=V,=%wt H=wh /&h 


Fig. 152. 


Graphical Determination of Reactions and Stresses in Roof Arches. 

Let it be required to find the reactions or wind loads shown in Fig: 153. 
Draw the force polygon 012345678 and assume pole O, then draw the equi- 
tibrium polygon, beginning by passing the first string Oo thru @ and ending 
where the last string O8 cuts the position line bc, which is the line of action 
of R, for loading on the left. Draw Ok in the force polygon parallel to the 
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o , 
Fig. 153 


closing line ad till it intersects 8k which is parallel to R,. 8% and ko give the 
magnitude and direction of R, and R, respectively. With the reactions, 
known, a stress polygon showing all stresses in both portions of the rib is 
drawn in the usual way by beginning at joint a. These stresses may be 
checked algebraically by method of moments, using the true equilibrium 
polygon; this polygon being started thru a, using the first force polygon with 
k as the pole, the reaction Ri1=ko being drawn thru a till it intersects Pu, 
then the string &r till it meets Ps, and so on. The true polygon finally passes 
thru the three hinges. By method of moments the stress in a bar is equal to 
moment at the origin of moments divided by the lever arm. ¥ 


Computation of Reactions and Stresses for Spandrel-braced Arch. With a 
dead panel load of 20 and a live panel load of 40 thousands of pounds per truss, required 
the maximum.stresses in lower chord Ly. Fig. 151. Passing a vertical section g-g thru 
Lo, taking origin of moments at 10 and drawing the line an thru 10, it is seen that for a 
load to tight of m the bar Ly is in compression, for a load at m Ly is zero, and when the 
load is to left of » Ly isin tension. For maximum compression, load joints 1 to 9 inclusive, 
and for maximum tension joints ro and 11. Loads at oand 12 produce stresses in end- 
posts only. Consider first the dead load. For this loading the thrust at crown hinge is 
horizontal, and by taking moment's about a for left half of rib is found to be 6X20%3X 
15/36 =150. With origin at 10 and considering the part of rib between 5 and section 
&-g the dead load stress in Ly= sec@|150 X 4+ 20 (15 +30+45) +10 X 60]/20 = 
165.53=compression; where 0 is angle Ly makes with horizontal. For live load tension, 
loads on joints ro and ir cause V2=4g0(r-+2)/12=10 and H=V290/36=25, and 
considering the part of structure between c and g-g with origin at 10, the moment equation 
is 20 Ly/sec 96—10X150+25X4o=0; Ly=27.59=tension. The live load com- 
pression in Ls is most easily found as follows. Since ratio of live to dead panel load is 2, 
the compression in Zy for full live load only=2X165.53=331.06, and compression 
for live loads on joints x to 9 inclusive is full live load compression plus live load tension 
due to live loads on ro and 11, or maximum live compression Ly =331.06-+27.59= 
358.65. Results: maximum compression=524.18 and minimum compression =137.94- 


Influence Line for horizontal component of stress in Zy (Fig. 151) is shown 
in Fig. 152. This influence line consists of three straight lines the ordinates 
to which represent the horizontal components of stress in Ly due to a load 
of unity on the portions 0-6, 6-10, and 10-12, respectively, It is only neces- 


Art. 46 Fixt Arches 953 


sary to cofipute the ordinate at 6 and to. With load at 6 the moment 
at to, Fig. 151, divided by 20 ft gives the horizontal component of Lg =1.75 
compression and this is plotted at joint 6, Fig. 152; similarly with load of 
unity at ro the ordinate at to is 5/j) tension. The horizontal component 
of Ly may now be found from the diagram either by multiplying the areas 
of the triangles by the load per foot, which gives exact results, or by multi- 
plying the ordinates to the influence line at the panel points by the panel 
load giving approximate results that are slightly larger than the exact. For 
example, using dead and live panel loads of 20 and 40 respectively, the follow- 
ing results verify those obtained in the preceding paragraph, which are com- 
puted by the usual approximate methods. Live tension in Ly =[40(1+ 
1%4)5/2] sec @=27.59. Live compression in Ly =[40(14 +34 +29/04) +40(r + 
5/6 +4/3 +3/6 +2/c +1/6) 1-75] sec 0 =358.65. 

The Position of Live Load for Maximum Stress in a given bar must be. . 
determined for each case. For example, the point , Fig. 151, is the neutral 
point for bar Ly, and if a load be placed on the right of m as at joint 8, the 
left reaction acts thru a and thru the intersection of position line bc with the 
vertical at 8, and since the left reaction is the only force acting on left at sec- 
tion g-g, the moment at origin of moments ro is negativ, hence Ly) must 
cause a positiv moment about to and is compression. Similarly for a load 
to left of 7, Py is tension. With a system of CONCENTRATED LOADs the influ- 
ence line is useful. Referring to Fig. 152, the part of the influence line from O 
to m is the same shape as an influence line for bending moments at joint 6 on a 
simple span of length O-n, hence the position of loads.for maximum compres- 
sion in Ly is the same as the position of loads that will cause maximum mo- 
ment at 6 on span O-m, and the maximum tension in Ly is caused by the same 
position of loads as will cause maximum moment at 10 on span 12-n. 


46. Fixt Arches 


Notation. »; and 42=ordinates of points of application of reactions at left and 
right ends respectively, ds elementary length of arch axis, E=modulus of elasticity of 
material, /=moment of inertia of cross-section of rib, Jo=moment of inertia of cross- 
section of rib at crown, Mz,=moment at any point on left half of arch axis of all outer 
loads between that point and the crown, Mz=moment at any point on right half of arch 
axis of all loads between that point and the crown, m=number of divisions into which 
each half of arch axis is divided; He, Vc, My, respectively, are the thrust, shear and 
moment at .crown, z=ordinate of the reaction locus, Mi=moment at each support, 
c=coefficient of linear expansion, t=change in temperature in degrees Fahr. from 
normal, S=average compressive unit stress. 


A Fixt or Continuous Arch has no hinges, and it is so rigidly held at its 
ends that the arch axis cannot change its direction at those points. Arches 
without hinges are more rigid than those having hinges, have greater tem- 
perature stresses and are more affected by settlements of the supports. 

Reactions for Fixt Arches. With vertical load W as shown in Fig. 153 
there are five unknown quantities Vi, V2, H, 91, 2. to be determined to completely 
find the reactions. The following five equations give relations between these 
unknowns: 


VitV2—-W =o Whl —Vel +H (91 +92) =0 


fe be (es ioe fen 
Peek hpedl Pee, 


The first two 3 the above equations ‘are from statics and the last tliree from 
the conditions that the horizontal, vertical and angular movement, of the 
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arch axis at the origin of coordinates A is each equal to zero. Moment at 
A is Hy, at B is Hy2, and at any point D is Hu. 


Origin of 
“Arch Azis Co-trdinates 
Fig. 154 


The Thrust, Shear and Moment at Crown of a fixt arch (Fig. 154) 
“having a shape such that the integration of the preceding paragraph cannot 
be performed, are given approximately by the following formulas, which 
assume the arch axis to be divided into short lengths such that the ratio of 
the length of each division, ds, to the moment of inertia, J, at center of division 
is a constant. 


m=M ryt+m=M Ly -=MrRey—-=M psy ~ 
He= 
2[mzy2 —(2y)?] 
=Mrx— 2M Rx . 2MR+=M_, —2H- dy 
Ve= Me= 


2=x 2m hae 
In these equations numerical values of Mr, Mx, x, and y are positiy; the 
summations cover one-half the length of the span only; a positiv value of 
M, denotes a positiv moment at the crown and a negativ value denotes 
2 negative moment there; for a positiv value of V~_ the line of pressure at 
the crown slopes upward towards the left and for a negativ value upwards 
towards the right. 


Reactions for a Parabolic Arch Rib having fixt ends and a variable 
moment of inertia of cross-section, Fig. 155. The modulus of elasticity is 


py, Reaction 
Locus 


Moment =0 


iii eae 


“i 
th h Parabolic UI 
i Arch Axis 


dM, M, 
Fig. 156 


assumed constant and the moment of inertia assumed to vary from the crown 
to the abutments; at any section being equal to the moment of inertia at the 
crown times the secant of angle of inclination of arch axis at that section, 


Vi =W (2 +2k) (1 —k)? V2 =W (3k? —2k8) 
15 Plk? _Iok— 
x 4h eee Ts 15k i { 
_ 6h cs 6 —10k 
ae oF 75(1 A) 


The lines of reactions are tangent to a curve which consists of parts of ‘two 
hyperbolas. 4 


if . 4 


. 
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Temperature Stresses in a Parabolic Rib, Fig. 156. 
tee speci Mime 
4h 3 3 


' For a fall in temperature the moment at each support is negativ and the 
reaction H acts outward as shown in Fig. 156; moment at any point such as 
A is Hu, and is negativ at all points below line BC and positiv at all points 
above BC. For a rise in temperature the reaction H and the moments are 
opposite to those in Fig. 156. 

Rib Shortening for a Parabolic Rib causes outward horizontal reactions H 
and bending moments like those for a fall in temperature. 


H = —45ST0/4h? 2=%h Mi =—%Hh 


47. Suspension Systems 

Historical and Descriptive. A suspension bridge consists of a floor sus- 
pended from cables or chains which are supported by passing over towers and 
by being anchored to the earth at their ends. In the early suspension bridges 
chains were used, but they were Soon superseded by wire cables. To prevent 
undue oscillation or deflection the cables are provided with stays or stiffen- 
ing trusses or else are trussed. When the cables are trussed they are usually 
made of eye-bars, and the system then becomes an inverted arch suspended 
between the tops of the towers and having the inward pull from the main 


American Suspension Bridges 
From Merriman and Jacoby’s Roofs and Bridges, Part IV. 


Location 


New York (Williamsburgh Bridge). 
New York (Brooklyn Bridge). ...-. 
New York (Manhattan Bridge). «.. 
Cincinnati, Ohio 

Mampiini, Mexico.. 

Wheeling, W. Va 

Occidente, Antioquia, Colombia .. - 
Monongahela River.| Pittsburgh, Pa. (Point Bridge) 
Ohio River Rochester, Pa 

Niagara River Lewiston, N. Y.; Queenston, Ont. - 


Ohio River... 
Ojuela River... 


in 
c 
6 
° 
° 
° 
° 
° 
° 
° 
° 
° 
° 
° 
° 
° 
> 
oO) 
° 
° 
° 
fe} 


Ohio River . . - 
Ohio River 

St. John River 
Monongahela River. 
New River 
Allegheny River. ... 
Brazos River 
Allegheny River. ... 
Guyan River. 
Railroad tracks... ~ 
Kennebec River...- 


East Liverpool, Ohio 
Steubenville, Ohio.... 


Morgantown, W. Va.. 
Capertown, W. Va. . 
Of. City, Pane 2. oes 
Waco, Texas 


Guyandotte, W. Va 


Grand Avenue, St. Louis, 


Waterville, Maine 


wPeHNH KH HFS KO HLHA HL 


° 


ybbR HOH HKNHDHD 


* Rebuilt 1895-08, two new cables being added above the two old ones. ft Rebuilt 
1854 and 1862. Before the.reconstruction in 1862 the bridge had twelve cables arranged 
in two groups of six each, placed side by side. + Rebuilt 1904. || Rebuilt 1857. 
§ Rebuilt 1884 and 1905. : 


? 
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arca span resisted by an outward pull from the back stays extending from the 
top of each tower to the anchorage in the earth. The First SUSPENSION 
BRIDGE of note in the United States was built in 180r by James Finley 
at Greensburg, Pa., and had a span of 70 ft carried by chains. The Chain 
Bridge near Newburyport, Mass., was built in 1810 by John Templeman 
on Finley’s design, was strengthened in 1900 and again in rgto. ‘The FIRST 
WIRE SUSPENSION BRIDGE in America was a foot bridge of 408 ft span built 
in 1816 over the Schuylkill River; in Europe the first one was built in 1834 
at Freiburg. In 1855 John A. Roebling completed the Niagara suspension 
bridge, which had a span of 821 ft 4 in and carried a railroad on the upper 
and a highway on the lower deck; wooden stiffening trusses 16 {ft deep were 
used. In 1880 iron trusses replaced the wooden ones in this structure, in 
1886 wrought-iron towers replaced the stone towers, and in 1897 the structure 
was replaced by a two-hinged spandrel-braced arch, The largest suspension 
bridges in the world are in New. York City. 


48. Cables : wis 


Notation. w, = intensity of load at point having coordinates ~ and 4, H= 
horizontal component of tension in cable, T = tension in cable at any point, w = uniform 
load per horizontal unit of length, ? = horizontal length of span of cable, h = sag or 
vertical distance from lowest point of cable to its support at top of tower, 1, = length of 
cable between towers. 

Cables for small bridges are made of wire rope, and for large structures 
they are made by compacting a number of steel wires into cylindrical form 
and clamping them in this shape by means of steel clamps placed above the 
panel points of the stiffening trusses thus serving as saddles for the suspenders. 
Each of the four main ¢~bles of the Manhattan bridge in New York is com- 
posed of 9472 parallel wires arranged in 37 strands, each wire being 0.:92 inch 
in diameter before and not over 0.197 inch in diameter after galvaniz- 
ing. These cables are approximately 2034 inches in diameter, and are the 
largest yet built (1918), and are wrapt with galyanized-iron wire and painted. 
The Williamsburgh bridge in New York has four main cables, each 1854 inches 
in diameter and each composed of 7696 wires arranged in 37 strands clamped 
together and covered between clamps with cotton duck soaked in oxidized 
linseed oil and varnish gum composition and with a sheef-iron shell. Cables 
are cradled when the horizontal distance between the two cables at a pier is 
greater than that at the center of the span. 

Linear Arch. A linear arch for a given set of forces is the ‘true equilib- 
rium polygon for those forces, and hence it may be defined as an arch in 
which there is only direct tension or compression, and is incapable of carrying 
bending moment The general equation of the linear arch is d*y /dx* = w,/H, 
where the left side of the equation denotes the second differential. A cable 
of uniform cross-section and material suspended.at its ends and subjected 
only to its own weight assumes the form of a catenary. 

Cable Carrying a Uniform Load. 
’ Fig. 157 shows one-half of such a cable, 

and for this loading the curve of the 

cable becomes a parabola with axis 
vertical and vertex at lowest point of 
curve, C, and its equation is 

=4hxe?/P or y= ws? /2H 


The TENSION IN THE CABLE at the low- Fig. 157 cit ae 
est point C is the horizontal component i 
+ ae 
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H, this component being constant thruout the length of the span, and is 
A= wl2/8h. Tension at any point such as B is given by the following: 


LO TR ew eee wie? VIF 64 WR? 64 h2x2 
Maximum tension exists at the tower A bes its value is 
rir = GV + one 
TANGENT OF ANGLE OF SLOPE Lae 4) at any point Band at the upper A is 


8hx/l? and 4h/I respectively. LENGTH OF CABLE between supports, that is, 
twice the length of curve AC, Fig. 157, is " 


dy\?|% Sh?  32h4 
= 2 —_— = -——_—_— =. Cc ee 
q, f? [«+(2)] dx (x42 zp 7 + 


The Sag Ratio or Dip Ratio is the ratio of the sag of the cable, # in Fig. 157, 
to the span /, and this ratio varies from about % to %5. The term versine - 
is also used to denote the sag h, but this is not a proper use since the curve 
is not a circle. The greater the sag the smaller the tension in the cables 
but the larger the towers. Sag ratio for eee bridge is 1/9, for 
Brooklyn bridge, about 1 /12.5. 

Steel Wires for Cables, Suspenders and Hand Ropes of Manhattan bridge were 
required to be made in an open-hearth furnace lined with silica, Maximum percentages 
for chemical requirements; C, 0.85%; Mn, 0.55%; Si, 0.20%; P, 0.04%; S, 0.035%; 
Cu, 0.02%. Strength: 215 000 and 200 000 Ib per sq in before and after galvanizing 
fespectively; minimum elongation in 12 in, 2% and 4% before and after galvanizing. 
For the Williamsburgh bridge the following were the maximum chemical requirements: 
P, 0.04%; S, 0.03%; Mn, 0.05%; Si, 0.1%; Cu, 0.02%. Minimum ultimate strength, 
200 000 lb per sq in; elongation of 244% in 5 ftand of 5% in 8 inches. ‘The wire reached 
an ultimate strength of 225 000 lb per sq in. 


49. Stiffening Trusses 

Notation. w = uniform live load per unit of length, w and we = live loads 
per unit of length borne by the cable and stiffening truss respectively, h = sag of cable, 
_d = deflection at center of span, A = cross-sectional area of cable, E = modulus of 
elasticity of material in cable and truss, J = moment of inertia of truss, V = shear on 
truss, 1 = bending moment on truss. 

Stiffening Trusses are used to distribute a concentrated load or a partial 
uniform load over the whole or a part of the length of the cable and they are 
usually steel riveted trusses, tho in. small bridges are sometimes made of wood. 
Where riveted trusses are used they are of the Warren type- with one, two 
or three web systems. For highway bridges, where permissible deflections 
are large and the loads light, the stiffening trusses are light, while for railroad 
bridges, which are subjected to heavy and unequal loads and where the allow- 
able deflection is small, the stiffening system must be heavy. The trusses 
are usually suspended from the cables by .hangers or suspenders, which are 
wire rope or rods attached to the trusses at their panel points. These trusses 
may be continuous from anchorage to anchorage, may extend unbroken 
from tower to tower only or may extend 
from tower to tower with a hinge at the 
center and at each tower. 

Stiffening Trusses without a Center 
Hinge. - Under a uniformly distributed 
load covering the entire span there are 
no moments and shears in the truss. 
With a uniformly distributed live load 
extending from the left tower, A (Fig. 
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158) a distance x, the following approximate functions: of this load exist. 
Upward pull on truss per unit of length is wx/l. 8 
R, = % wal — x)/1, R, = —¥%wx(l — x)/t 


The shear at any section distant z from A is 


2 <a, V =< @l- 9? — 22 + 222) 


z>»%, Va (= wba? + 222) 


When z= 0, x, or /, V = woe(J— »)/2 1, being positiv at the towers A and 
_B and negativ at D. The GREATEST SHEAR possible occurs when the half 
span is loaded, that is, when « = //2 and maximum V = 4% wi. This maxi- 
mum shear occurs at the towers and at the center of span. ‘The moment at 
any section distant z from A, Fig. 158, is 

/ 


s<n%, M = = (lat - ah + x2) 
this moment being positiv with a maximum wz? (J — x)/81 when z = x/2; 
2> x, M= S(t = t= x2 + 2%) 


and these are negative moments with a maximum value of M = — wx (x —1)?/8 
when z = (1 + x)/2. The GREATEST POSITIV MOMENT occurs at the center of 
the loaded part when the live load extends % across the span from A and is ' 
M = wil? /54; the GREATEST NEGATIV MOMENT has this same value at the center 
of the unloaded part when the load covers the left third of the span. .; 

More Accurate Methods for Determining Stresses in cables and stiffening 
trusses make use of deflections; for example, *with a stiffening truss without 
a center hinge the deflections of the cable and of the truss at any vertical 
section such as the center are equal. The DEFLECTION OF THE CABLE at the 
center of a span is approximately 
w,P(3 ? + 16 h?) 


sig 128 }h7AE Shes 
And the deflection of the stiffening truss which is supported at the towers is 
5 wit 
Sey Riis 
The ratio of the load borne by the cable to'that borne by the truss is 
2, 5 PHA 


w, 31 (3 7+16 h*) 
The total load w, + w, is here assumed to cover the entire span. , 
Stiffening Trusses Having a yg 
Center Hinge (Fig. 159). Shear but : 
no moment can be transmitted across 
the hinge. For a uniform live load 
of w per unit of length maximum 4 
R,=wl/6 and acts wpward; maxi- 
mum R, = w//8 and acts downward. Fig. 159 
Maximum positiv and negativ mo- 
ments are respectively 0.019 wi? and 0.016 wi. Maximum shear is w//6 
.or equal to maximum R,. 


2 
—) 
= 
q 
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_ Trussed or Stiffened Cables are also used to prevent excessive deforma- 
tion of the cables, the stiffening trusses being omitted. The cables are made 


Fig. 160 Fig. 161 


_ — 

of eye-bars or links, and serve as members of the trusses from which the road- 
way is suspended as in Figs. 160 and 161, These structures are inverted 
arches, the first being three-hinged and the second two-hinged. 


50. Stays and Anchorages 


A Back Stay is that portion of the main cable which extends from the anchor 
age to the top of the tower. It may be a continuation of the main cable, as 
is usual, or it may be a separate member, in which case the main cable extends 
from tower to tower only. That part of the roadway under the -back stay 
is sometimes suspended from the back stay as in the Manhattan and Brooklyn 
bridges, or it may be carried on separate trusses as'in the Point bridge in. 
Pittsburgh, Pa., or on the stiffening trusses as in the Williamsburgh bridge. 
When the main cable passes over a movable saddle on the tower the maximum 
horizontal components of the stresses in the main cable and back stay are 
equal, and the maximum stresses are equal if the two parts are inclined at equal 
angles. The friction between the saddle and the tower produces a horizontal 
force on the tower equal to the vertical weight on the saddle times the co- 
efficient of friction of the roller bearing. 

Anchorage for the back stays are provided by attaching them to eye-bar 
chains and girders or castings which are set in masonry at each end of the 
bridge. The chain of eye-bars may be inclined in a straight line or in a series 
of broken lines, and they may be placed in an inspection tunnel as in the © 
Williamsburgh bridge or may be completely embedded in concrete. The 
eye-bars of the anchor chains in the Point bridge in Pittsburgh were embedded 
in a poor quality of masonry, and when examined after 27 years of service were 
found to be in good condition except that they were pitted considerably for 
5 or 6 ft‘near the surface of the ground. : 

Hangers or Suspenders are vertical wire cables or members built of struc- 
tural shapes which connect the stiffening trusses to the main cables. When 
the main cables are made of wire the suspenders are also of wire rope, as 
in the Manhattan bridge where the suspenders consist of four wire ropes 
1% in in diameter at each panel point of each stiffening truss, that is, two 
loops over the main cable. These ropes rest in two grooves in the cast-steel _ 
eable bands which clasp the main cables, and the stiffening trusses are sus- 
pended from their lower ends. In the Budapest suspension bridge the cables 
are made of links of eye-bars connected by pins, and the stiffening trusses are 
suspended fromi these chain cables by suspenders consisting of two channels. 


-STAvy-CABLES are inclined cables extending from the tops of the towers to the 
stiffening trusses, where they are attached at the suspender connections. 


They were used in the main and side spans of the Brooklyn bridge and in 
the main span of Roebling’s bridge at Niagara Falls, but in recent suspension ~ 


. bridges they have not been used. 
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Saddles "are castings resting on thc top of the towers to support the main 
cables at these points. They usually consist of a steel casting on each tower, 
and each cable is laid in a groove in the casting, the groove and cable being 
covered with'a cast or rolled steel cover. In the Manhattan bridge the tower 
saddles are rigidly connected to the towers, whereas in the Williamsburgh 
bridge each saddle rests on a nest of forty cylindrical steel rollers each 244 in 
in diameter and 7 ft 6 in long. In the latter bridge each saddle is in-one 
piece, weighs about 72 000 lb and is 7 ft 8 in wide and xg ft long. The chain 
cables of the Budapest bridge are connected to the tops of the steel towers 
by links and pins and the towers are hinged at their bases. ‘ 

Piers. There are usually two piers in a suspension bridge, one at either shore. 
They may be either of masonry or of steel. Masonry gives a better appearance, but is 
more costly and takes up greater space. A steel tower or pier may be a single bent of 
two supports hinged at the bottom or a framed tower with four or more supports. The 
forces on the pier depend on the arrangement of the cables. It was proposed by Morison, 
Trans. Am. Soc. C. E., Dec., 1896, to connect the cable of the main span and the back 
stay of the’end span in two separate sockets at the top of the tower. In this case there 
would at times be great inequalities in the horizont1! components of the stresses in the 
main cable and the back stay, and provision would have to be made for these differences 
in the design of the pier. When saddles on rollers are used to support the cables the 
maximum longitudinal force which can act on the top of a tower may be taken approxi- 
mately at Yoo the total Joad' on the rollers. This assumes the rollers to be in good con- 
dition and free from excessive rust. The horizontal force in this case acts just before 
and until the rollers move.. The movement equalizes the horizontal components of the 
stresses on the two sides of the saddle and the pressure is then vertical on the pier, 
except in so far as wind pressure and cradling of the cables produce horizontal forces. 


MISCELLANEOUS STRUCTURES 
51. Viaducts 


A Viaduct is a bridge consisting of a series of spans supported on towers, 
the spans being usually plate girders, tho sometimes trusses are used. Via- 
ducts are used to carry railroads or highways over valleys or rivers. They 
are also called trestles. Each tower usually has four legs or columns, tho six 
or two may be used. When two are used they are connected by transverse 
bracing only, thus forming a ROCKER TOWER; and when four or more legs are 


Bent Tgower a 
Fig. 162. Viaduct Towers 


used in one tower they are connected by transverse and longitudinal bracing. 
A STAGE or story in a tower is that portion of the tower between the level of 
one horizontal brace and the level of the one above it. Fig. 162 shows the 
two usual types of viaduct towers. 


Length of Span. For a given viaduct the tower span is- usually made constant, 
30 ft for low and 45 ft for high structures being common. The intermediate spans should 
increase in length as the heights of the adjacent towers increase, but to simplify construc- 
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‘ High Railroad Viaducts 


Weight Ordinary 
y Tength Maximum] No. of Tower] inter- 
‘Viaduct Railroad height, of metal. | spans,| mediate 
ft tracks} Short ft spans, 
tons ft 
Boone....-...| Chic. & N.W..| 2685 185 2 5680 45 75 
Gokteik*. . Burmah State.| 2260 335 I - 4310 40 60-120 
Pecos... .-| So. Pacific....| 2180 321 I 1820 35 65 
Kini 12 \y| Brie... 66. 2053 301 I 352°) 38.5 61 
Panther Creek..} Wil.B.& E...| 1650 161 I 830 30 | 40-65 
NGORIEY sete arts | Antofagasta... 800 336.5 I IIIS 32 80 
Spokane River.| Ore. Wash. & 
INCAS A 3003 187, I 3822 40 80 
Snake River...| Ore. Wash. & 
. ENG W iis ie aia. 3920 300 I 8100 fo 80 
* Burmah, oe tf Ciles 


tion not more than two or three different lengths should be used in any one structure. 
The intermediate span should be approximately twice as long as the tower span, 60 ft 
for intermediate spans being common practice for ordinary viaducts. The Boone viaduct 
has alternate spans of 75 and 45 ft thruout its length except for the 300-ft truss span near 
the center. In the Gokteik structure all tower spans are 40 ft, with intermediate truss 
spans of 120 ft, except those near the ends, which are plate girder spans of 60 ft. The 
girders may all be of the same depth, even tho the spans are of various lengths as in the 
Boone viaduct or of different depths as in the second Kinzua viaduct built in 1900, The 
length of the tower span should be sufficient to prevent an upward pull on the anchorages 
due to traction. 


Lateral Stability. A tower consisting of two transverse: vertical bents 
* has in each bent two inclined columns which are connected by bracing. The 
width of the bent at the top varies from 8 to rz ft for single-track railroad 
structures, and the two lines of girders are usually spaced the same distance 
apart as the columns. ‘The double-track Boone viaduct has four lines of 
girders spaced with three equal spaces of 6.5 ft, and the outer girders are 
vertically over the tops of the columns.. The batter of columns is frequently © 
made such that the width of the bent at the bottom is sufficient to ‘prevent 
an upward pull on the foundation when the structure is loaded with the lightest 
vertical load consistent with the greatest wind pressure. The batter varies 
from.1.5 to 3 in per foot. 

Bracing. The main girders should be connected together with transverse 
sway frames and with top and bottom horizontal lateral bracing. The 
diagonals and horizontal members of the transverse and of the longitudinal 
bracing of the towers may be made of latticed angles or channels connected 
-to the tower legs with gusset plates which are usually shop-riveted to the 
columns. Rods and adjustable members should not be used for laterals, 

_ The second Kinzua viaduct has ordinary longitudinal bracing, but the trans- 
verse bracing in the bents consists of horizontal portal girders at intervals 
of about go ft without any diagonals. 

Connections of Longitudinal Girders to ie bents are usually made in 
single-track viaducts by resting them directly upon the horizontal caps of 
the inclined columns, tho in some cases, the second Kinzua viaduct for exam- 
ple, the tower and intermediate span girders are riveted to the vertical faces 
of the columns, except at expansion joints,,where one end of the intermediate 
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girder rests in an expansion bearing or pocket which is attached to the ver- 
tical side of the column. The expansion joints in this structure are from 
199 to 260 ft apart. The longitudinal girders may be connected to a trans- 
verse girder which is riveted between the columns of each bent. Fig. 168 
shows the design used in the Boone viaduct where the tower girders rest upon 


Intermediate 
Girder 


of. 
Cross Girder 


) Center 


Fig. 163 Fig. 164 


the upper flanges of transverse girders and are notched to receive the ends 

of the intermediate girders which have drop ends. The tower and inter- 

mediate girders here have a uniform depth of 7 ft. A forged-steel bearing 
between the lower and upper girders allows for deflection and temperature 

displacements. In Fig. 164 is shown another form of drop end where the , 

girders have different depths. 

- Column Bases. In high towers provision should be made for expansion - 
at the bottom of the towers in a direction at right angles to the length of the 
viaduct. In the Boone viaduct this is accomplished ‘by bolting the base of 
one column in a bent to the cast pedestal which is anchored to the masonry, 
while the other column in the same bent has«slotted holes for the anchor 
bolts in its base so that it may move on a phosphor-bronze sliding plate which — 
is inserted between column base and pedestal. The Kinzua viaduct has a 
nest of rollers under one column in each bent. 

Live Loads. First Krnzva viaduct was designed and built in 1882 for locomotives 
weighing 161 340.]b on a wheel base of 54.25 ft; maximum wind pressure 30 lb per sq ft, 

’ SEconD Kinzva; built in 1900; two locomotives each of 274 000 |b followed by 4000 Ib per 
linear ft) longitudinal traction of o.2 of the maximum live load; temperature stresses due 
to 150° variation; wind pressure for the loaded structure of 3o |b per sq ft of vertical 
surface of train, floor and girders and 100 lb per vertical foot of bent, and for the unloaded _ 
structure so Ib per sq ft of vertical surface of floor and girders and x60 Ib per vertical 
foot of bent. Boone viaduct: built 1900-01; 75-ft spans, 6100 Ib live and 1400 Ib dead 

. per linear ft; 45-ft spans, 7600 lb live and 1250 Ib dead per linear ft. Forr DovcE 

_ viaduct: two locomotives-each of 308 000 lb followed by 4000 Ib per linear ft. 

Stresses in Towers due to vertical loads. ‘The vertical loads consist of R 
the weights of the locomotives and train, and the dead loads. In Fig. 165 
let W be the total live and dead load acting at the top of each post and W,, W,,” 
and W, the dead loads at the joints. Stress in bar’ 1 is designated by P, — 
soon. @ is angle between any bar and the vertical. : 


7 


P, =P, = W sec 0 P;, =Ps= (W+ Wy) sec 8 ‘ 
P;=P,=(W+ W,+ W.)secé ae): 
P, = W tan @ Py = W, tan 0 wee 
P,, = W, tan 0 4 P.,= (W + W, + W,) tand Rie. 


The diagonals have no stress a vertical loading. _ All of the et stresses, 
are compression except Pis. ea 
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Stresses in Towers due to Wind. In Fig. 165 the horizontal forces shown 


are those due to wind, H being the wind pressure on the train and Mi, He, H3 
the pressures on the structure. -+ denotes tension, — compression. The 
diagonals are tension members and the dotted bars are not in action for the 
forces shown. The stresses are 


P, = Hhsec 0/b  P,= =(H(h +h) + Hh) sec 0 fb, 
P,=([H(h+ hy) + H,h,) sec 0 /b, 

Py=—[A(h + h, + hy) + Hy(h, +hy) +2 fy] sec 0/b, Ps = — Py 

Py= —[Hh+ hy + hy ths) +Hy(h, +h, + hs) ig +h.) +H. “Jalsec 8b, 


For the horizontal and diagonal members the 
stresses are most easily found by taking moments 
about the origin, which is at the intersection of the 
.columns produced. The stresses due to traction 
and temperature should be found. 


52. Elevated Railway Structures 


Arrangement. Steel structures for supporting 
elevated railroad tracks, such as are used for 
passenger traffic in city streets, consist of longi- 
tudinal deck girders or trusses upon which the 
tracks are laid, transverse girders which support 
those running longitudinally, and columns by 
which the transverse girders are supported. There 
are ‘usually two longitudinal girders for each track, 
and these are connected by a system of lateral 24 
bracing in the plane of the top flanges and also Fig. 165 
at frequent intervals by sway frames. ‘This same 


general arrangement is applicable to elevated structures for steam rail-— 


roads. The structures should be built as low as the required head room will 
allow; a clearance for highway traffic of from 14 to 16 ft being necessary in 


city streets, with 14 ft as the usual minimum. The only means, other than — 


‘rigid columns, of stiffening the bents transversely is with brackets or knee- 
braces which are riveted to the bottom flanges of the transverse girders and 
to inner faces of the columns. 


Floor Systems are of two types: ordinary open floors having wooden ties - 


6 in % 8 in or 7 in x 8 in spaced from 14 to 16 in on centers and provided 
with inner and outer guard timbers for each main rail; or solid floors having the 
ties embedded in stone ballast carried on a steel floor. Footwalks should be 
_ provided, and may be supported by extending every fourth tie where the 
open floor is used. No effective system has been designed for eliminating 
noise but the ballasted floor is better than the open floor. Solid floors of 
steel plates having ties laid directly on the steel do not reduce noise, 
Longitudinal Girders or stringers are spaced either 5 or 6 ft.on -centers 
and each track is carried on two longitudinals. Plate girders are simpler 
and require less maintenanice than riveted lattice girders, but the latter admit 
slightly more light to the street below. In earlier structures plate girders 


were not used as much as lattice girders, but.in the more recent cases plate - 


girder construction has been more generally adopted. Plate girders without 
flange plates are preferable, and the top of the top flange angles should be 
slightly above the top flanges of thé transverse girders so that the ties may be 


spaced over the latter. For example, the longitudinals of the elevated portion — 
of the New York Rapid Transit Railway have their webs notched to avoid | 
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interference with the top flanges of the transverse girders, and the top flange 
, angles of the longitudinal pass over those of the transverse girders. Fig. 166 
2hows details of a typical transverse plate girder and column base. 
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Fig. 166. Details of Elevated Railway 


Transverse Girders may be plate girders or riveted trusses and should be riveted to” 
~ the sides of the columns, not set on top thereof. In wide streets each of the two tacks 
may be supported on a line of columns placed at each curb, thus resulting in two inde- 
pendent siructures each having the center line of a track directly over the center of the 
column. Another arrangement is to place the two lines of columns 12 ft on centers in 
the street and have the two structures connected together at the bents, forming two-column 
bents. In these cases the longitudinals are connected to cantilevers which are attached 
to the sides of the columns, and brackets are provided for stiffness. In narrow streets the” 
simplest construction has the two longitudinals for each track spaced 5 or 6 ft on centers 
and the two tracks 12 ft on centers with the longitudinals riveted to the webs of the trans- 
verse girders, the columns being placed on the sidewalks near the curbs. When the outer 
toes at tr Sine With’ the ‘coxa taackete may “he used mader thee eee 
well as under the transverse girders. 


Columns should be fixt at the bottom by proper anchor bolts. Four bolts 1% in in 
diameter anchored to castings in the concrete piers and attached to the sides of the column 
with stiffened shelf angles are commonly used. Bases of columns located in streets should 
Sn on toa ee a 
in two parts bolted together with bolts inside the castings. A common cross-section for 
ccbmnsre Giatiehl tao tein cheneols nile Rengeavirzel, the tea Gan 
connected by a r5-in I beam riveted to their webs and by tie plates riveted to their flanges. — 
The standard columns of the Boston Elevated Railway structure are made of two 15-in — 
channels of special shape having rounded instead of square corners, the channels being ~ 
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connected by a web plate and four angles. The standard of the New York Rapid Transit 
Railway consists of a web plate to which two pairs of special angles are riveted, each angle 
having one leg finished as a bulb. ~ 

Expansion Joints should be provided at intervals of about 150 ft, altho 
250-ft spaces have been used. These joints are made by setting the ends 
of the longitudinal girders in expansion-pockets in which they are held later- 
ally but are unrestrained longitudinally. The longitudinal expansion and 
contraction rarely exceeds 1 inch in 100 ft in climates like that of New York. 

Live Load used in designing Northwestern Elevated and Union Loop Passenger Ele- 
vated Railroads in Chicago: a train of one motor car having a loaded weight of 60 000 Ib 
followed by trailers each having a loaded weight of 40 000 Ib; each motor car and trailer 
with the weight equally distributed on ‘eight wheels; wheel spacing for both s—20~s ft, 
with ro ft between centers of rear wheel and forward wheel of adjacent car. Loads for 
Boston Passenger Elevated (1909)> live load, a train of cars each weighing 100000 lb 
loaded and distributed equally on eight wheels, wheel spacing 5.5s—26-5.5 ft with 9.0 ft 
between centers of rear wheel and forward wheel of adjacent car; impact to be added to 
live load stresses = 300 S/(Z + 300), where S = calculated maximum live load stress, 
Z = length of loaded distance in feet which produces maximum stress in member; dead 
weight of track system and laterals 220 Ib per linear ft per girder for ordinary open-floor 
track construction; longitudinal force neglected on tangents, but on sharp curves or breaks 
taken as 5 to 10 % of live load over portion of structure affected; wind pressure 450 lb per 
linear ft of structure acting horizontally at base of rail; centrifugal force in pounds = 
0.02 WD for curvature up to 5 degrees, where W is weight of train in pounds, D degree of 
curvature, the coefficient 0.02 reduced o.vox for every degree of curvature above 5 degrees. 
For Electric Rapid Transit Railway in Berlin, Germany, completed 1902, the longitudinal 
force was taken at 14 of the weight of the train. 

Allowable Unit Stresses in pounds per square’ inch. Boston Elevated: medium 
steel; tension 17 000; compression 17 ooo reduced as follows, P = 17 000/(1 + /2/11 000 7”), 
where P = allowable compression per square inch, / = length of member in inches, 
r =least radius of gyration in inches; shop rivets, in shearing 1x 000, and in bearing 
22/000; field rivets, increase the computed shop rivets by 25% if hand driven or 10 % 
if power driven, 

Cost of Elevated Railroad Structures for passenger traffic varies with the 
time and place. Approximate costs in New York in 1910, including two 
stations per mile: 2-track elevated road per linear foot complete, $100.00; 
3-track, $125.00; 4-track, $150.00, foundations from $100.00 to $200.00 each, 
track $5.00 per linear foot of single track in Boston in 1902 for electrically 
operated double-track tangent, 12 tt.on centers, about $415 cco per mile 
exclusive of stations made up as follows; foundations, $42 500; steel structure 
in place ($75.00 per ton) $264 000, track system, $45 000, electrical acces- 
sories (third rail, etc.) $12 000, feeder cables, $11 000, signal system, $17 000, 
telephone and telegraph, $2500, painting 3 coats, $21000. The following 
data are from the Trans. Am, Soc, C, E. 1897, Vol.37. Mr. J.A.L. Waddell’s 
estimates based on designs: weight of four-track structure on tangents 1565 
to 1750 lb per linear ft, on curves 1765 to 1950; weight of two-track structures 
on tangents 775 to 1142 lb per linear ft, on curves 875 to 1182; cost of line 
per linear foot $65.10 te $67.60 for four-track structures and $32.30 to $42.00 
for two-track structures; cost per mile including four stations in a mile, 
$383 728 to $396 928 for four-track structures and $210 000 to $267 760 for 
two-track structures; these figures were based on metal erected and painted, 
2.5 cents per pound, vulcanized timber in place $38.00 per M B.M., rails 
with details and fastenings in place (three 80-lb rails per track) $1.80 per 
linear foot per track; concrete $7.00 per cu yd; excavation including back 
filling, 50 cts per cu yd. G. F. Nichols’ costs of actual constructioa of Brook- 
lyn Elevated were as follows: 
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Fulton 
Avenue 
Extension 


Sea-Side 
Lines 


Average length of spans ... 52.5 ft sie cess sipielts 
| Weight of structure per linear foot! 1130 Ibs 950 Ibs 


Cost of structure per linear foot, 
7 including foundations......... $37.40 $32.00 
Cost per mile, including passenger 
StalOOS samieres date wed Sere zs $213 900,00 
| Percentage of cost of bents to cost 


of spaNs.a..++-+++s ieateiclujeldist= 


T. C. Clarke gave average cost of repairs on 7.4 miles of Manhattan Second Avente 
Elevated structure in New York exclusive of track and painting as $319 per mile per year 
for 17 years ending 1897; or cost of these repairs per ton of structural iron in 17 years ag * 
$1.39 or about 2% of original cost. 


53. Stand-pipes 


Notation. H = height in fect from a point to surface of water in stand-pipe, D = 
internal diameter of stand-pipe in feet, # = thickness of side plate in inches,.S = allowable 
tensile unit stress in pounds per square inch, e = efficiency of vertical riveted joint, 6 = 
circumferential distance in inches between centers of anchor bolts, W = weight of metal 
in stand-pipe above a given horizontal joint in pounds, » = pitch of rivets in horizontal 
joint in inches, M = moment in foot-pounds of wind pressure at a horizontal joint, V = , 
allowable stress on a rivet in pounds, 


Detail of z-Bar 
Connection at Top 
of Stand Pipe 


ae 


oleae" 


Detail of Typical Joints - 


Detail of Anchor Bolt Connection 
Fig. 167. Stand-pipe, with Details - 
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A Stand-pipe is a metallic tank, usually of cylindrical form, with a flat 
bottom resting directly wpon a masonry or sand foundation and used for the 
storage of liquids, usually water or oil. For storing water stand-pipes vary 
in diameter from 12 to 30 ft and in height from 3§ to 100 ft, altho there has 
been constructed a stand-pipe with a diameter of 150 ft and a height of 20 ft 
and also one with a diameter of 4 ft and a height of 210 ft; the latter being 
surrounded by a masonry tower. Stand-pipes for the storage of water should 
generally have no roofs in cold climates but in warm climates should be 
covered. One pipe may be used to serve as an inlet as well as an outlet 
and this may connect with the stand-pipe in the horizontal base plate or in 
the side near the base. Failures of stand-pipes have been caused by defec- 
tive foundations, by wind or ice pressure, or by hydrostatic pressure. Fig. 167 
shows details of stand-pipe construction. J 


The Thickness of Side Plates must be computed to withstand the ten- - 
sion due to water pressure, proper allowance being made for weakening of 
plates at the vertical seams or joints. Side plates less than 14 in in thickncss 
should not be used. The maximum thickness required seldom exceeds 

1% in. Tension in side plates at a point H distance down from water sur- 
face = 2.6 HD per vertical linear inch, and the thickness of plate required 
at that depth for the sides of a cylindrical stand-pipe containing water is 
t = 2.6 HD /Se, in which S should be taken at from to 000 to 12900 Ib per 
sq in for structural steel. The efficiency e depends on the design of the 
vertical joints, which should be so made as to develop an efficiency of from 
60% to 75%. With a depth of water of 6o ft,.an internal diameter of 18°ft, 
allowable tension of 12000 Ib per sq in, dnd efficiency of 6634%, the thick- 
ness of plate required at that depth = 2.6 x 60 x 18/12 000 x .66% = 35 in, 
or practically 3g in. : ; 

Side Plates in cylindrical stand-pipes are arranged in horizontal rings or courses about 
5 feet deep, with adjacent courses of different diameters so that the courses Jap over each 
other. Plates should be bent by cold-rolling, then punched and finally planed to a bevel 
along all edges for calking. Rivet holes in plates having thickness of %g@ or less 
should ‘be punched 4g in larger than the diameter of the cold rivet; those in 5 to 84 in 
inclusive should be sub-punched 4g in less in diameter than the cold rivet and then © 
reamed to 14 in larger than the rivet; those in plates over 84 in in thickness should be 
drilled 144 in larger than the rivet. Plates should be open-hearth “ structural ” steel 
and rivets of “rivet” steel or wrought iron. ae 

Bottom Plates for flat-bottom stand-pipes should be not less than 5/16 in in thickness 
when laid on concrete foundations; when laid on sand as in the case of oil-tanks of large 
diameters bottom plates are frequently made 14 in. If on a concrete foundation they 
should be completely riveted and then laid on a 2-in layer of portland cemer* mortar 
before the mortar hardens, or else they should be bedded by pouring cement giout thru 

| 114 in temporary iron pipes screwed into holes in the plates, the pipes being repiaced with 
| sctew plugs. Side and bottom plates are connected by one or two L’s having beveled 


| edges for calking. When only one L. is used its thickness should be approximately 


| equal to that of the lowest side plate. 

f A Steel Ladder, extending from the top to within 8 or 9 ft of the ground 

| should be attached to the outside of the stand-pipe. The rungs may be 

| made ts in long, 34 in in diameter, from 12 to 14 in apart and attached to two 

i vertical bars 214 in by %% in. A manhole is necessary near the bottom, the. 

i side plates being reinforced around this opening by plates or steel forgings. ? 

i Opénings for supply pipes, whether in the bottom or side, must be similarly 

reinforced. : 

‘Wind Pressure may generally be taken at 30 Ib per sq ft on vertical surfaces, 
except in the most exposed locations, where 40 Ib per sq ft should be used. 
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On a cylindrical surface it should be taken as 24 that on a plane- surface equal 
to the diameter of cylinder multiplied by its height, and this pressure is assumed 
to act horizontally in any direction. Unless anchored to the foundation an 
empty stand-pipe will overturn when the overturning moment of wind pressure » 
taken about the base, that is, 10 H?D ft-lb for above pressure of 30 lbs per 
sq ft, is greater than the moment of the weight’ of the empty stand-pipe taken 
about the outer edge of the base. ANcHOR Botts should always be 
used and should be computed for a tensile unit stress of not more than — 
ts ooo lb per sq in; minimum diameter 1% in, and they should be fat- 
tached to anchor. plates embedded in the foundation at sufficient depth to 
take at least 114 times the computed tension in the bolts. Maximum tension 
in the anchor bolts may be found by regarding the stand-pipe as a cantilever 
subjected to the overturning moment of the wind and the righting moment 
of the weight of the empty tank, about the neutral axis. This neutral axis 
can best be found by trial. On its windward side all of the tension is taken 
by the bolts; on its leeward side all of the compression is taken by the portion 
of the base plate immediately under the edge of the tank. It is assumed 
that the anchor bolt nuts are just brought to a bearing. 


In Fig. 168, N—A is the neutral axis taken close to the leeward edge. Ap = 
area of pons on the right of N-A; Av =area of base angle on the left of N—A, 
A=Ap+Ar, G-G= axis thru 
center of gravity of the two 
areas Ap and A7T; a and @=, 
distances from G-G to extreme 
points in tension and compres- 
sion respectively; g = distance 
from G-G to the center of the 
tank; J = moment of inertia of 
A, the section under stress, 
about G-G;. Sg =maximum unit 
tension at extreme point on the 
windward. side; S¢= maximum 
unit compression at extreme 
point on the leeward side. Sg 
=(M—We)a/IT—W/A. Sc= 
(M—We)eo/I+W/A. Tf. all 
dimensions are taken in feet, 
Sg and S¢ will be pounds per 
sq ft. By proportion, from the 
L extreme fibre stresses Sg and Se, 

Fig. 168. Section at Base of Tank... the correct position of the neu- 
; tral axis can be found. If it 
does not agree with the trial one a new position of the line V—A should be taken 
and the process repeated until the assumed and the computed positions of 
N-A agree closely. Sg may be found with sufficient accuracy by assuming 
the gravity axis G-G to coincide with the tangent G’—G’ at the leeward edge — 
of the rim circle, and J to be the moment of inertia, of the bolt areas about 
_@-G’ =sum of the products of the areas of the bolts into the square of their 
distances to G'—G’. The W/A term, being small, may be neglected. If in- 
cluded,.A = Ap + the bearing area of about 1% of the rim base angle. Then 
Sp=(M —Wr)D/I. , 
For example let H=80.ft; D=20ft; W=75 000 lb; wind=30 |b per sq ft. M= Aes 
20 X80 X30X40=1 280000 ft-lb. Wr=75 000X10=750000. M—Wr=530 coe ft-lb, 
Assume eight 114 in anchor bolts upset to 154 in. Area of each bolt =1.227sq in=0,008 54 
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sq ft. I=2 0.00854 (44X2?+1.72+12+0.3") 10?=10.2. SB=530 000 X20/10.2= 
1.040.000 Ib per sq {t=7230 lb persqin. The area of \% of the rim bearing, assuming 
the effective bearing width of base angle to be 3 in=282.6 sq in. A=1.227X7+282.6 
=291.2 sq in. W/A=75 000/291.2=260 lb per sq in. SB=7230—260=6970 lb per 
sq in. Total stress S in extreme windward bolt =6970X1.227=8550 lb. The total 
tension in the bolts from M—Wr=7230X1.227(20+17+10+3)/20=22 200 lb. The 
average compression over \% the area of the rim from M—Wr=22 200/282.6=80 lb. 
Approximate maximum compression on the masonry=260-+-80=340 lb per sq in. 
The actual maximum is slightly greater than this but well within the safe bearing 
strength of the concrete. Assume it to be 500 lb. By proportion the neutral axis lies 
500X20/(6970+500) =1.4 ft from the tangent G’—G’. The assumed position of NV —A 
was 0.8 ft from G’ —G’ indicating that a small portion only of the rim circle takes all of 
the compression and justifying the approximate assumptions made. 


The Pitch of Rivets connecting the base angle to the rim of the tank should also 
be computed. Assuming’the maximum compression to be 500 lb per sq in, the com- 
pression per lineal in of angle =500X3=1500 lb. Safe single shearing strength of a 34-in 

. 4400 Re 
Tivet=4400. ~=——=3 In. 
15 : 

Anchor bolts must be connected to the sides, not to the bottom plate of the 
structure. To prevent buckling of the side plates under wind pressure a Z-bar 
ora heavy L must be riveted around the upper edge. In addition L’s are some- - 
times riveted circumferentially on the outside at different elevations. 


The Stress on a Rivet in a horizontal joint in pounds due to the weight 
of the stand-pipe above that joint =0.027 pW/D; and due-to wind pressure 
acting on the cylindrical surface above the joint=o.016 pM/D?. With a 
pressure of 30 lb per sq ft this stress on a rivet due to wind becomes 1.06 pH?/D. 
Or the pitch of these rivets in inches required to withstand the combined 
stresses due to weight and wind=DV/(.027 W+1.06 H2). The stresses 
due to ice are indeterminate. All joints must be calked after riveting. 
ALLOWABLE STRESSES per square inch on steel field rivets: shearing 9000, 
bearing 18000. For % in plates 5¢in rivets should be used ; for 5/16 in plates, 
84 in rivets; for % to % in plates, 74 in rivets; for 15/16 to 114 ingplates, 1 in 
rivets. For horizontal joints use lap-joints, usually single riveted. For 
vertical joints use double-riveted lap-joints for 14, 5/16 and % in plates; 
triple-riveted lap-joints for 7/16 and 1% in plates; double-riveted butt-joints 
for 9/16 to 34 in plates inclusive; triple-riveted butt-joints for 13/15 to r in’ 
plates inclusive. : 


54. Water Tanks on Towers 


Notation. W:=weight of water in pounds. vertically above and below a horizontal 
section together with the weight of the conical or hemispherical bottom below the section, 
W=weight of water in pounds in the tank together with the weight of bottom, = 
angle between element of conical bottom, or between tangent to spherical bottom, and 
horizontal, D=diameter of cylindrical portion of tank in feet, d=diameter of a hori- 
zontal joint in a conical bottom in feet, 4 = distance in feet from surface of water to any 
point in a radial joint of a conical bottom, / = unsupported length and r = least radius 
of gyration of cross-section of column, both in inches, M = moment at a horizontal plane 
due to wind pressure on structure above that plane, 7, = radius of circle passing thru 
column centers, 

A Water Tank on a Tower consists of a steel tank, usually cylindrical, 
supported on a steel tower which may have four or more columns connected 
to the tank at or near the bottom and connected to each other by horizontal 
and diagonal braces. The bottom of the tank may be flat, conical or hemi- 
spherical; the latter is the best and is riveted directly to the lowest cylindrical 
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Fig. 169. Water Tank ona Tower 


side plates at intersection of center line of column with side plate. Elevated 
tanks are more economical and of more pleasing appearance than stand- 
» pipes. Ice pressure causes fewer failures of elevated tanks than of stand- 
pipes, and the tanks are usually covered with conical or curved roofs. Fig. 169. 
shows typical details of construction of a water tank and tower. The cylin- 
drical part is similar in action to the corresponding portion of a stand-pipe. © 


The Riser or Inlet Pipe is the supply pipe, which usually also serves as an outlet; 
enters the tank at the center of the bottom, at which place ‘the tank must be reinforced. 
An EXPANSION Joint is placed in the riser at or near the junction withthe tank. Risers 
should be braced Jaterally at each panel point of the tower and in cold climates should be. 
covered with a FROST-PROOF CASING Consisting of three thicknesses of planking and two 
of tarred paper with air-spaces between the thicknesses of planking. ; 5 ies 

_ A Conical Roof made of 1-inch sheet steel is self-supporting for diameters of 20 ft. 
or less if the roof plates are riveted to the upper edge of the top side plate; for diameters 
greater than 20 ft L rafters must be used. Iron ladders extend from a trap-door in the 
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lower part of the roof down the outside and inside of the tank, ending on the balcony on 


’ the outside. Another ladder, attached to one of the tower columns, should run from the 


balcony to within 8 or 9 ft of fhe ground, ‘The balcony should*be 3 ft wide and its floor 
should be a horizontal plate girder placed at intersection of bottom and side plates. 
Conical Bottoms. Tension in pounds per linear inch of any horizontal 
joint or section = 0.0265 W,/d sin 0; at intersection of bottom and side plates 
this tension becomes 0.0265 W/Dsin @. Tension at any point of a radial 


» joint in pounds per linear inch, that is, of a joint coinciding with an element 


of cone = 2.6dh/sin 0. A horizontal outside girder must be used at the 


“intersection of side plates with the bottom to resist the annular compression 


. caused by the inward pull from the bottom. Horizontal component of in- 


¥ 


ward pull from bottom = 0.0265 W/Dtan@ pounds per circumferential 
inch; annular compression = 0.0132 W/tan 6; and vertical component = 
9.0265 W/D pounds per circumferential inch. This vertical component is 
esisted by a vertical circular girder. 


Spherical Bottoms. | Tension in pounds per linear inch of any horizontal 
joint or section = 0.0265 W,/D sin? @. The spherical bottom exerts only a 
vertical pull on the cylindrical side, amounting to 0.0265 W/D pounds per 
circumferential inch. Best design requires the thickness of spherical bottoms 
to be equal to that-of the lowest side plate in the cylindrical part. ‘The cylin- 
drical side plates must be reinforced at column connections. 


Allowable Unit Stresses in pounds per square inch. Tension: in tank plates, 12 000; 
other parts, 16 000. Compression, 16 000 — 70//r; the ratio / /r should in no case exceed 
zzo. Shear; on field rivets in tank, and bolts, 9000; on shop rivets and pins, 12 000. 
Bearing: field rivets in tank, and bolts, 18 000; shop rivets and pins, 24000. Bending 
in pins, 24000. For combined wind and other loads the above unit stresses may be in- 
creased 25%. All steel except rivets to be of “structural” grade; rivets of “rivet” steel. 


Stresses in Columns are due to weight of structure, weight of water in tank, and over- 
turning effect of the wind. The vertical component of stress in any column due to the 
first two forces is equal to the total weight divided by the number of columns. The maxi- 
mum yertical component of stress in any column at any horizontal plane due to wind is: 
for 8-column towers, M /47r,; for 6-column towers, M /3 n3 for 4-column towers, M /27;. 
For high towers the batter of the columns when uniform is about 1 to 12; in some towers 
the inclination of the column is changed at each panel point. 


55. Coal, Ore, and Grain Bins 


A Steel Bin consists of a tank supported ‘on columns and is used for han- 
dling or storing materials such as coal, ashes, ore, broken stone, sand and 


~ grain. Bins for coal, ashes or other similar materials are usually shallow, 
and admit of a yaricty of designs, while grain bins are deep and of cylindrical 


form. There are three types of bins, the hopper bin, the. suspension. bin or 
bunker and the cylindrical bin. For handling coal and ore the construction 
is such that these materials are dumped into the top of the bins from cars 
or conveyors above and when needed are taken from the bottom or side by 


. means of gates and chutes, 


Hopper Bins (Fig. 170) are generally arranged in units, each unit con- | 
sisting of a square or rectangular box with.four vertical sides and having an 
inyerted frustum of a pyramid fora bottom. ‘This bin is mounted on columns, 
which may be braced longitudinally with diagonal bracing, and transversely 
with knee-braces or diagonals. The ‘gate thru which the bin is emptied is 
placed at the bottom of each hopper, and the inclination of the sides of the 
hopper should be such that the bin can be emptied by gravity alone. 


Suspension Bins (Fig. 171) are steel bunkers supported on steel columns, 
the bunker being made of plates suspended from two parallel girders which 


A 
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Side View 


Fig. 170. Hopper Bin 


Side View Section at Cols. 


' Fig, 171, Suspension Bin 
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are supported by the columns. The plates are subjected to tension only, and 
the side girders should be placed with their webs 
in the plane of this tension, or if placed vertically 
some provision must be made for resisting the 
horizontal component of pull from the plates. 
The ends of the bunker are made of plates stiffened 
by I beams or £’s. To protect the steel against 
action of materials stored in the bunker, the inside 
is covered with a layer of concrete reinforced with 
expanded metal or other’similar fabric. 

Circular Bins (Fig. 172) are cylindrical, with 
hemispherical bottoms, and with supporting col- 
umns riveted to the cylinder at the junction of 
the hemisphere. They are used principally for 
the storage or handling of ore, the outlet gate 
being placed at the center of the bottom. The 
construction is similar to that of water tanks on 
towers, except that the columns are vertical, and 
no balcony, with its accompanying horizontal 
circular girder, is necessary. 

Steel Grain Bins are usually cylindrical, with 
either flat or hemispherical bottoms, and for large 
} : grain elevators are arranged in groups. oa 
Fig. 172 Great Northern elevator at Buffalo, N. Y., 
thirty bins 38 ft in diameter and 85 ft ae ce 
in three rows of ten bins each, and between these are eighteen smaller ones 
each 15.5 ft in diameter arranged in two rows. All of these haye hemi- 
spherical bottoms tapering into cones and are supported on circular girders 
resting on columns. 


Weight and Angle of Repose of Dry Materials 


Anthracite coal .. 
Bituminous coal . 


Sand. .....2.%..| 90 to. 115 Corn 2.) sgeedes, 


n 56. Catenary Bridges 


A Catenary Bridge, Fig. 173, is a light truss bridge which crosses the track 
of an electrified railroad, and whose main function is to support an overhead 
wire over the center of each track. It is supported at the sides of the outside 
tracks, and occasionally at an intermediate point when many tracks have to 
be crossed, by latticed posts or towers to which it is securely riveted. The 
end towers extend above the bridge to eabiert cross arms which carry the 
feed, signal and grounding wires. 

The trelley wire is supported by a system of suspension cables, called the ~ 
CATENARY, which carries the weight of the trolley and maintains the Jatter in a 
plane parallel to the tracks. The types of catenaries and‘ their supporting 
bridges described in this Article are those in use on the N. Y., N. H.& H.R. R. 
The two systems of catenaries are known as the single and the compound. 
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Fig. 173. One End and Tower, Four Track Catenary Bridge By 
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The single consists of a main MESSENGER CABLE which supports, by hangers and 
clips, the trolley or contact wires. The latter consists of two wires, the top 
one of copper (to secure proper conductivity), the bottom one of steel for 
contact purposes, it having been found that copper wire is too rapidly abraided. 
The copper feeds the steel wire at intervals of ten feet. The entire system 
is alive and is suspended below the bridges from which it is insulated. The 
advantages of this system are its lightness, ease of erection and permanency 
of position on curves. It weighs about 1200 lb per track for spans of 280 
to 300 ft between bridges. The disadvantage is the non-protection of the track 
wire, in electrical storms, by an overhead wire. The compound system con- 
sists of a main messenger cable, supported by saddles on top of the bridges, 
Fig. 173, from which, at the quarter points of the cable span, is supported 
and insulated from it a single catenary system. In this type the main cable 
is dead. The advantage of this system is the protection afforded by. the 
main cable by being grounded where it passes over each bridge. The dis- 
advantages are its weight, which is about 2400 lb per track for spans of 300 ft, 
the additional cost of erection, the effect of temperature in changing alignment 
on curves, and Lo greater maintenance cost. 


The Economical Spacing of the bridges on the New Haven road is from 150 
to 315 ft. In addition to carrying the catenary system a secondary function 
of the catenary bridges is to support signals where they are required by the 
necessities of the block system, sidings, bridges, etc., and the platforms needed 
for the maintenance of the signals. Visibility requires that the signals should 
project downward and frequent changes in tracks, location of cross overs, etc., 
necessitating the relocation of signals make it advisable to design each bridge 
with sufficient strength to carry the signal loadings. The approximate weight 
of one automatic signal and its platform is 2400 lb. : : 


The Loads for which the bridges are designed are (1) a signal over each track, 
(2) the vertical and horizontal loads from the catenary over each track, (3) 
the weight of the bridge, (4) the vertical and horizontal loads from the feed, 
signal and grounding wires on each cross arm, (5) the wind on the bridge sur- 
face, acting either along the track or laterally, and (6) the wind acting laterally 
upon the wires regarded either as bare or covered with ice. 


The Catenaries are strung at definite tensions which depend upon the sag 
and accordingly vary with the temperature (Art.-48). When the catenaries 
are taken around curves the messenger cable is pulled away from the track 
in order to maintain the trolley wire over the center line.- The catenary then 
lies in an in¢lined surface and the hangers resist the tendency of the trolley 
wire to straighten out. The lateral force required to maintain this condition 
is the CURVE PULL which has to be supported bythe catenary bridgeasa horizon- 
talload. The curve pull is very approximately equal to the cable tension multi- 
plied by the span length and divided by the radius of the curve. Wind is 
assumed at 30 lb per sq ft on the full windward and half the leeward surfaces 
of bridges, and upon 24 the projected areas of all bare wires. It is taken at 
8 1b per sq ft upon 2¢ the projected areas of wires coated with 4% in of ice 
all around. A higher wind does not permit the ice to form, or will break it off 
if already formed. The wind blowing across the tracks on the catenaries and 
cross-arm wires constitutes a lateral load upon the catenary bridges. 


Stresses in trusses and towers of the usual two-post type may be found 
approximately by the method employed for mill-building bents (Art. 3). The 
towers may be regarded as hinged or as partially fixt at the base according 
to the degree of efficiency of the anchorage. Equal horizontal reactions may 
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be assumed at the feet of the towers (or at the points of contraflexure when 
the feet are regarded as partially fixt). £ : 

The Allowable Unit Stresses adapted by the New Haven road are as follows: 
tension from vertical loads, 20 000 Ib per sq in; tension from combined wind 
and vertical loads, 25 000 lb per sq in; compression from all conditions of load- 
ing, 21000—70 //r. Open hearth steel with an ultimate strength of 60 000 
Ib per sq in is used. , 


American Civil Engineers’ Handbook 977 


“MATHEMATICAL TABLES 


APPENDIX TO SECTION I 


Art. Page 
26. Six-Place Logarithms of Numbers..........0. ce veeeccseceeneees 978 


27. Six-Place Logarithmic Sines, Cosines, Tangents and Cotangents.... 1006 
28. Five-Place Natural Sines and Cosines..........00.ssccecesvscnes 1052 
29. Five-Place Natural Tangents and Cotangents......... Weigiviwis #7 veen LOGE 


a ee ee ee eee ee ee eee Se 


‘978 Mathematical Tables 


26. Six-Place Logarithms of Numbers 


The small table on page 1005 gives logarithms of the natural numbers from 
1 to 100 with their characteristics. 

The extended tabl> on pages 979 to 1005 gives the logarithms of the natural 
numbers from 100 to rocoo without their characteristics which are to be sup- 
plied by the rules of Art. 24, Sect. 1. For example 


log 112 = 2.049218 log 1126 = 3.051538 


Logarithms of numbers with more than four figures are to be found by help 
of the last column giving differences and the proportional parts at the foot of 
each page. For example when the number 17 456 is given first find log 1745 = 
241795 and the difference 249. Then the proportional part corresponding to 
6 in the last place is 149 and log 17456 =241795 +149 =241944 to which the 
characteristic is to be prefixed; hence log 17456 =4.241944. Similarly log 
174567 =5.241795 +149 +17 = 5.242061. 


When a logarithm is given to find the corresponding number: If log is 
2.932220 the number is 855.5. When the logarithm is not found exactly in the 
table take the next smaller one and find the difference between it and the given 
logarithms; then divide that difference by the number in the column Diff. 
and add the quotient to the smaller logarithms. For example, given 2.932260, 
the next smaller logarithm is 2.932220 corresponding to the number 855.5; the 
logarithm of this is 40 units less than the given one and the Diff. is 51 then 
40/51 =8 so'that the number corresponding to the logarithm 2.932260 is 855.58. 
The table of proportional parts at the foot of the page shows 8 immediately 
as the figure to be added, 


Common Logarithms ; 979 


26. Logarithms of Numbers 


No, 100 L. 000.] [No. 109 L, 040. 


x 0° 2i2] ae} 4i 6 | 6; 27) 8] ® | vie, 


v 


000000 | 0434 | 0868 | 1301 | 1734 || 2166 | 2598 | 3029 | 3461 | 3891 | 432 
4321 | 4751 | 5181 | 5609 | 6038 || 6466 | 6894 | 7321) 7748 | 8174 | 428 


8600 | 9026 | 9451 | 9876 ——. 

— : O724 | 1147 | 1570 | 1993 | 2415] 424, 

012837 | 3259 | 3680 | 4100 | 4521 || 4940 | 5360 | 5779 | 6197 | 6616 | 420° 

7033 | 7451 | 7868 | 8284 | 8700 || 9116 | 9532 | 9947 |———_|_— i 

|—__—— |__—_ —— 0361 | O775 | 416 

021189 | 1603 | 2016 | 2428 | 2841 || 3252 | 3664 | 4075 | 4486 | 4896 | 412 

| 6806 | 5715 | 6125 | 6533 | 6942 || 7350 ) 7757 | 8164 | 8571 | 8978 | 408 

i—— || 0195 | 0600 | 1004 || 1408 | 1812 | 2216 | 2619 | 3021 | 404 
033424 | 3826 | 4227 | 4628 | 5029 || 5430 | 5830 | 62 6629 | 7028 | 400 

7426 | 7825 | 8223 | 8620 | 9017 || 9414 | 9811 _———_/____|____ 
04 0207 | 0602 | 0998 | 397 


PROPORTIONAL PARTS, 


1 2 8 4 5 6 7 8 9 
43.4] 86.8 | 130.2} 173.6} 217.0] 260.4 | 303.8] 347.2 | 300.6 
43.3] 86.6 | 129.9| 173.2] 216.5 | 259:8| 903.1 | 346.4 | 389.7 
43.2] 86.4 | 120.6,| 172.8| 216.0) 259.2) 302.4] 345.6 | 388:8 
43.1| 862 | 129.3] 172.4! 215.5] 958.6} 301.7 | 344.8! 387.9 
| 43.0| 86.0 | 120.0] 172.0] 215.0 | 258.0 | 301.0] 344.0 | 387.0 
429 | 42.9] 85.8 | 128.7] 171.6] 214.5] 257.4] 300.3 | 343.2 | 386.1 
428 | 42.5] 85.6 | 128.4] 171.2| 214.0] 256.8] 209.6] 342.4 | 385.2 
427 | 42.7) 85.4 | 128.1] 170.8) 213.5 | 256.2 | 208.9 | 341.6 | 384.3 
426 | 42.6] 85.2 | 127.8] 170.4] 213.0] 255.6 | 208.2 | 340.8 | 383.4 
425 | 42.5| 85.0 | 127.5) 170.0] 212.5 | 255.0 | 207.5 | 340.0 | 382.5 
44 | 42.4] 84.8 | 127.2] 169.6 | 212.0 | 254.4} 296.8] 939.2 | 381.6 
423 | 42.3] 84.6 | 126.9] 169.2] 211.5] 253.8] 296.1) 338.4 | 380.7 
422. | 42.2] 84.4 | 126.6] 168.8] 211.0] 253.2 | 205.4] 387.6 | 379.8 
421 | 421] 84.2 | 126.3] 168.4] 210.5] 252.6] 204.7) 336.8 | 378.9 
420 | 42.0| 84.0 | 126.0] 168.0] 210.0] 252.0] 294.0 336.0 | 378.0 
419 | 41.9] 83.8 | 125.7] 167.6] 209.5 | 2514 | 2033) 335.2 | 377.4 
418 | 41.8| 83.6 | 125.4] 167.2} 209.0] 250.8) 202.6] 334.4 | 376.2 
417 | 41.7| 83.4 | 125.1] 166.8) 208:5| 250.2] 291.9 | 333.6 | 375.8 
416 _| 41.6} 83:2 | 1248] 166.4 | 208:0| 249.6.) 201.2] 332.8 | 374.4 
415 | 41.5] 83.0 | 124.5 | 166.0| 207.5| 249.0] 200.5 | 882.0 | 373.5 
414 | 41.4] 82.8 | 124.2] 165.6] 207.0] 248.4] 280.8] 331.2 | 372.6 
413 | 41.3| 82.6 | 123.9] 165.2] 206.5| 247.8 | 280.1 | 330.4 | 371.7 
412 | 41.2] 82.4 | 123.6] 164.8] 206.0] 2472] 288.4 | 329.6 | 370.8 
411 | 41.1] 82.2 | 123.3] 164.4] 205.5] 2466] 287.7] 328.8 | 369.9 
410 | 410] 82.0 | 123.0] 464.0}. 205.0| 246.0 | 287.0 | 398.0 | 369.0 
409 | 40.9] 81.8 | 122.7 | 163.6 | 204.5] 245.4 | 286.8] 27.2 | 868.1 
408 | 40.8} 81.6 | 122.4] 163.2] 204.0] 2448] 285.6 | 326.4 | 307.2 
407 | 40.7] 81.4 | 12211] 162.8] 203.5] 244.2] 2849] 925.6 | 366.3 |, 
406 | 40.6| 81.2 | 1218] 162.4 | 203.0| 2436] 284.2] 324.8 | 365.4 
405 | 40.5] 81.0 | 121.5] 162.0] 202.5 | 243.0] 293.5 | 324.0 | 364.5 
404 | 40.4] 80.8 | 1212] 161.6] 202.0] 242.4] 282.8] 928.2 | 363.6 
403 | 40.3} 80.6 | 120.9] 161-2] 201.5] 241.8] 292.1 | 3292/4 | 362.7 
402 | 40.2] 80.4 | 1206] 160.8) 201.0] 241.2] 281.4] 321.6 | 361.8 
4oi | 40.1} 80.2 | 1203] 160.4] 2005] 240.6 | 280.7] 920.8 | 360.9 
400 | 40.0} 80°0 | 120.0] 160.0} 200.0] 240.0| 280.0] 820.0 | 360.0 
399 | 39.9] 798 | 119-7] 159.6) 199.5] 239.4) 270.3] 319.2 | 350.1 
398 | 30.8] 79.6 | 119.4] 150.2] 199.0] 238.8] 278.6] 318.4 | 358.2 
soz | 30.7] 79.4 | 1191) 1588} 198.5] 298.2] 27.9] 317.6 | 357.8 
396 | 30.6| 792 | 1188| 158.4] 198.0] 237.6 | 277'2| 316.8 | 356.4 
305 | 89.5| 79.0 | 118.51 158.0| 197.51 237.01 276.5! 316.01 355.5 
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N.; 0 8 | 9 | Diff. 
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982 Common Logarithms 


26. Logarithms of Numbers t 
[No. 149 L. 173, 


n{-o|2|a|2]e]s[ e/a] s 


8205 | 3510 |} 3815 | 4120 | 4424 | 4728 | 5032 


1141 | 1434 || 1726 | 2019 
4351 || 4641 | 4982 


HE BSS B88 SBF ces 


PROPORTIONAL Parts, 


5 
= 
~ 
. oo 
rs 
ao 
a 
a 
Ls 3) 


821 | 32.1 | 64.2 96.3 128.4 | 160.5 | 192.6 | 224.7 | 256.8 | 288.9 
320 | 32.0) 64.0 96.0 128.0 | 160.0} 192.0] 224.0} 256.0 | 2380 
319 | 381.9 | 63.8 95.7 127.6 | 159.5 | 191.4} 223.8) 255.2 | 287.1 
318 | 81.8 | 63.6 95.4 127.2 | 159.0} 190.8} 222.6 | 254.4 | 286.2 
317 | 31.7 | 63.4 95.1 126.8 | 158.5} 190.2] 221.9 | 253.6 | 285.3 
316 | 31.6 | 63.2 94.8 126.4] 1580) 1896; 2212! 252.8 | 244 
815 | 31.5 | 63.0 94.5 126.0 | 157.5 | 189.0} 2205) 252.0 | 235 
B14 | 81.4] 62.8 94.2 125.6 | 157.0] 188.4 | 219.8 | 251.2 | 282.6 
313 | 31.3) 62.6 93.9 125.2 | 156.5 | 1878) 219.1 | 250.4 | 281.7 
312 | 81.2) 62.4 93.6 124.8} 156.0] 187.2 | 218.4) 249.6 | 280.8 
311 | 31.1) 62.2 93.3 124.4) 155.5] 186.6] 217.7] 248.8 | 279.9 
310 | 81.0) 62.0 93.0 124.0 | 155.0] 186.0] 217.0 | 248.0 | 279.0 
309 | 30.9] 61.8 92.7 1233.6] 154.5] 184) 216.3) 27.2 | 2781 
308 | 30.8 | 61.6 92.4 1233.2] 154.0] 184.8 | 215.6) 246.4 | 277.2 
807 | 30.7| 61.4 92.1 12.8} 153.5] 184.2] 214.9) 245.6/ 276.3 
306 | 30.6] 61.2 91.8 122.4) 153.0] 183.6) 2142) 244.8] 2754 
805 | 80.5} 61.0 91.5 122.0} 152.5] 1838.0] 213.5 | 244.0} 274.5 
304 | 30.4 | 60.8 91.2 121.6 | 1520] 18.4 8 | 243.2 | 273.6 
303 | 30.3] 60.6 90.9 121.2) 1515) 181.8) 212.1 | 242.4) 227 
302 | 30.2] 60.4 90.6 120.8} 151.0} 181.2] 211.4) 241.6 | 271.8 
301 | 30.1 | 60.2 90.3 120.4] 150.5 | 180.6] 210.7] 2408) 270.9 
300 | 30.0; 60.0 90.0 120.0} 150.0] 180.0] 210.0; 240.0 | 270.0 
299 | 29.9| 59.8 89.7 119.6 | 149.5] 179.4 | 209.3 | 239.2 | 269.1 | 
298 | 29.8] 59.6 89.4 119.2 | 149.0] 178.8 | 208.6 | 288.4 | 268.2 
207 | 29.7 | 59.4 89.1 118.8 | 148.5) 178.2 | 207.9 | 287.6 | 267.3 
296 | 29.6 | 59.2 88.8 118.4} 148.0) 177.6 | 207.2) 236.8 | 2664 
295 | 29.5 | 59.0 88.5 118.0 | 1475] 177.0) 206.5) 286.0 | 2655 
294 | 29.4; 58.8 88.2 117.6 | 147.0} 176.4 | 205.8} 285.2 | 264.6 
293 | 29.3] 58.6 87.9 117 2 |. 146.5 | 175.8 | 205.1 | 234.4 | 263.7 
292 | 29.2) 58.4 87.6 116.8) 146.0} 175.2) 24.4 | 233.6 | 262.3 
291 | 29.1| 58.2 87.3 116.4} 145.5 | 174.6 203.7 | 282.8 | 261.9) 
290 | 29.0] 58.0 87.0 116.0 | 145.0 | 174.0} 208.0} 232.0 | 261.0 
289 | 28.9] 57.8 86.7 115.6 | 144.5 202.3 | 231.2 | 260.1 
288 | 28.8) 57.6 86.4 115.2 | 144.0] 172.8] 201.6} 230.4 | 292 
287 | 28.7 | 57.4 86.1 114.8 | 143.5] 172.2] 200.9] 229.6 = 
286 | 28.6] 57.2 | 8.8 114.4| 143.0| 171.6! 200.2| 2238.8 4 


> 


Common Logarithms 983 
26. Logarithms of Numbers 


[No, 169 L. 230, 


150 | 176091 | 6381 | 6670 6959 | 7248 || 7536 | 7825 | 8113 | 8401 

8977 | 9264 | } 9839 — || —_|______|____ 
| 0126 |} 0413 | 0699 | 0986 | 1272 | 1558 
181844 | "aim | 2a | Brg | es 3270 | 3555 | 3839 | 4193 | 4407 


4691 | 4975 Sn ee a 6108 | 6391 | 6674 | 6956 | 7239 
752i | 7803 | 8084 8366 | 8647 8928 | 9209 | 9490 | 9771 —— 

— — | 0051 
190332 | 0612 | 0892 | 1171 | 1451 |! 1730 | 2010 | 2280 | a567 | 2846 
8125 | 3403 | 3681 | 3959 | 4237 |) 4514 | 4792 | 5069 | 5346 | 5623 
5900 | 6176 | 6453 | 6729 | 7005 || 7281 | 7556 | 7832 | 8107 | 8382 
8657 | 8932 | 9206 | 9481 | 9755 


“od el —— | 0029 | 0303 | o577 | 0850 | 1124 
201397 | 1670 | 1943 | 2216 | 2488 || 2761 | 3033 | 3305 | 3577 | 3648 
4120 | 4301 | 4663 | 4934 | 5204 || 5475 | 5746'| 6016 | 6286 | 556 
6826 | 7006 | 7365 | 7634 | 7904 || 8173 | 8441 | 8710 | 8979 | 9247 
ee ee 

—— 0051 | 0319 | 0586 || 0853 | 1121 | 1388 | 1654 | 1921 
212188 | 2454 | 2720 | 2986 | g252 |) 3518 | 3783 | 4049 | 4314 | 4579 
4844 | 5109 | 5373 | 5638 | 5902 || 6166 | 6430 | 6694 | 6957 | 
7484 | 7747 | 8010 | 8273 | 8536 || 8798 | 9060 | 9323 | 9585 | 9846 


‘|B B88 S888 85 88 SSSR BRS 8 


285 | 28.5) 57.0 | 85.5 | 1140} 142.5] 171.0| 199.5] 228.0 | 256.5 
284 | 28.4] 56.8 | 8.2 | 113.6} 142.0) 170.4| 198.8 | 227-2 | 255.6 
283 | 23.3| 56.6 | 84.9 | 113.2] 1415 | 169.8] 198.1 | 226.4 | 254.7 
R82 | 282) 56.4 | 846 | 112.8] 141-0] 169.2} 197.4] 225.6 | 253.8 
M1 | Bi) 562 | Bf3 | 1124] 140.5] 168.6| 196.7 | 224.8 | 252.9 
230 | 28.0) 56.0 | 84.0 | 112.0] 140.0] 168.0| 196.0! 224:0 | 252.0 
279 | 27.9] 55.8 | 83.7 | 111.6] 139.5) 167.4| 195.3 | 223.2 | 251.1 
2B | 27.8) 55.6 | 83.4 | 111-2} 139.0| 166.8] 194.6 | 222.4 | 250.2 
M7 | 27.7} 554 | 83.1 | 110.8] 138.5| 166.2| 193.9 | 221.6 | 219.8 
26 | 27.6] 55.2 | 82.8 |- 110.4] 138.0-| 165.6 | 193.2 | 220.8 | 248.4 
M5 | 27.5) 550 | 82.5 | 110.0} 187.5] 165.0] 192.5] 220.0 | 247.5 
@4 | 274] 54.8 | o2.2 | 109.6] 137.0] 164.4| 191.8} 219.2 | 246.6 
273 | 273) 546 | 81.9 | 109.2] 136.5| 163.8| 191.1 | 218.4 | 245.7 i 
22 | 27.2) 544 | 81.6 | 108.8] 136.0] 163.2] 190.4 | 217.6 | 244.8 
2 | 27-1) 542 | 81.3 | 108.4] 135.5 | 162.6 | 189.7 | 216.8 | 243.9 
270 | 27.0] 54:0 | 81.0 | 108.0] 135.0 | 162.0'| 180.0 | 216.0 | 243.0 . 
269 | 26.9) 53.8 | 80.7 | 107.6] 1345] 161-4 | 188.3 | 215.2 | 22.1 
268 | 26.8] 53.6 | 80.4 | 107.2] 134.0] 160.8) 187-6] 214.4 | 241.2 
267 | 26.7] 53.4 | 80.1 | 106.8] 133.5 | 160.2 | 186.9 | 213.6 | 240.3 
265 | 26.6) 53.2 | 79.8 | 106.4] 133.0) 150.6] 186.2) 212.8 | wud 
285 | 26.5} 53.0 | 79.5 | 106.0} 132.5] 159.0] 185.5 ' 212.0 | 298.5 
Ba) 4 | 28 | 79-2 | 105.6 | 192.0) 184) 18.8 | te | 7.6) 
263 | %.3} 52.6 | 78.9 | 105.2] 131.5 | 157.8| 184.1) 210.4 | 236.7 
22 | 26.2] 52.4 | 78.6 | 101.8) 131.0]: 157.2] 183.4 | 200.6 | 235.8 
261 | 26.1} 52.2 | 78.8 | 104.4] 130.5] 156.6] 182.7] 208.8 | 234.9 
260 | 26.0} 52.0 | 78.0 | 104.0] 130.0]. 156.0| 182.0} 208.0 | 234.0 
$59 | 25.9] 51.8 | 77-7 | 103.6 | 120.5) 155.4| 181.8 | 207.2 | 233.1 
258 | 25.8| 51:6 | 77.4 | 103.2] 129:0| 154:8| 180.6] 206.4 | 232.2 
257 | 25.7) 51.4 | v7.1 | 102.8) 128.5| 154:2| 179.9| 205.6 | 231.8 
256 | 25.6) 51.2 | 76.8 | 102.4 | 1280) 153.6| 179.2} 204.8 | 230.4 
855 | 25.5] 51.0 | 76.5 | 102.0| 127.5 | 153.0| 178.5 | 204.0 | 220.5 


984 . Common Pasties 


26. Logarithms of Numbers 
No. 170 L. 230.] ; [No. 189 L. 278, 


Diff. . 
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Common Logarithms 985 


Me - 26. Logarithms of Numbers 
at cecal [No, 214 1. 882. 
1 2 $ 
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986 Common Logarithms tS 


26. Logarithms of Numbers 


No. 215 L. 882.) [No. 289 L. 380, 
N.| 0 1 2 | ite ad 5 | 6 7 | 8 9 | Diff, 
215 | 332438 | 2640 | 2842 | s044 | 3246 || 3447 | 8649 | 3850 | 4051 | 4258 | 202 
6| 4454 | 4655 | 4856 | 5057 | 5257 || 5458 | 5658 | 5859 | 6059 | 6260 | 201 
7 6660 | 6860 | 7060 | 7260 || 7459 | 7659 | 7858 | 8058 | 8257 
8| 8456 | 8656 | 8855 | 9054 9451 | 9650 | 9849 |_| 
——| 0047 | op46 | 4 
9 | 340444 | 0642 | 0841 | 1039 | 1287 || 1435 | 1682 | 1830 | 2028 | 2225 | 198 
220] 2428 | 2620 | 2817 | 3014 | 3212 || 3409 } 3606 | 3802 | 8999 | 4196 | 197 
1| 4392 | 4589 | 4785 | 4981 | 5178 || 5374 | 5570 | 5z66 | 5962 | 6157 | 196 
2| 6353 | 6549 | 6744 | 6939 | 7135 || 7330 | 7525 | 7720 | 7915 | 8110 | 195 
3| 8305 | 8500 | 8694 | 8889 | 9083 || 9278 | 9472 | 9666 | 9860 |_—— = 
es | eect 0054 | 4 
4 | 350248 | 0442 | 0636 | 0829 | 1023 || 1216 | 1410 | i603 | 1796 | 1989 | 193 
5 | 2183 | 2375 | 2568 | 2761 | 2954 || 8147 | 3389 | 8532 | 8724 | 3916 | 198 
6| 4108 | 4301 | 4493 | 4685 | 4876 || 5068 | 5260 | 5452 | 5643 | 5834 | 192 
7 26 | 6217 | 6408 | 6599 | 6790 || 6981 | 7Te | 7363 | 7554 | 7744 | 191 
8 73135 8125 | 8316 | 8506 | 8696 || 8886 | 9076 | 9266 | 9456 | 9643 | 190 
9| 9835 eens oe ee 
0025 | 0215 | 0404 | 0593 || 0788 | 0972 | 1161 | 1850 |-1589 | 189 
230 | 361728 | 1917 | 2105 | 2204 | 2482 |] 2671 | 2859 | 3048 | 8286 | 3424 | -188 
1} 3612 | 8800 | 3988 } 4176 | 4363 || 4551 | 4739 | 4926 | 5118 | 5801 
2|. 5488 | 5675 | 5862 | 6049 | 6236 || 6423 | 6610 | 6796 | 6983 | 7169 | 187 
3| 7356 | 7542 | 7729 | 7915 | 8101 || 8287 | 8473 | 8659 | 8845 | 9030 | 186 
4| 9216 | 9401 | 9587 | 9772 | 9958 || —— ee ee 
: — 0143 | 0328 | 0518 | 0698 | 0888 | 185 
5 | 371068 | 1253 | 1437 | 1622 | 1806 || 1991 | 2175 | 2360 | 2544 | 2728 | 184 
6| 2912 | 8096 | 3280 | 3464 | 3647 || B831 | 4015 | 4198 | 4382 | 4565 | 184 
7 | 4748 | 4932 | 5115 | 5298 | 5481 || 5664 | 5846 | Gozo | 6212 | 6394 | 188 
8] 6577 | 6759 | 6942 | 7124 | 7306 || 7488 | 7670 | 7B52 | 8034 | 8216 | 182 
9 | ~8398 | 8580 | 8761 | 8943 | g124 || 9306 | 9487 | 9668 | 9849 | —— 


38 00380 | 181 


_ 


PROPORTIONAL PARTS, 


Dift.| 1 | 2 8 4 5 6 7 alee 
202 | 20.2| 40.4 | 60.6 | 80.8 | 101.0] 121.2] 141.4] 161.6 | 181.8 
201 } 20.1) 40.2 | 60.8 | 80.4 | 100.5] 120.6) 140.7] 160.8) 180.9 
200 | 20.0 40.0 | 60.0. | 80.0 | 100.0] 120.0] 140.0) 160-0 | 180.0 
199 | 19.9] 30.8 | 59.7 | 79.6 | 99.5] 110.4 | 130.3] 159.2 | 179.1 
198 | 19.8| 30.6 | 50.4 | 79.2 | 99.0] 118.8 | 138.6'| 158.4 | 178.2 
197 | 19.7] 30.4 | 59.1 | 78.8 5| 118.2] 137.9] 157.6 | 177.8 
196 | 10.6| 39.2 | 58.8 | 784 | 98.0| 117.6] 187.2] 156.8 | 176.4 
195 | 10.5) 90.0 | 68.5 | %8.0 | 97.5] 1170] 136.5} 156.0 | 17.5 
194 | 19.4] 38.8 | 68.2 | 77.6 | 97.0| 116.4] 185.8 | 155.2 | 174.6 
193 | 19.3] 38.6 | 57.9 | 77.2 | 96.5] 115.8] 195.1] 154.4 | 178.7 
192 | 19.2] 38.4 | 57:6 | 76.8 | 96.0] 115.2] 134.4] 153.6 | 172.8 
11 | 19:1] 38:2 | 57.38 | v4 | 95:5) 114.6] 133.7 | 152.8 | 171.9 
490 | 19.0| 38.0 | 67.0 | 76.0 |’ 95.0] 1140] 133.0 | 152.0 | 171-0 
199 | 18.9] 37.8 | 66.7 | %5.6 | 94:5] 118.4] 182.8] 151.2 | 170.1 
188 |18.8| 87.6 | 56.4 | 75.2 |. 94.0] 112.8| 131.6] 160-4 | 169.2 
17 | 18.7| 374 | 56.1 | 74:8 | 93.5] 112.2] 130.9 | 149.6 | 168.3 
186 | 18.6] 37.2 | 65.8 | 74:4 | 93.0] 111-6] 130.2| 148.8 | 167.4 
185 | 18.5] 37.0 | 55.5 | v4.0 | 92.5] 111.0] 129.5] 148.0 | 166.5 
184 |18.4| 86.8 | 55.2 | 73.6 | 92.0] 110.4] 128.8| 147.2| 165.6 
183 | 18.3] 36.6 | 54.9 | 73:2 | 91:5] 109.8] 128.1] 146.4 | 164.7 
182 | 18.2| 36.4 | 54.6 | 72.8 | 91.0] 109.2} 127.4] 145.6 | 168.8 
181 | 18.1| 36.2 | 54.3 | 74 | 90.5] 1086] 126.7| 1448 | 162.9 
180 | 18.0| 36.0 | 54.0 | 72.0 | 90.0| 108.0] 126.0] 144.0 | 162.0 
53.7 | 71.6 | 89.5 <2 | 161.1 


Common Logarithms : 987 


26. Logarithms of Numbers 
No. 240 L. 380.] [No. 269 L. 431, 


N. 0 1 2 8 4 6 6 7 8 9 | Diff. 


401401 | 1573 | 1745 | 1917 | 2089 || 2201 | 2433 | 2605 | 2777 | 2049 | 172 
3121 | 3292 | 3464 | 3635 |.3807 || 8978 | 4149 | 4320 | 4492 | 4663 | 171 
4834 | 5005 5858 


9956 a aa | ae) Mahe eas aes, 
——_| 0121 | 0286 | 0451 | 0616 || ovat | « 1110 | 1275 | 1439 | 165 
421604 | 1768 | 1933 | 2097 | 2261 2590 | 2754 | 2918 164 
8246 | 3410 | 3574 | 3737 | 3901 || 4065 4392 4718 164 
4982 5208 5534 6023 | 6186 | 6349 | 163 


5045, 5371 | 5 5697 | 5860 
6511 | 6674 | 6836 | 6999 | 7161 || 7324 | 7486 | 7648 | 7811 | 7973 | 162 
oa ot 8459 | 8621 | 8783 || 8944 | 9106 | 9268 | 9429 | 9591 | 162 
‘1 eS SSS eS —— SS Se eee 
43 0075 | 0236 | 0398 || 0559 | 0720 | 0881 | 1042 | 1203 | 164 


- 


PROPORTIONAL PARTS, ~ 


Diff.| 1 2 3 4 5 6 7 8 9 

178 | 17.8] 35.6 53.4 1.2 89.0 106.8 | 124.6 | 142.4 | 160.2 

V7 | 17.7) 35.4 53.1 70:8 88.5 106.2 | 123.9] 141.6} 159.3 

176 | 17.6) 35.2 62.8 70.4 88.0 105.6 | 123.2] 140.8 | 158.4 

175 | 17.5] 35.0 52.5 0.0 87.5 105.0} 122.5] 140.0} 157.5 
174 (| 17.4) 34.8 52.2 69.6 87.0 104.4 | 121.8 | 189.2 | 156.6 |. 

173 «(| 17.38) 34.6 51.9 69.2 86.5 103.8 | 121.1 | 138.4 | 155.7 

172 | 17.2) 34.4 51.6 68.8 86.0 103.2 | 120.4] 137.6 | 154.8 

Wil jiz7.1) 34.2 51.3 68.4 85.5 102.6 | 119.7 | 136.8) 153.9 

170 | 17.0] 384.0 51.0 68.0 85.0 102.0} 119.0 | 136 153.0 

16.9 | 33.8 50.7 | 67.6 84.5 101.4 | 118.3] 185.2] 152.1 

: 33.6 50.4 67.2 84.0 100.8} 117.6] 134.4 | 151.2 

33.4 50.1 66.8 83.5 100.2] 116.9] 133.6] 150.3 

83.2 49.8 66.4 83.0 99.6} 116.2] 182.8 | 149.4 

33.0 49.5 66.0 82.5 99.0} 115.5] 182.0 | 148.5 

32.8 49.2 65.6 82.0 98.4) 114.8] 131.2] 147.6 

82.6 48.9 65.2 81.5 97.8) 114.1] 180.4 | 146.7 

82.4 48.5 64.8 81.0 97.2] 113.4] 129.6 | 145.8 

82.2 48.3 64.4 80.5 96.6 | 112.7] 128.8 | 144.9 


988 5. Common Logarithms - 
26. Logarithms of Numbers 


No. 270 L. 431.] [No. 299 L, 476, 


32,2 48.3. | 64.4 80.5 96.6 112.7 | 128.8 
82.0 48.0 64.0 80.0 96.0 112.0} 128.0 
31.8 47.7 63.6 79.5 95.4 111.3 | 127.2 
31.6 47.4 63.2 79.0 94.8 110.6 | 126.4 
31.4 47.1 62.8 78.5 94.2 109.9 | 125.6 
31.2 46.8 62.4 78.0 93.6 109.2 | 124.8 
31.0 46.5 62.0 77.5 93.0 108.5 | 124.0 
30.8 46.2 61.6 77.0 92.4 107.8 | 123.2 
80.6 45.9 61.2 76.5 91.8 107.1 | 122.4 
80.4 45.6 60.8 76.0 91.2 106.4 | 121.6 
30.2 45.8 60.4 75.5 90.6 105.7 | 120.8 
30.0 45.0 60.0 5.0 90.0 105.0 | 120.0 
29.8 44.7 59.6 74.5 89.4 104.3 | 119.2 
29.6 44.4 59.2 74.0 88.8 103.6 | 118.4 
29.4 44.1 58.8 13.5 88.2 102.9 | 117.6 
29.2 43.8 58.4 73.0 87.6 102.2} 116.8 
29.0 43.5 58.0 72.5 87.0 101.5] 116.0 
28.8 43.2 57.6 72.0 86.4 100.8 | 115.2 
28.6 42.9 57.2 71.5 85 8 100:1 | 114.4 
28.4 42.6 56.8 71.0 85.2 99.4 | 113.6 
28.2 42.3 56.4 70.5 84.6 98.7 | 112.8 
28.0 | 42.0 56.0 70.0 84.0 98.0 | 112.0 


Common Logaritiuns i 989 
26. Logarithms of Numbers ; 


(No. 339 L. 581, 


eel ear oa eae | Gide Ga led s | 9 | Dift. 
300 | 477121 | 7266 | 7411 | 7555 | 77 "7844 | 7989 | 8133 | 8278 | 8422 145 
1| 8566 | 8711 | 8855 | 8999 | 9143 |] 9287 | 9431 | 9575 | 9719 | 9863 | 144 
2} 480007 | 0151 | 0204 0582 |! 0725 | 0869 | 1012 | 1156 | 1209 | 144 
3| 1443 | 1586 | 1729 | ig72 | 2016 || 2159 | 2302 | 2445 | 2588 | ova1 | 143 
4| 2874 | 3016 | 3159 |. 3302 | 3445 || 3587 | 3730 | 8872 | 4015 | 4157 | 143 
5 4442 | 4585 | 4727 | 4869 || 5011 | 5153 | 5295 | 5437 | 5579 | 142 
6 5721 | 5863 | 6005 147 | 6289 || 6480 | 6572 | 6714 6997 1422 
%! 7138 | 7280 | 7421 | 7563 | 7704 || 7845 | 7986 | 8127 | 8269 | B410 | 141 
8 Bobi | S692 | 8839,| 8974 | 9114 || 9209 | 9806 | 9O87 | VEC | BIB | 141 
0099 | 0239 | 0380 | 0520 || 0661 | 0801 | 0941 | 1081 | 1222 | 140 
810 | 491362 |.1502 |°1642 | 1782 | 1922 || 2062 | 2901 | 2341 | 2481 | 2621 | 140 
1| 2760 | 2900 3179 | 3319 || 3458 | 3597 | 3737 | 3876 | 4015 | 139 
2) 4155 | 4904 | 4433 | 4572 | 4711 || 4850 | 4989 | 5128 | 5267 | 5406 | 139 
3| 5544 | 5683 | 5822 | 5960 | 6099 || 6238 | 6376 | 6515 | 6653 | 6791 | 139 
4| 6930 | 7 06 | 7344 | 7483 || 7621 | 759 | 7897 | 8035 | 8173 | 138 
5} sit | 8448 | 8586 | 8724 | Saez || B999 | 9137 | 9275 | 9412 | 9560 | 138 
6 cle So Ue oe eel rl te eae Me 9 
—— |_| 0099 | 0236 || 0374 | 0511 | 0648 | 0785 | 0922 | 137 
7 | 501059 | 1196 | 1333 | 1470 | 1607 || 1744 | 1880 | 2017 | 2154 | 2291 137 
B 7 | 2564 | 2700 7% | 2973 8109 | 3246 | 8382 | 3518 | 2655 136 
9} 3791 | 3927 | 4063 | 4199 | 4335 || 4471 | 4607 | 4743 | 4878 | 5014 | 136 


$20 | 5150 | 5286 | 5421 | 5557 | 5693 || 5828 | 5964 | 6099 | 6234 | 6370 | 1386 
1 | 6505 | 6640 | 6776 | 6911 | 7046 || 7181 | 7316 | 7451 | 7586 | 7721 | 135 
2 7991 | 8126 | 8260 | 8395 || 8530 | 8664 | 8799 | & 185 
3 | 9208 | 9837 | 9471 | 9606 | 9740 || 9874 |———'!—_'_—_>-_ |___ 

|__| 09 | 0143 | OeTz| 0411 | 184 

4 | 510545‘! 0679 | 0813 | 0947 | 1081 || 1215 | 1349 | 1482 | 1616 | 1750 | 184 
by} oo 2017 | 2151.| 2284 | 2418 ||. 2551 | 2684 | 2818 | 2951 | 3084 | 138 
6 | * 8218 | 3351 3617 | 3750 4016 | 4149 | 4282 | 4415 | 188 
%| 4548 | 4681. | 4813 | 4946 | 5079 || 5211 | 5844 | 5476 | 5609 | 5741 | 138 
8 | 5874 | 6006 | 6139 | 6271 | 6403 || 6535 | 6668 | 6800 | 6932 | 7064 | 132 
9} 7196 | 7828 | 7460 | 7592 | 7724 || V855 | 7987 | 8119 | 6251 | 8882} 132 

= ee seh 8777 | 8909 | 9040 || 9171 | 9803 | 9484 | 9566 | 9697 | 181 

RQ? Host le] Nebo wer] tea Ue ee eS fe 2 
— 0221 | 0353 || 04 0615 | 0745 | 0876 | 1007 | 181 

2 | 521138 | 1269 | 1400 | 1530 | 1661 || 1792 | 1922 | 2053 | 21838 | 2314 | 131 
3 2575 | 2705 | 28: 2966 || 8096°| 3226 | 3 3486 | 3616 | 130 
4| 8746 | 3876 | 4006 | 4136 | 4266 || 4396 | 4526 | 4656 | 4785 | 4915 | 130 
6 5 | 5174, | 5304 | 5434 | 5563 || 5693 | 5822 | 5951 | 6081 | 6210} 120 
6] 6339 | 6469 | 6598 | 6727 | 6856 || 6985 | 7114 | 7243 | B72 | TE 129 
7} 7630 | 7759 | 7888 | 8016 | 8145 || 8274 | 8402 | 8581.) 8660 | 8788) 129 
$8} 8917 | 9045 | 9174 | 9302 | 9480 || 9559 | 9687 | 9815 | 9948 | ——_ Re 

paies| Rate Nee ase a eras eee 
9 | 530200 | 0328 | 0456 | 0584 | 0712 || 0840 | 0968 | 1096 | 1228 | 1851 | 128 


ProportTIonaL Parts. 


189 | 13.9| 27.8 | 41.7 | 55.6 69.5 83.4 97.3 111.2 | 125.1 
188 | 13.8| 27.6 41.4 55.2 69.0 82.8 | 96.6 110.4 | 124.2 
187 | 13.7 | 27.4 41.1 54.8 68.5 | 82.2 95.9 109.6 | 123.8 
136 | 13.6) 27.2 40.8 | 54.4 68.0 81.6 95.2 108.8 | 122.4 
185 | 13.5 | 27.0 40.5 54.0 67.5 81.0" 94.5 108.0 | 121.5 
134 | 13.4] 26.8 40.2 53.6 67.0 80.4 93.8 10°.2 | 1 
133 | 18.3] 26.6 | 30:9 53.2 66.5 9.8 93.1 106.4 | 119.7 
13.2] 26.4 39.6 52.8 66.0 79.2 92.4 105.6 | 118.8 
18.1] 26.2 | 89.3 52.4 65.5 78.6 91.7 104.8 | 117.9 
13.0 | 26.0 39.0 52.0 65.0 | 78.0 91.0 104.0 | 117.0 
12.9 | 25.8 38.7 §1.6 64.5 77.4 90.3 103.2 | 116.1 
12.84 25.6 38.4 51.2 64.0 76.8 89.6 -4 | 115.2 
12.7 | . 25.4 38.1 50.8 63.5 76.2 88.9 114.3 


990 


~ Common Logarithms 


26. Logarithms of Numbers 


No, 340 L, 581.] 


0 1 


g OMIHET Rome way meme | Zz 
3 
ies} 
~ 
Pr) 
& 


OMT Ors 0929 HS COIS wWrme 


[No, 879 L. 579. 


7 9 | Diff. 
2872 | 2500 | 2627 | 128 
645 | 8772 | 3899 | 127 
4914 | 5041 | 5167 | 127 
6180 | 6206 | 6432 | 126 
7441 | 7% 7693 | 126 
8699 8951 | 126 
9954 
———| 0079 1 
1330 | 1454 | 125 
R452 | 2576 | 2701 | 125 
8096 | 3820 | 3044} 124 
4936 5060 | 5183 124 
6172 | 6296 | 6419 | 124 
7405 | 75: 7652 | 123 
535 | 8) 123 
9861 | 9984 |—_ 
———] 0106 | 128 
1084 | 1206 | 1828 | 122 
2303 | 2425 | Q547 | 122 
8519 | 3640 | 3762} 121 
4731 | 4852 | 4973 | 121 
5940 | 6061 | 6182] 121. 
7146 | 7267 | 7387} 120 
8349 | 8469 | 8589 | 120 


BEPERERRER 
DBOWBKAOSTOCHRS 


seseessnes 
ROwWRowadeia 


ASSSSSSSSS 
ASCHKAWABOCP WIM 


gsseesenee 
aSoacuncaocne 


auseexsags 
ROSWORODMWO 


a3-I-3-3 


BELRSSRSSS 
WON ORI 


| Common Logarithms 991 


26. Logarithms of Numbers 
No. 380, 1.579.) (No, 414 L. 617. 


2/3 | 4 5 6 7 8 9 | Diff. 


S| ft | | | | | 


ee ie 


pote | 0126 | o241 || 0355 | 0469 | 0583 | osov | 0811} 114 


4444 | 4557 | 4670 | 4783 ||-4896 | 5009 | 5122 | 5235 5348 | 113 


| } » 7935 | 8047 8160 || 8272 | 8384 | 8496 8608 | 8720 112 


2399 | 2510 | 2621 || 2782 | 2848 | 2954 | 3064 | 3175 | 114 


6160 | 6265 | 6370 || 6476 | 6581 | 6686 | 6790. 6895 | 105 


3 4 5 6 a 8 9 
11.8) 23.6 85.4 47.2 59.0 70.8 |- 82.6 94.4 | 106.2 
11.7 | 23.4 35.1 46.8 58.5 (0.2 81.9 93.6 | 105.3 
11.6 | 23.2 24.8 46.4 58.0 69.6 81.2 92,8 | 104.4 
11.5 | 23.0 34.5 46.0 57.5 69.0 80.5 92.0 | 103.5 
11.4] 22.8 34.2 45.6 57.0 68.4 79.8 91.2 | 102.6 
11.3 | 22.6 33.9 45.2 56.5 67.8 79.1 90.4 | 101,7 
11.2 | 22.4 33.6 44.8 | 56.0 67.2 78.4 89.6 }100,8 
11.1] 22.2 33.3 44.4 55.5 66.6 Wee 88.8 99.9 
: 22.0 33.0 44.0 55.0 66.0 77.0 88.0 99.0 
21.8 32.7 43,6 54.5 65.4 16.3 87.2 98.1 
21.6 32.4 43.2 54.0 64.8 75.6 86.4 97.2 
21.4 32.1 42.8 53.5 64.2 74.9 85.6 96.3 
21.2 | 31.8 42.4 53.0 63.6. (4.2 84.8 95.4 
21.0 81.5 42.0 62.5 63.0 | 73.5 84.0 | 94.5 
20.8 81.2 41.6 52.0 | 62.4 72.8 83.2 93.6 


992 Common Logarithms / 


26. Logarithms of Numbers > / 
No, 415 L. 618.] (No /A59 L. 662 
; 


N. 4 6 | 6 q 8 /| 9 | Diff. 

415 8466 || 8571 | 8676 | 8780 8989 | 105 
6 9511 || 9615 | 9719 | 9 9928 |——— 
-— 0032 

Ve 0552 || 0656 | O760 | 0864 { 0968 | 1072 104 
8 1592 || 1695 | 1799 | 1903; 2110 
9 2628 || 2732 2939 | 3042 | 3146 
420 3663 || 8766 | 3869 | 8973 | 4076 | 4179 

1 |: 4695 || 4798 | 4901 | 5004 | 5107 | 5210 103 
2 5724 || 5827 | 5929 | 6082 | 6185 | 6238 
3 6751 || 6853 | 6956 | 7058 | 7161 | 7263 
4 7775 || 7878 | 7980 | 8082 | 8185.) 8287 

5 8797 || 8900 | 9002 | 9104 | 9206 9308 | 102 
6 9817 || 9919 |—|—_———_ ——_ _—_ 
—_—-]| —— —| 0021 -| 0123 0326 
va 0835 || 0936 | 1038 | 1139 | 1241 | 1342 
8 1849 || 1951 | 2052 | 2153 | 2255 | 2356 
9 2862 || 2963 | 8064 | 3165 | 3266 3367 


seve || s073 | 4074 | 417 | 4276 | 4376 | 102 


2890 || 7990 | 8090 | 8190 | 8290) 8889 | 400 


6796 || 6894 6992_| 7089 7187 7285 98 


0296 || 0391 | 0486 | 0581 | 0676 | O77 
1245 || 1339 | 1434 | 1529 | 1623 | 1718 
2191 || 2286 | 2380 | 2475 | 2569 | 2663 


3 


PROPORTIONAL Parts, 

pift.| 1 2 3 4 5 Coleg 8 9 
105 | 10.5| 21.0 | 31.5 | 42.0 | 62.5 | 63.0 | vz. ol 

jor {i04| 90°38 | 312 { 41-6 | 52.0 | 62.4 | 8 | Be 

jos | 10.3 | 20.6 | 80.9 | 41.2 | 51-5 | 61:8 | 721 | 82.4 

joo |40.2| 20.4 | 30.6 | 40.8 | 51.0 | 612 | 714 | 81.6 

toi | 10:1 | 20.2 | 30.3 | 40.4 | 50.5 | 60:6 | 77 | 80:8 

joo | 10.0| 20.0 |-30.0 | 40.0 | 50.0 | 60.0 | 700 | 80.0 

99 | 9.9| 19.8 | 20.7 | 396 | 49.5 | 50.4 | 69.3 | 79.2 


Common Logarithms 993 


26. Logarithms of Numbers 


LNo. 499 L, 698, 


NS are 5 6 | 7 | 8 | 9 | Diff. 


4642 | 4736 | 4830 | 4924 | 5018 || 5112 | 5206 | 5299 | 5393 elt 94 


hs : mm & 


Diff. | 1 2 3 4 5 6 7 8: | 9 
98 | 9.8] 19.6 | 29.4 | 39.2 | 49.0 | 58.8 | 68.6 | 7.4 | 98.2 
97 | 9.7| 19.4 -| 29.1 | 38:8 | 48:5 | 58.2 | 67.9 | wo | B73 
98 | 9.6 8.8 | 38.4 | 48.0 |. 57:6 | 67:2 | 76.8 | 86.4 
95 | 9.5 28.5 | 88.0 | 47.5 | 57.0 | 66.5 | 76.0 | 85.5 
94 | 9.4 98.2 | 37.6,| 47.0 | 56.4 | 65.8 W752 | 84.6 
93 | 9.3 27.9 | ari2°| 46.5 | 55.8 | 65.1 | 74.4 | gar 
g | 9.2 27.6 | 36.8 | 46.0 | 55.2 | 64.4 | 73.6 | 82.8 
91 | 9.1 27.3 | 36.4 | 45.5 | 54.6 | 63.7 | 718 | 81:9 
90 | 9.0 27.0 | 36.0 | 45.0 | 54:0 | 63.0 | 72/0 | 81:0 
89 | 8.9 26.7 | 35.6 | 445 | 534°] 62:8 | 712 | 80.1 
BB | 88 26.4 | 35.2.] 44.0 | 62.8 | 616 | 70:4 | 7912 
8:7 26:1 | 34:8 | 43.6 | 52:2 | 60:9 | 696 | TW8 
86 | 8.6 25:8 | 34.4 | 43:0 | 61.6 | 60.2 | 68.8 | 77.4 


994 Common Logarithms ig 
26. Logarithms of Numbers 


[No, 644 L. 736, 


N. | 0 | 1 2 8 4 6 6 7 8 {| 9 | Diff. 
“ag 698970 eek 9144 | 9231 | 9317 || 9404 | 9491 | 9578 | 9664 | 9751 
———— |——_ 0011 | 0098 | 0184 || 0271 | 0358 | 0444 | 0531 | 0617 
2 | 700704 | 0790 | 0877 | 0963 | 1050 || 1186 | 1222 | 1309 | 1395 | 1482 
3 1568 | 1654 | 1741 | 1827 | 1913 || 1999 | 2086 | 2172 2344 . 
f 1 | 2517 | 2603 | 2689 | 2775 || 2861 | 2947 | 3033 | 3119 | 3205 
3291 | 8877 | 3463 | 8549 | 3635 || 3721 3893 | 8979 | 4065 86 
6 4151 4322 | 4408 | 4494 || 4579 | 4665 | 4751 | 4837 | 4922 
7 5179 | 5265 | 5850 || 5436 | 5522 | 5607 | 5693 | 5778 
8 5864 | 5949 | 6035 | 6120 | 6206 || 6291 | 6376 | 6462 | 6547 
9 6718 | 6803 | 6888 | 6974 | 7059 || 7144 | 7229 | 7315 | 7400 | 7485 
510 7570 | 7655 | 7740 | 7826 | 7911 || 7996 | 8081 | 8166 | 8251 | 8336 
34 1 | 85 8591 | 8676 | 8761 6 | 8931 } 9015 | 9100 | 9185 
2 9270 | 9355 | 9440 | 9524 | 9609 || 9694 | 9779 | 9863 | 9945 pes 
8 | 710117 | 0202 | 0287 | 0371 | 0456 || 0540 | 0625 | 0710 | 0794 te) 
4 0963 | 1048 | 1132 | 1217 | 1301 || 1385 | 1470 | 1554 | 1639 | 1723 
5 1807 | 1892 | 1976 | 2060 | 2144 || 2229 | 2313 | 2397 | 2481 | 2566 
6 2650 | 2734 | 2818 | 2902 | 2986 || 38070 | 3154 | 3288 | 3323 | 3407 BA 
% 3491 | 3575 | 3659 | 3742 | 3826 || 3910 | -3994 | 4078 | 4162 | 4246 
8 4330 | 4414 | 4497 | 4581 | 4665 || 4749 | 4833 | 4916 | 5000 | 5 
9 5167 | 5251 | 5335 | 5418 | 5502 5669 | 5753 | 5836 | 5920 


Paes oo Re, CHOIR ee 


Common Logarithms 995 


26. Logarithms of Numbers 


No. 545 1.736.) LNo, 584 L. 767. 


wm) o }aj2|s|4is6|e)]7|s/| ® |p 

Be 7 | 6476 6635 | 6715 || 6795 | 6874 | 6954 | 7084 | 7118 

6 | 7193 | 7272 | 2352 | 7431 | z511 || 7590 | "r670 | 749 | ‘7829 | 7908 

7 | 7987 | 8067 | 8146 | 8225 | 8305 || 8384 | 9463 8622 | £701 

| s7ei | seo | 8939 | 9018 | 9097 || 9177 | 9256 | 9385 | 9414 | 9493 

9| 9572 | 9651 | 9731 | 9810 | 9889 || 9968 |_—|——|——_|_— 
ee | Foor | ones | 0205 | 0284 | 78 

550 | 740363 | 0442 | 0521 | 0600 | 0678 || o757 | 0836 | 0915 | 0994 | 1078 


1 1152 | 1230 | 1309 | 1888 | 1467 |) 1546 | 1624 | 1703 | 1782 | 1860 
z 1939 | 2018 | 2096 | 2175 2332 | 2411 | 2489 | 2568 | 2647 
3 705 | 2804 | 2882 | 2961 | 3039 || 8118 | 3196 | 3275 | 3353 | 3431 
4 8510 | 3588 | 3667 | 8745 3902 | 3980 | 4058 | 4136 | 4215 
"6 4293 | 4371 | 4449 | 4528 | 4606 || 4684 | 4762 | 4840 | 4919 | 4997 
6 6075 | 5158 | 5231 | 5809 | 5887 || 5465 | 5543 | 5621 | 5699 | 5777 78 
v4 5855 | 5938 | 6011 | 6089 | 6167 || 6245 23 1 | 6479 | 6556 
8 6634 | 6712 | 6790 | 6868 | 6945 || 7028 | 7101 | 7179 | 7256 | 7334 
9 7412 | 7489 | 7567 | 7645 | 7722 || 7800 | 7878 | 7955 | 8033 | 8110 
560 8188 | 8266 8421 | 8498 || 8576 | 8653 | 8731 | 8808 | 8885 
1 8963 | 9040 | 9118 | 9195 | 9272 || 9850 | 9427 | 9504.) 9582 | 9659 
2 9786 |, 9814 | 9891 | 9968 |———|| —_—— ——_ |_ _—_ |—_ ___|-_ 
SS ead 0045 || 0128 | 0200 | 0277 | 0354 | 0431 
8 | 750508 | 0586 | 0668 | 0740 | 0817 || 0894 | 0971 | 1048 | 1125 | 1202 
4 1279 | 1356 | 1438 | 1510 | 1587 || 1664 | 1741 | 1818 | 1895 | 1972 iY) 
5 2048 | 2125 | 2202 | 2279 2483 2663 | 2740 
6 9816 | 2893 | 2970 | 3047 | 3123 || 3200 | 8277 | 3853 | 3480 | 3506 
@ 3583 | 3660 | 3736 | 3813 | 3889 |} 3966 | 4042 | 4119 | 4195 | 4272 
8 4501 | 4578 | 4654 || 4730 | 4807 | 4883 | 4960 | 5036 
9 5112 | 5189 | 5265 | 5341 | 5417 94 | 5570 | 5646 | 5722 | 5799 


or 
Ps 
So 
& 
or 
or 
oO 
or 
_ 
Ss 
8 
for) 
= 
eS 
wo 
= 
s 
for} 
& 
oa 
for] 
wo 
oo 
oo 
for) 
> 
S 
@o 
e 
ts 
g 


709% | 7168 | 7244 | 7320 %6 


eee COIS CHR CMmH 


\~] 
=) 
=z 
o 
C-) 


bed 


83 8.3 | 16.6 24.9 83.2 41.5 49.8 58.1 66.4 74.9 
82 | 8.2 24.6 82.8 41.0 49.2 57.4 65.6 3.8 
81 8.1 24.3 82.4 40.5 48.6 56.7 64.8 72.9 
80 8.0 24.0 32.0 40.0 48.0 56.0 64.0 72.0 
x6!) 7.9 23.7 31.6 39.5 47.4 65.3 63.2 M.1 
xis} 7.8 23.4 81.2 39.0 46.8 54.6 62.4 70.2 
WT L.7 23.1 30.8 38.5 46.2 63.9 61.6 69.3 
16 7.6 22.8 30.4 38.0 45.6 53.2 60.8 68.4* 
% 7.5 22.5 80.0 87.5 45.0 52.5 60.0 67-5 
% 7.4 22.2 29.6 87.0 44.4 61.8 59.2 66 6 


996 Common Logarithms 


26. Logarithms of Numbers 


No. 585 L. 767.] ; (No. 629.1, 799. | 
N.| 0 1 2 8 4 5 6 7 8 | 9 | Diff. 
585 | 767156 | 7230 | 7304 | 7379 | 7458 || 7527 | 7601 | 675 | 7749 | 7828 
6 | 7898 | 7972 | 8046 | 8120 | 8194 |) 8268 | 8342 | 8416 8564 | 
q 
8 
9 
590 
1| 1587 | 1661 | 1734 | 1 
2| 9392 | 2395 | 2468 | 2542 | 2615 || 2688 | 2762 2981 
3 3128 | 3201 | 3274 | 3348 || 3421 | 8494 | 3567 | 3640 | 3713 
4| 3786 cC | 3933 | 4606 | 4079 || 4152 4371 % 
5| 4517 | 4590 | 4663 | 4736 | 4809 2 | 4955 | 5028 | 5100 | 5173 
6| 5246 | 5319 | 5392 5538 || 5610 | 5683 | 5756 | 5 5902 
7 \ 5974 | 6047 | 6120 | 6193 | 6265 || 6338 | 6411 6556 | 6629 
8| 6701 | 6774 | 6846 | 6919 | G92 || 7064 | 7137 | 7209 | 7282 | 7354 
9| 427 | 7499 | 7572 | 7644.| 7717 || 7789 | 7862 | 7934 | 8006 | 8079 
600 | 8151 | 8224 | 8296 | 8368 | 8441 || 8513 | 8585 | 8658 | 8730 | 8802 
1| 8874 | 8947 | 9019 | 9091 | 9163 || 9236 | 9308 | 9380 | 9452-| 9524 
2| 9596 | 9669 | 9741 | 9813 | 9885 || 9957 |-—— poet ee 
3) 2 0029 | 0101 | 0173 | 0245 | 99 
3 | 780317 | 0389 | 0461 |.0533 | 0605 || 0677 | 0749 | 0821 | 0893 | 0965 
4| 1037 | 1109 | 1181 | 1253 | 1324 || 1896 | 1468 | 1540 | 1612 | 1684 
5 | 1755.| 1827 | 1899 | 1971 | 2042 || 2114 | 2186 | 2258 | 2329 | 2401 
6| 2473 2616 | 2688 | 2759 || 2831 | 2902 | 2974 | 3046 | 3117 
7 | 3189 | 3260 | 3382 | 3403 | 3475 || 3546 | 3618 | 3689 | A761 | 3832 
8| 3 3975 | 4046 | 4118 | 4189 || 4261 | 4332 | 4403 | 4475 | 4546 
9 | 4617 | 4689 | 4760 |-4831 | 4902 || 4974 | 5045 | 5116 | 5187 | 5259 
10 | 5330 | 5401 | 5472 | 5543 | 5615 || 5686 | 5757 | 5828 | 5899 | 5970 
1 6396 | 6467 | 6538 | 6609 | 6680 | 7 
2 
3 
4 
5 
6 
v 
8 
9 
620 
1 
2 
3 
4 
5 
6 
v 
8 
9 
75 22.5 | 30. 37. 45. 
T.4 22.2 | 29. 37. 44, 
78 21.9 | 29. 36. 43. 
v.2 216 | 28. 36. 43. 
TA 21.3 | 2B. 35. 42. 
7.0 21.0 | 28. 35. 42. 
6.9 20.7 | 2. 34. 41. 


Common Logarithms 997 
26. Logarithms of Numbers 


[No. 674 L. 829, 


2 3 


9409 | 9478 | 9547 


0098 | 0167 
0786 | 0854 
1472 

2158 
2842 


2 sa uslaes i ugh OMI ates ae WOH COME 


a 
WORMS OOIMOACDOH 


+ 


PROPORTIONAL Pants, 


998 Common Logarithms 


26. Logarithms of Numbers 


No. 675 L. 829.] No. 719 L. 857. 


ee ee SS 


a See 9368 | 9432 | 9497 | 9561 || 9625 | 9690 | 9754 | 9818 | 9882 


a il 


a 


Ss COIMSOPwwre 


a 


= 
oo NooranrHS COISNPowo - 


ag 
=I 


SOVIALWOHHS 


Common Logarithms 999 


26. Logarithms of Numbers 


No. 720 L. &7.] [No. 764 L. 883. 


EE ———————— a7 aT inns ae 


Contac wre 


3 


S 


~3 


= 


0 
1 
2 
3 
4 
5 |. 
6 
7 
8 
9 
0 
i 
2 
3 
4 
5 
6 
Ns 
8 
9 
50 
1 
2 
3 
4 
6 
6 
NZ. 
8 
9 
60 
1 
2 
3 
4 


1000 Common Logarithms 


_ 26. Logarithms of Numbers 


No. 765 L, 883.] 


z z 3 J - 
S smaacmmmnS cow OnAanes cosas | = 

Lo} 

ie2) 

a 

eo 

o 

oe 

SI 

fo 2] 

oS 

3 

rsd 


Pi 
8 
= 
ic) 
Ry 
no 
a 
© 
oe 
QD 
ow 
Oo 
& 
2 
o 
S 
oe 
z 
2 
Oo 
& 
o 
fer} 
or 
oa 
o 
oe 
= 
i 
S 
S 
fo} 


5 | 900867 | 0422 | 0476 | 0531 | 0586 || 0640 | 0695 | 0749 | 0804 | 0859 
6 091 1022 | 1077 | 1181 |} 1186 | 1240 | 1295 | 1349 
7 1458: | 1513 | 1567 | 1622 | 1676 || 1731 | 1785 | 1840 | 1894 | 1948 
8 2008 | 2057 | 2112 | 2166 | 2221 || 2275 | 2329 | 2384 | 2438 | 2492 
9 2047 | 2601 | 2655 | 2710 2818 | 2873 | 2927 | 2981 | 3036 
800 3 3144 | 3199 | 3258 | 8807 || 3361 | 8416 | 8470 | 3524 | 3578 
1 3633 | 3687 | 8741 | 8795 | 3849 || 3904 | 3958 | 4012 4120 
2 A174 | 4229 | 4283.) 4387 | 4891 || 4445 | 4499 | 4553 | 4607 | 4661 
8 4716 | 4770 | 4824 | 4878 | 4932 || 4986 4 | 5148 | 5202 
4 5256 | 5310 | 5364 | 5418 | 5472 || 5526 | 5580 | 5634 | 5688 | 5742) 54 
5 5796 | 5850 | 5904 | 5958 | 6012 || 6066 } 6119 | 6173 | 6227 | 6281 
8 6335 | 6389 | 6443 ] 6497 | 6551 || 6604 | 6658 | 6712 | 6766 | 6820 
q 6874 | 6927 | 6981 7089 || 7143 | 7196 | 7250 | 7304 | 7358 
8 7411 | 7465 | '7519 | 7573 | 7626 || 7680 | 7734 | 7787 | 7841 | 7895 
9 7949 8056 | 8110 | 8163 || 8217 | 8270 | 8324 | 8378 | 8431 


“PROPORTIONAL PARTS. 


Diff ie 2 38 5 6 8 9 
57 5.7] 11.4 1 22.8 28.5 34.2 45.6 | 51.3 
56 5.6 | 11.2 16.8 22.4 28.0 33.6 39.2 44.8 | 50.4 
5b 56.5] 11.0 16.5 22.0 27.5 33.0 38.5 44.0 ae 

5.4) 10.8 21,6 27.0 82.4 43.2 6 
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26. Logarithms of Numbers 


No. 855 L. 981.] [No. 899 L. 954. 


a 


a 
f=:) 
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1 
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26, Logarithms of Numbers 


No 900 L, 954.] [No. 944 L. 975. 
N. 0 1 2 3 4 6 6 7 8 9 Diff. 
900 | 954243 | 4291 | 4339 | 4387 | 4435 4484 | 4532 4628 | 4677 
1 4725 | 4773 | 4821 | 4869 | 4918 |) 4966 | 5014 5062 | 5110 | 5158 
2 5207 | 5255 3 | 5851 | 5899 || 5447 | 5495 | 5543 | 5592 
3 5688 | 5736 | 5784 | 5832 5928 | 5976 | 6024 | 6072 | 6120 
4 6168 | 6216 | 6265 | 6313 | 6361 || 6409 6457 | 6505 | 6553 | 6601 2 
5 6649 | 6697 | 6745 | 6793 | 6840 || 6888 6936 | 6984 | 70382 | 7080 
6 7128 | 7176 | 7224 | 7272 | 7820 || 7368 7416 | 7464 | 7512 | 7559 
i} 7607 | 7655 | 7703 | 751 | 7799 || 7847 7894 | '7942 | 7990 
8 6 | 8134 | 8181,| 8229 | 8277 || 83825 | 8373 8421 | 8468 | 8516 
9 8564 | 8612 | 8659 | 8707 | 8755 || 8803 8850 | 8898 | 8946 | 8994 
910 9041 | 9089 | 9187 | 9185 | 9232 || 9280 9828 | 9875 | 9423 | 9471 
4 ee 9566 | 9614 | 9661 | 9709 || 9757 | 9804 9852 | 9900 | 9947 
—— 0090 | 0138 | 0185 || 0238 | 0280 | 0328 0376 | 0423 
3 | 960471 | 0518 | 0566 | 0613 | 0661 |) 0709 0756 | 0804 | 0851 | 0899 
4 0946 | 0994 | 1041 | 1089 | 1136 || 1184 | 1231 1279 | 1326 | 137: 
5 4421 | 1469 | 1516 | 1563 | 1611 || 1658 1706 | 1753 | 1801 | 1848 
6 1895 | 1943 | 1990 | 2038 | 2085 || 2132 2180 | 2227 | 2275 | 2822 
ve 9 | 2417 | 2464 | 2511 | 2559 |) 2606 | 2653 2701 | 2748 | 2795 
8 2p4s | 2890 | 2937 | 2985 | 3082 || 3079 | 3126 3174-| 3221 | 3268 
9 3316 | 3363 | 3410 | 3457 | 3504 || 3552 | 3599 3646 | 3693 | 3741 
920 3788 | 3835 | 3882 | 3929 | 8977 || 4024 | 4071 4118 | 4165 | 4212 
1 4260 4354 | 4401 | 4448. || 4495 | 4542 | 459C 4637 | 4684 
2 4731 | 4778 | 4825 | 4872 | 4919 |) 4966 5013 | 5061 5108 | 5155 
3 5202 | 5249 | 5296 | 5343 | 5390 || 5437 | 54! 5531 | 5578 | 5625 
4 5672 | 5719 | 5766 | 5813 | 5860 |) 5907 | 5954 6001 | 6048 95 4 
5 6142 | 6189 | 6236 | 6283 | 6329 || 6376 | 6423 6470 | 6517 | 6564 
6 6611 | 6658 | 6705 | 6752 | 6799 || 6845 6892 | 6939 | 6986 | 7033 
vg 7080 | 7127 | 7173 | 7220 | 7267 || 7314 | % 361 | 7408 | 7454 | 7501 
8 7548 | 7595 | 7642 | 7688 | 7785 |) 7782 | 7829 7875 | 7922 | 7969 
9 8016 2 | 8109 | 8156 | 8203 || 8249 | 8296 8343 | 8390 
930 8483 | 8580 | 8576 | 8623 | 8670 || 8716 8763 | 8810 | 8856 | 8903 
1 8950 | 8996 | 9043 | 9090 | 9136 || 9183 9229 | 9276 | 9323 | 9369 
2 9416 | 9463 | 9509 | 9556’ | 9602 |) 9649 | 9695 9742 | 9789 | 9835 
3 9882 | 9928 | 9975 — 
bz |__| coat | 0068 || 0114 | 0161 | 0207 0254 | 0 
4 | 970347 | 0398 | 0440 | 0486 | 0533 || 0579 0626 | 0672 | 0719 | 0765 
5 0812 | 0858 | 0904 | 0951 | 0997 |) 1044 4090 | 1137 | 1183 | 1229 
6 1276 | 1322 | 1369 | 1415 | 1461 || 1508 1554 | 1601 | 1647 | 1693 
Ka 1740 | 1786 | 1882 | 1879 | 1925 || 1971 2018 2110 | 2157 
8 9249 | 2295 | 2342 | 2388 || 2484 | 2481 2527 | 2573 | 2619 
9 2666 | 2712 | 2758 | 2804 | 2851 || 2897 2943 | 2989 | 3035 | 38082 
940 3128 | 3174 | 3220 | 3266 | 3313 || 3359 3405 1 | 3497 | 8543 
1 3590 | 3636 | 3682 | 3728 | 8774 |) 3820 3866 | 3913 | 3959 | 4005 
2 4051 | 4097 | 4143 | 4189 | 42385 |) 4281 4327 | 4374 | 44 4466 
3 4512 | 4558 | 4604 | 4650 | 4696 || 4742 4788 4880 | 4926 
4 4972 | 5018 | 5064 | 5110 | 5156 |) 5202 5248 | 5204 | 5340 | 5886 46 


PROPORTIONAL PARTS, 


Diff.| 1 2 8 4 5 .6 7 8 9 


4.7 9.4 14.1 18.8 23.5 
46 4.6 9.2 13.8 18.4 23.0 


——— 


28.2 32.9 37.6 42.8 
27.6 32.2 36.8 41.4 
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“26. Logarithms of Numbers © 


No, 945 L, 975.] [No. 989 L. 995, | 
ee ee ae eee ee ee ee 


woo fat a Pe | ae | eee Si) eee 

945 | 975482 | 5478 | 524 | 5570 | 5616 || 5662 | 5707 | 5v5B | 5799 | 5S45 

6 5937 | 5983 | 6029 | 6075 || 6121 | 6167 | 6212 | 6258 | 6304 

7 | 6350 | 6396 | 6442 | 6488 | 6533 || 6579 | 6625 | 6671 | 717 | 6768 

8 | 6808 | 6854 | 6900 | 6946 | 6992 || 7037 | 7083 | 7120 | 175 | 7 

9 | 7266 | 7312 | 7358 | 7403 | 7449 || 7495 | 741 | 7586 | 7632 | 7678 

950 769 | 7815 | 7861 | 7906 || 7952 | 7998 | 8043 | 8089 | 8135 

1 | 8181 | 8226 | s272 | 8817 | 8363 || 8409 8500 | 8546 | 8591 

2| ses7 | 8683 | 8728 | Sv74 | 8819 || 8865 | 8911 | 8956 | 9002 | 9047 

3 9138 | 9184 | 9230 | 9275 || 9321 | 9366 | 9412 | 9457 | 9508 

4| 9548 | 9594 | 9630 | 9685 | 9730 |) 9776 | 9821 | 9867 | 9912 | 9958 

5 | 980008 | 0049 | 0094 | 0140 | 0185 || 0231 | 0276 | 0322 | 0367 | O4i2 

6 0503 | 0549 | 0594 | 0640 || 0685 | 0730 | 0776 | 0821 | 0867 

7 | ogi2 | 0957 | 1003 | 1048 | 1093 || 1189 | 1184 | 1229 | 1275 | 1320 

8| 1366 | 1411 | 1456 | 1501 | 1547 || 1502 | 1637 | 1683 | 1728 | 4773 

9 | 1819 | 1864") 1909 | 1954 2045 | 2090 | 2135 | 2181 | 

960 | 2271 | 2316 | 2362 | e407 | 2452 || 2497 | 2543 | 2588 | 2633 | 2678 

1| 2723 | 2769 | 2814 | 2859 | 2904 | 2049 | 2994 | 3040 3130 

2| 8175 | 8220 | 8265 | 3310 | 3856 \| 3401 | 3446 | 3491 | 3536 | 3581 

3 |. 3626 | 8671 | 8716 | 8762 | 3807 || 8852 | 3807 | B942 | 8987 | 4032 

4| 4077 | 4122 | 4167 | 4212 | 4257 || 4302 | 4347 | 4302 | 4487 | 4482 | ge 

5 4572 | 4617 | 4662 | 4707 || 4752 | 4197 | 4842 | 4887 | 4932 

6 | 4977 | 5022 | 5067 | 5112 | 5157 || 5202 | 5ea7 | 5292 | 6387 | 5382 

7 | 5426 | 5471 | 5516 | 5561 | 5606 || 5651 | 5606 | 5741 | 5786 | 5830 

8 | 5875. | 5920 | 5965 | 6010 | 6055 || 6100 | 6144 | 6180 | 6234 | 6279 

9 | 6324 | 6369 | 6413 | 6458 | 6503 || 6548 | 6593 | 6637 | 6682 | 6727 

gio | vz | 6817 | 6861 | 6906 | 6951 || 6996 | 7040 | 7085 | 7130 | 7175 

1| ve19 | 7264 | 7809 | 7353 | 7398 || 7443 | 7488 | 7532 | vovT | v6R2 : 

2! 7666 | 7711 | 7756 | 7800 | 7845 || 7890 | 7934 | 7979 | S024 

3 | 8113 | 8157 | 8202 | S247 | 8201 || 8336 | 8381 | 8425 | 8470 | 8514 

4| 8559 | 8604 | 8648 | 8693 | 8737 || 8782 | 8826 | 8871 | 8916 | 8960 

5 | 9005 | 9049 | 9094 | 9138 | 9183 |) 9287 | 9272 | 9316 | 9361 | 9405 

6| 9450 | 9494 | 9539 | 9583 | 9628 || 9672 | 9717 | 9761 | 9806 | 9850 

7 | 9895 |.9939 | 9983 ~— 
— ‘D028 | 0072 |] 0117 | o161 | 0206 | o250.) 0204 

g | 990329 | 0383 | 0428 | 0472 | 0516 || 0561 | 0605 | 0650 | 0694 | 07: 

9 | 0783 | 0827 | 0871 | 0916 | 0960 || 1004 | 1049 | 1093 | 1137 | 1182 

980 | 1226 | 1270 | 1315 | 1359 | 1403 || 1448 | 1492 | 1536 | 1580 | 162 

1| 1669 | 1718 | 1758 | 1802 | 1846 |} 1890 | 1935 | 1979 | 2023 | 2067 

2| R111 | 2156 | 2200 | 2244 | 2288 237 | 2421 | 2465 | 2509 

3| 2554 | 2598 | 2642 | 2686 | 2730 || 274 | 2819 | 2863 | 2907 | 2951 

4| 2995 | 3039 | 303 \| 3127 | 3172 || 3216 | 3260 3348 | 3392 

5| 8436 3594 | 3568 | 8613 || 8657 | 3701 | 8745 | 8789 | BBBB | 

6 | 3877 | 3921 | 8965 | 4009 | 4053 || 4097 | 4141 | 4185 | 4229 | 4973 

7 | 4317 | 4361 | 4405 | 4449 | 4498 || 4537 | 4581 | 4625 | 4669 | 4713.) 44 

| -4757 | 4801 | 4845 | 489 | 4933 || 4077 | bOZt | 5065 | 5108 | 5152 

9 | 5196 | 5240 | 5284 | 5888 | 5372 || 5416 | 5460 | boud | B47 | SoO1 

a a Neen nse EEE EEE REESE 


PROPORTIONAL PARTS. 
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26. Logarithms of Numbers 


SSE8S FERS SBENS RRBVR | A 


Log. N. 
1.322219 | 41 
1.34 | 42 
1.361728 || 43 
1.380211 || 44 
1.397940 |} 45 
1.414973 || 46 
1.431364 va 
1.447158 || 48 
1.462398 || 49 
1.477121 || 50 
1.491362 || 51 
1.505150 || 52 
1.518514 || 53 
1.531479 || 54 
1.544068 || 55 
1.556303 || 56 
1.568202 || 57 
1.579784 || 58 
1.591065 || 59 
1.602060 || 60 


1.643453 
1.653218 


1.662758 


LocariTHMs oF NuMBERS FROM 1 To 100, 


Si Si ipa Value} Si Value 

in ist ere) Sr Sd mad | at |inasl) at 

Quad. Quad. 180°, Quad.| 270° uad.| 860°, 
R + 18) - R - re] 
a - oO + C-) - 0 
Be ae a ta ae | 6 
R 
fo) = R — Al) + R 
Oo — } + oO - o 
R + | _@ _ R - i) 
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[No, 999 L, 999, 


9 | Diff. 


Log. 


1.908485 
1.913814 
1.919078 
1.924279 
1.929419 
1.934498 


Bae eeeee | 


we 
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27. Six-Place Logarithmic Sines, Cosines, Tangents and Cotangents 


In the following pages, 1007 to 1051, characteristics of logarithms are increased by 
to in order to avoid negative ones. Thus log sin 1° r0’=8.308794 or 2.308794, log cot 
1° 1o’=11.691116 or 1.691116, log tan 0° 30’=7.940858 or 3.940858. 

Pages 1007-1051 give values of these functions to six decimal places for every minute 
of the first and second quadrants. The degrees are at the top and bottom of the pages 
and the minutes at the sides below or above the degrees. For example, on page 1017 
the angles 10° 26’ and 169° 34’ have log sin =9.257898, while 79° 20’ and 100° 4o’ have 
log cot =9.274964. 

The columns headed D. 1” enable interpolation to be made for seconds; thus for 
10° 26’ 15” the D. x” is: 11.42 for log sin, whence 11.42 X15 =171 and log sin for this angle 
is 9.257898+-171 =9.258069. Also for 163° 38’ 15” the log tan is 9.467880—i17 = 
9.467763. ‘The computed difference is to be added or subtracted according as the tabular 
values of the function increase or decrease with an increase in the angle. 


The columns of D. 1” are omitted on pages 1007 and 1008, except for log cos; while 
other columns are added which enable intermediate values of the other functions to be 
found for small angles more accurately than can be done by interpolation. Thus to find 
log sin A and log tan A, when A contains seconds, the equations 


log sin A =S+log A”, log tan A=T-+log A”, 
are to be used, A” signifying the number of seconds in the angle A. For example, let 
the angle A be 1° 6’ 33’’ or 3993”; for 1° 6’ the value of S is taken from the fourth column 
on page 1008 and log 3993 from Table 26. Then 
For 1° 6’ S=4.685548 rE 
log 3993 =3.601299 


log sin 1° 6’ 33" =8.286847 
| Similarly for 0° 54’ 12” or 3252” the log tan is found as follows: 
For 0° 54’ T =4.685611 
log 3252 =3.512151 
a log tan 0° 54’ 12” =8.197762 
To find log cot for a small angle the equation log cot A =C—log A” is to be used where C 
is taken from the eighth column. For example, for 1° o’ 16” or 3616” the value of C 
is 15.314381 and that of log 3616 is 3.558228, whence log cot 1° of 16” =11.756153. 

To find the angle from a given logarithmic function, the eye must run along the table 
until the tabular value nearest to it is found. Thus, when log tan is given as 9.516910 
this is found on page 1025 and the angle is either 18° 12’ or r6r° 48’. Again, when log tan 
is given as 9.526004, this is found to lie between 9.525778 and 9.526197; to the first value 
corresponds the angle 18° 33’ and the D. 1” is 6.98; the difference 9.526004 —9.525778 
is 226 and 226/6.98 =32.4”, so that the required angle is 18° 33’ 32’”-y. 

When the given function falls on page 1007 or 1008, the number of seconds is found by 
the equations 


log A’ =log sin A—S, log A” =log tan A—T, log A’’=C—log cot A. 


For example, given Jog tan A as 8.465371 for which T is 4. 685700; then log A” = 
8.465371 — 4. 685700 = 3- 77967x from which by Table 26 Cues is found A" = 6021” 


and hence A=1° 4o' 21”, 


Logarithmic Functions 
27. Logarithmic Sines, etc. 


j 
i) 

o° Sine. q-l Tang. Cotang. | q+ |/D1”| Cosine. 179° 
Cale 4.685 15.314 ‘ 
0} 0} Inf. 5 575| Inf. neg.|} I i ten 60 
60} 1 | 6.463726 | 575 || 575| 6.463726 || 13.536274| 425 ten | 59 
120| 2} .764756 | 575 |1575| .764756 425 ten | 58 
180 | 3 | 6.940847 | 575 ||575| 6.940847 || 13.059153| 425 ten | 57 
240 | 4 | 7.065786 | 575 || 575| 7.065786 || 12.934214| 495 ten | 56 
B00 | 5 | .162696 |575||575| : 162696 425 ten | 55 
860} 6 | 1241877 575 || 575| 241878 758122 | 425 || -02| 9. 999000 | 54 
420 | 7 BY ||575| 13 691175 | 425 || - 999999 | 53 
480 | 8| 366816 |574|/576| 366817 633183 | 424 || 9] “999999 | 52° 
540] 9 | -41 574 || 57%6| 1417970 424 Be ‘ 51 
600 | 10 | .463726 | 574||576| 1463727 536273 | 424 || -02} “gg9908 | 50 
660 | 14 | 7.505118 |574 || 576| 7.508120 || 12.404880 | 494 oe 9.999998 | 49° 
0 | 12 574||577| 542909 457001 | 423 || -0° |" “gg9997 | 48 
780) 18 | 577668 |574||577| “erve72 422328 | 423 || -00) “gogg97 | 47 
840 | 14 58 1574 |/577| 609857 390143 | 423 || 02) “9999096 | 46 
900 | 15 573 | 578| .639820 360180 | 422 Be 1999996 | 45 
960 | 16 | 667845 | 573|/ 578) 67849 832151 | 422 || -0% | “ogg995 | 44 
1020 | 17 | .694173 | 573|/ 578] ‘604179 B05821 | 422 || 00) “ogo995 | 43 
1080 | 18 | .718997 |573)/579| “719003 421 || 03 | ‘og9a4 | 42 
1140 | 19 | 742478 |573 | 579| “742484 257516 | 424 || -02) “999998 | 41 
1200 | 20} 764754 | 572 (764761 235239 | 420 || - ‘999993 | 40 
4260 | 21 | 7.785048 | 572 || 580| 7.785951 || 12.214049 | 420 oe 9. 39 
37820 | 22 | .806146 |572||581| |806155 193845 | 419 || -02 |“ “ggq991 | 38 
4380 | 23 1 | 572|/581| 7825460 174540 | 419 || -02 | ‘999990 | 37 
1440 | 24 | .842934 |571 || 582] “843944 156056 | 418 || -0% | “999989 | 36 
1500 | 25 | 861662 | 571 1861674 1 417 || “00 | 999989 | 35 
1560 | 26 | .878695 | 571 |/583| |878708 1zi202 | 417 || 02) “oggoas |, 34 
1620 | 27 | .895085 | 570 || 584] /895099 104901 | 416 || -°2| “og9987 | 33 
1680 | 28} .910879 | 570 || 584} [910804 089106 | 416 || -02| “999986 | a2 
1740 | 29 | 926119 |570 || 585) “926134 073866 | 415 || -02) ‘999985 | 31 
1800 | 30 569 059142 | 414 || 03) “999983 | 30 
1860 | 31 | 7.955082 | 569 |/587! 7.955100 || 12.044900 | 418 o 9.999982 | 29 
1920 | 82} 968870 | 569|/587| !96ssso 031111 | 413 || °2| ‘999981 | 28 
1980 | 33 568 || 588| 982953 o17747 | 412 || 62) “oggo80 | 27 
2040 | B4 | 7.995198 | 568| 589} 7.995219 || 12°004781 | 411 02 | 999979 | 26 
2100 | 85 | 4.007787 | 567 | 590| 8.007809 || 1.992191 | 410 || 8) ‘onga77 | 25 
2160 | 86 | .020021 | 567 | 591 020044 || “ .979956 | 409 |] -2) ‘ong976 | 24 
2220 | 87 | .081919 | 566/592) -031045 || 968055 | 408 || 02) ‘oog075 | 28 
2280 | 38 1 | 566/593) 048527 || 956473 | 407 || -93) og0973 | 22 
2340 | 89 | .054781 | 566 |/593} 054809 |] .945191 | 407 || -02) ‘oogo7e | 21 
2400 | 40 | 065776 594| .065806 || 934194 | 406 || -92] “ga9971 | 20 
2460 | 41 | 8.076500"| 565 || 595| 8.076531 || 11.998469 | 405 7 9.999969 | 19 
2520 | 42 | 086965 | 564) 596 | _osso07 |) -918003 | 404 || -02 |” ‘aoq96e | 18 
2580 | 43. | .097183 | 564/598] ‘oor2i7 || “ooz7s3 | doz || -08| ‘oag066 | 17 
2040 | 44 | 107167 | 563 |) 599} 107203 |) -sozr97 | 401 || -03) - So99964 | 16 
2100 | 45 | .116026 | 562 |/600/ .116963 || 883087 | 400 |/ -°2 | “oog963 | 15 
2760 | 46) 126471 | 562|/ 601] 126510 |] “873490 | 390 || -03) ‘ooo961 | 14 
47 | 1485810 | 561 1135851 864149 | 398 || 08) ‘o99059 | 18 
-144953 | 561 || 608) 144996 || 855004 | 397 || -02| ‘ooga68 | 12 
2940 | 40 | .158907 | 560 | 604) .153952 || 846048 | 306 || 03 | ‘990056 | 14 
50 | .162681 | 560|/ 605] 162727 |] 1837273 | 395 || 938] “99954 | 10 
51 | 8.171280 | 559 || 607| 8.171328 |] 11.898672 | 398 ie 9.999952 | 9 
8120 | 52] 1179718 | 558 || 608] 17 820287 | 302 || 03 | ‘999950 | 8 
8180 | 58 | 187985 |558 || 609) 1 -811964 | 301 || 63) ‘999048 | 7 
8240 | 54} 196102 }557 || 611| .196156 803844 | 389 || 03} ‘999946 | 6 
8300 | 55 | 204070 | 556|/ 612] 204126 795874 03 -999844. | 5 
8360 | 56 | 1211895 G13|" -211958 |} 788047 | ae7 ||-03/ ‘oggeae | 4 
8420 | 57 | 1219581 615] 1219641 780359 | 385 || -03] ‘999940 | 8 
8480 | 58 134 | 554 || 616) {227195 5 | 384 || +03! “990088 | 2 
3540 | 59 | 234557 618] .23462 “| -999936 ) 1 
3600 | 60 | 8.241855 619 8.241921 || 1.758079 +03) 9.999934 | 0 
e 
D1”| Sine. - 89° 
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27.. Logarithmic Sines, 


. i 
Tang. Cotang, | g-+ ||D1’’| Cosine. 178° 

w” 
- al 
3720 +05] ° 
3780 : 
3840 ; ‘730044 | 375 || -8 
3900 “276614 | 549 | 627 | <276691 |} 723300 | 373 || -O3| 
3960 - 283243 | 648 | 628 | °283323 || “T1607 | 372 || -3 
4020 280778 | 547 | 630 | <289856 || 710144 | 370 || -03) ° 
4080 296207 | 546 1296292 703708 |» 368 || -03) : 
4140 “302546 | 546 | 633 | °302634 || 697366 | 367 || -O3| 
4200 1308794 | 545 | 635 | :308884 || :691116 | 365 || <9] ° 
4260 8.314954 | 544 | g37 | 8.315046 |] 11. 684954 | 363 || -95) 9. 
4320 “321027 | 543 | 638 | -321122 || -e7ee78 | 362 || -03 
4380 327016 | 542 | 640 | .327114 672886 | 360 |) <0 
4440 332924 | 541 | 642 | 1333025 666975 | 358 || -O8 
4500 338753 | 540 | 644 | 33886 |] -661144 | 356 || -3 
4560 44504 | 539 | 646 | 344610 || -655890 | 354 |] «09 
4620 350181 | 539 | 6148 | °350289 e4g7i1 | 352 || - 
4680 355783 | 538 | 619 | 355895 44105 | BBL |} -O8 
4740 361315 | 537 | 651 | :361430 || 638570 | 349 |} -2 
4800 366777 | 536 1366895 347 || > 
4360 8.372171 | 635 | 655 | 8.372292 || 11.627708 | 345 || «08 
4920 a77499 | 634 | 657 | .377622 || .622878 | 343 |} -0 
4980 382762 | 533 | 659 | 382889 sl7ii1 | 341 || -0 
5040 387962 | 532 | 661 | 1388 611908 | 339 |} -08 
5100» 393101 | 531 | 663 | °303234 337 |} -0 
5160 398179 | 530 | 666 | 1308315 601685 | 334 |) “08 
5220 403199 | 529 | 668 | 1403338 332 || -O 
5280 408161 | 527 | 670 | 408304 |] :591696 oo 
5340 | 29 | 413068 | 526 | 672 | 413213 || ‘580787 | 328 || -OF 
5400 | 80 | .417919 | 525 | 674 | :418068 || 7581932 | 326 || - 
5460 | 31 | 8.422717 | 524 | 676 | 8.422869 || 11577181 | 324 || -05| 9, 
5520 | 82 | .427462 | 523 | 679 | 427618 || -572382 | 321 || -OF 
5580 | 83 | 432156 | 522 | esi | .439315 || .567 319 || “fe 
5640 | 34 6800 | 521 | 683 | 2436962 || °563038 | 317 || -PO) | 
5700 | 35 | .441394 | 520 | 685 | -441560 || “558440 | 315 || <2): 
5760 445041 | 518 | 688 | -.446110 || 1553 aia || 0) 
5820 | 37 BIT | 690 | 450613 || °549387 | 310 || «07 
5880 | 38 | .454803 | 516 | 693 | :455070 || -544980 | 307 || <3): 
5940 | 89 | -459301 | 515 | 695 | -459481 || “540519 | 30 || -O7 
6000 | 40 65 | 514 | 697 “536151 | 303 || ° 
6060-| 41 | 8.467985 | 512 | zoo | 8.408172 || 11. 531828 = 
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“48 || 2265188 11-83 | 734862 | 34 
3p ||. .possaz | 11-82 | ‘oaaiss | 33 
38 |! “poraor | 7 | - cfaonan | St 
35 || -267067 | 21-77 | 2739038 | 30 
33 || & co | ORRE | aie | AO eae | Be 
: : 88. |} -Bgorr | 0-70 | “POOR | ae 
: 40 |] <Brorey | 11-70 | :2ee8e8 | 27 
als a4 Pata) 1165 | -228521 | 85 | 
123 || 40 |} -22U78) yy'gg | Kee 
23 ||: 88 |) Drooes | 11-02 | “Foutpr | be 
: 40 || 274260 | 41-601 crasrai | at 
9 onion 9.992406 | “a0 ea: ast 10.724342 : 
. 99241 R27 Gr 
2osv34 | 11-15 || ““oppsee | -40. |! “corgan1 | 11-55 | “"itoaeag 
269402 | 22-18 || “ogonsg | -88 277043-| 21-58 | “7o5957 
270069 | 11-12 40 || ‘evv7aa | 11-52 | “709066 
1270735 | 11-20 || ‘oopsit | -40 |! “o7aapa | 11-50] “Hote og 
211400 | 11-08 ||“ oopen7 $6 || -2veui3 | 12-48) ce08e7 
‘272004 | 11. gone6a | ‘e79g01 | 2- 7720199 . 
272726 | 1-63 || 908930 | 42 || ‘sous | 22-45 | “rrosi0 
273388 | 11-08 |) “ogper4 4 
40 
40 
40 
42 
40 
40 


se -991971 3 : «712023 
9.280599 | 20-85 |) g'o91947 | -40 |! g’oxgesa | 11-25 | 10 ‘ri ta78 
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27. Logarithmic Sines, 


: “991549 
991504 | 10-52 || 991524 


10.97) ° 
"292137 | 10° "991498 300688 "699362 
“go2768 | 40-93 ||. .g01473 301205 | 10-95 | 698705 


.293399 | 40.50 991448 801951 


11°) Sine, | D. 1". || Cosine. p.1". || Tang. | D.1". | Cotang. 168° 
0”| 9.280599 9.991947 9.288652 40.711348 
1 | .asie48 | 40-88 || 9192 42 || "(339326 11.28 |“ va0674 
| ‘geisoy | 10-83 ||. 991897 | “40 geg99 | 11-32 | 710001 
3 | 1282 10.78 |\* “991873 | “4p aooer1 | 21-23 | 709320 
4| “233190 | 40-77 || cogis48 | “4p goisde | 11-48 | -708658 
5| . 10-77 || “901823 | “40 gq2018 | 1138 | .707987 
6 | 1284480 | 10-73 || .901799 | “49 agnege | 1133) 707318 
7) .285124 40.70 991774 “2 293350 | 34°42 .706650 
| ‘aasre6 | 10-70 || 901749 | cap goaot7 | 41-18) 705088 
9 | 286408 | 40-00 |) conrad | “49 ggaoed | 11-98 | 705816 
“pg7048 | 10-67 || 1991699) “ap 295349 | ii-py | _ - 70460 
9.287688 9.991674 || 9.296018 40.703987 
“9g8326 | 10-63 |) .991649 42 || 206617 ie 703323 
“gaoed | 10-65 || 901624) -49 ng7sa9 | 11-08 | 702661 
“280600 | 10-69 || 991599 | ap gosoor | 11-03 | 701999 
“aq0236 | 10-60 || 901574 | “ae 298662 | T1°p | ~F0i88 
42 . i 
43 
142 
e 
9.294029 9.991422 9.302607 10.697393 | 39 
294658 Be 991397 | °43 || -303261 ave 696739 | 38 
295286 | 19: “gois72 | 42 || 303014 96086 | 37 


: 10.45 

295913 5 || ‘991346 | * 304567 
“goss9 | 10-43 || .991321 42 || 7305218 
“o7ie4 | 10-42 || 991295 | -49 "305869 
o7 | cenr788 | 40-48 || 991270 | “43 "306519 
oe | cooesiz | 40-47 || 901244 | “43 307168 
39 | 20084 | 30-32 || 901218 | “4p "307816 


é 10.80 | ‘eg2i84 | 31 
$0 | ig00ess | 12-35 || .go1193 | “43 || 808468 30 


10.78 | 691537 


31 | 9.300276 9.991167 9.309109 40.690891 | 29 
10.32 43 109 | 40.75 
32 |  .300895 goi141 309754 90246 | 28 
$3 | “301514 | 19-82 || 901115 :43 || “310399 | 19-75 | Le89601 | 27 
31 | 7302139 | 19-30 || ‘991090 42 311012 | 10-72 | 688958 | 26 
35 | “302748 | 10-24 || 091064 43 311685 | 10-72 |  <6asaib | 25 
36 | 1303364 | 19-3 “91038 | “43 si2se7 | 40-70)  Lesr673 | 24 
37 | 30397! 4 991012 | * 319968 | 22- "687032 | 23 
304593 | 40°28 || .990986 3a 313608 | 10-62) .6g6302 | 22 
39 | -aos207 | 39-25 || .990960 |  -43 aia | 10-65 | lea57b3 | 21 
40 | a0se19 | 30-23 || .990084 | *43 314865 | 19-63 | “685115 | 20 
a,| eam | gon (9m |e (28188) cog) SR | 
42 | 207950 | 10-25 || 990855 | 43 || 816795 10.60 | 683205 | 17 
43) -Sooeso | 29-15 || ‘ooo | -23 317430 | 10-38 |  .682670 | 16 
43 | copra | 19-28 or? | 43 || csiseo7 | 1023 “gains | 1d 
46 | 20 | 10-19 |), ‘onozs | “48 |) 819380 10.55 | 2680670 
45 | <Biooss | 10:98 || coors | de || 319961 10.52 | 680039 
45 | catiaso | 19-92 || ‘ooosar | 23 || 880592 | 10-50 679408 
60 | iaitaoa | 10-07 || cog06r1 | <43 "goreae | 19-58) .e78r78 | 10 
sy |ogaor| ines | Oames| | emus | mg | "S| 8 
b2 | -B13608 | 20-02 || ‘990501 | “43 “393106 | 10-42 “Gragod | 7 
ba | 314297 ao 990565 | “43 303733 | 10-45) .ero267 | 6 
bs | .314897 | 20: 990538 | * 324358 | 49° “gr50d2 | 5 
Be | 13i5495 | 22% || 990511 45 goage3 | 12-42 | ce7so17 | 4 
By | <ateo92 | 2:22 |) .990485 43 sos6o7 | 10-40} 674398 | -8 
316689 | 9°90 || 990458 45 || ‘ae023 10.40 | 1673769 | 2 
50 | 1317284 | 9:92 |) 900431 | “45 “soeass | 10-87) eraid7 | 2 
60’! 9.317879 | 9-92 || 9.990404 | * g'3a7d75 | 30-87 | 10-672525 | 0” 
101° Cosine. | D. 1". | Sine. 
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Cotang. ' D. 1". Tang- 
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22 
23 
24 
25 
26 
ar 
28 
29 
30 
31 | 
32 
33 
84 
85 
36 
37 
88 
39 
40 
41 
42 
43 
4t 
45 
46 
Eva 
48 
49 
50 
61 
52 
53 
54 
| 55 
56 
67 
58 
59 
60’| 9 
102' 
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Dy. 
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SRRSSER RRRBRSSeBS Seeseesass Baaeeueues saasseunaz RVBSSSReeee 


SSSSSERE5 S855! 


D.1". 


Tang. 


9. 827475 


Dds 


PLOOOOOOD WOHOSOOSOSO SOOSoOwNon: 
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1 
Cotang. 167° 


10.672525 
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2'y, Logarithmic Sines, 


{ 
18° Sine. D. 1". || Cosine. | D. 1”. Tang. | D.1°. | Cotang. 166° 
9.282088 | 9 49 || 9.988724 | 4g || 9-808364 | 9. go | 10-036088 | GO” 
gona | $12 || losses | <8 || 368940 | 953 | 636060 | BS 
sarei | 2-20 || ‘ossoos | “25 || :364515 | g'5g | -GRs8E 4 8 | 
5a726,| 9:08 || ‘osseas | <3 || 365090 | 9°57 | -634910 | Br 
apazri | 9-08 || ‘osseo7 | <8 |) 365664 | g's | -2E588 | BS 
oasis | 9:00 || ‘losers | <2) |) 366287 | g'55 | 633063 | BB 
s5sa58 | $02 || laseb4s | <8 || 266810 | 9:53 |  -633100 | BS 
55001 | 293 || rosario | <2) || 867382) 9:50 | 682618 | BS 
50143 | $03 || ‘oxsago | -88 |) 367058) goo | 632087 | BB 
ssgass | $02 || ‘oseaco | <2 |) 368524 | g'5o | S387 | Bt 
sarsed | $90 || ‘oxeago | -G8 |) 369004 | 94g | -680006 | 50 
9.358064 | g gg || 9-988401 | “5p || 9-369688 | 9. 4g | 10-630887 | 48 
‘asses | 8-88 || “‘ossari | 88 || -370282 | 9:45 | 620068 | 28 
‘ssorai | 8-92 || coesaae | -£5 || 300799 | gaz 9201 | 47 
“asoe7s | 8-92 || ‘ogas2 | :BD || -71367 | 9.43 | S28683 | 46 
‘seoais | 8-95 || ‘ossese | -B) || 871983 | 9.45 7 
“so072 | 8:93 || ‘ossee | G8 || 372499] 9.49 | -G27504 
“soian7 | 8:92 || ‘osse23| $5 || -878064| 94) 62086 | 48 
“soiaee | 8-22 || ‘ossioa | -B) || -a7a629| 9°40 |  -S203i1 | 42 
“Beaa6 | 8:20 || ‘oxsies | <8) || -874103 | g'ag | -G2807 | at 
“geass | 8:88 || ‘ossis3 | -B) || -747565 | 9:35 | Coeds | 40 
9.363422 | g gy || 9.988108 |. “5p || 9-375819 |- 9. gy | 10-624084 ) 88 
“sea054 | 8:87 || “loseo73 | -B) || 875881 | 9.35 |  -CRg | &8 
absass | 8:85 || ‘ossosa | -£) |] 20042) g'g5| 37 
365016 | 8-85 || ‘oasoia | 8) || -877008 | g'33 | 622800 | 8B 
365546 | 8-83 || ‘osross | 8) || 377508 | g'ap | G22s87| BF 
sooo7s-| 8-82 || ‘osrosa | BD || .a7size | o'ap |  -62i878 | 38 
ages | 8-82 || rosroe| By || grees | g'39 | -G2n810 | 88 
soriai | 8% || ‘osrgoz| <3) || :379282 | 9a | Cantos | 
sareso | 8:99 || ‘osigez| -B). || 379707 | gag | 620208 | Bt 
gosiss | 8:77 || ‘osreae | . -B)° |) 88084 | g'o7 | 610040 | 80 
9.30011 | g r= || 9.987801 | “5p || 9.980910) 9 ay | 10-618000 | SB 
Pvsaoun6 | 875 | .courr7i | Bp || -B81466 | gon | - -C1EBSS | 38 
eorer | 8-7 |) “osrzso | -£5 || -282020 | gas | -SITRBD | SF 
sroass | 8:22 || lowrno | -D || -882575 | g'o3 |  -G1T4RS | BB 
srosos | 8:2 || ‘osreva | -B5 || -883120) gb |. -G18RTE | 
s7isg0 | 8:9 || ‘owreig | “Bp || -B83682 | g'ap | -S1GE08 | 38 
sriasz | 8-70 || ‘osros| 8p || -384234| g'a9 | -Otbz08 | Se 
srea7a | 8-88 || ‘owas | Bp || -384786| gig | -BISEIS | 3 
sroaod | 8°08 || ‘osroor | -B5 || -380837 | gag |  -G14868 | 3h 
araaia | 8-67 || ‘oerem6 | <8 ||. -280888 | gay | -Oldl1® | 20 
9.373038 | g gs |{:9.987496 | “pp || 9-386488 | 9.45 | 10-6t850 
srasse | $65 ||“ loeracs | Bp || -886087 | g'a5 | GIR 
srag70 | 8-88 || Losrasa | BS || 887086 | 9133 | -61Rate 
sisae7 | 8-62 || ‘owra03 | :35 || -B88084 | gaa | BIRR 
areo03 | 8-00 || ‘owra72 | -B3 |) -B88631) g:i2 |  -G1na8 
aroaig | 8-02 || ‘ograsi | -£5 || 380178) g'10 |  -Stnee 
prvoas | 8-62 || ‘oevaio | <5 | -389 9-10 |  ‘e10276 
arrs4o | 8:57 || ‘oprera | -Be || 890270 | 9:93 |  -B00t8? 
ranaoea | 8-27 || coazo4s | -B5 || 800815 | 9:08 | BREED 
“arsorz, | “85% || ‘osver7 | -B3 || :801860) 9'o5 | _-608080 
9°379089 9.987186 9.891908 10.608097 
sraeoi | 853 || “oari55 | -Bp || 302d 9-07 | 607558 
“saora | 8:58 || ‘owri24| 25 || 302089 | 103 |  -CORths 
"saoe24 | 8-52 || “oarooe | “5 || -308581 | 9/93 | “GOGO? 
"saria4 | 8:59 || ‘987061 | -Bp || 884078 | g'on | 608 
“381643 | 8-48 || ‘osz030 | -B5 || 884614 | 9:00) -GhaREE 
seeoise | S43 || -9anm08 | 52 || -SEEIBL| 9.00 “604846 
“sees | 8-48 || conser | -B5 || 305694 | g'gg | (BOERS 
“seaies | 8-45 |} ‘osoo35 | -E3 |] _-296283| Blo | yo Sasaen 
9383675 | °-4 || 9.986 83 || o'sge771 | 8-87 | 0.603229 
os° Cosine. | D.1". || Sine. | D.1". || Cotang.| D.1".| Tang. 
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104° Cosine, | D. 1". 


CEDGSGEE CGE Ge GO.GD.ER.GP Gece EGe.G.GE Ge G20 G0 G0:90'GD Go-Go G85 
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2'7. Logarithmic Sines; 


ee 


1 
16° Sine. D, 1" Cosine. | D. 1’. Tang. | D.1°. | Cotang. 164° 
1} 9.412996 9.984944 9.428052 10.571948 | 60! 
2/882 | PS eae |e) S| eee 8 
2| 413938 | 4 934876 | * ‘429062 | 8: 7098 
S| caus | 83 | tes | cer |) ee | ao |S | 
4| 1414 8: : 143007 : 
B| cased? | i? oparra | <3 430078 he OMe | 56 
’ thoes | 7-80 984708 eu 431577 oa 568423 | 53 
8 -4t6751 | 7-89 |] cossere | -57 || 482079 | g'g5 | -67021 | be 
9| .417217 ees -984638 “5B -432580 | 9°33 567420 | 51 
10 ‘arzead | 7-78 || ‘osdeos | 57 || -483080 | 9°33 566920 | 50 
41 | 9.418150 | , 9.984569 9.433580 10.566420 | 49 
12 | .418615 | 7-75 || ‘oBa535 “BZ || “1434080 8.83 |” .565020 
13 | .419079 tt 984500 7 434579 | 9°30 565421 | 47 
14) 419544 | 7-75 |) ‘oes06 | =F 435078 | Bg) | pelo? | 46 
6) Bro | 2 || coeur | 38 | aaoors | 8-28 | “peso | 44 
te | c4poogs | 7-72 | “oases | -8% || laaes7o | 8-38 | [563480 | 48 
13| “4ziza5 | 77 |) ‘ogame | 38 || caavoer | BO; |  -f62033 | 42 
19 | .aziss7 | 4-70 || ‘osseoa | +26 437503 | 8-57 | bower | 4t 
Elo (oo 9 a ey aa ‘ ome _ 
at | 9.422778 | : 
a2 | azaea8 | 7-67 || “cossio0 | -Eq || 430048 8.28" | .be0952 
a | 4230o7 | Ts |) SHES | coe || “Aten | 8.22 | “Bouoed | 36 
«42415 5 E i x 5 
25 | 1444615 | 7-65 |] 984085 45 440529 As 559471 | 35 
26 | 1425073 | 7-63 || (984050) “Fe as1o22 | 8-22 BRUTE | 34 
ae) aoeeer | 7-62 SB3081 tapt08 nos 557994 | 32 
99 | .426443 von 983046 | “Py || -442497 | S48 557508 | St 
30 | .426s00 | 702 |] coesott | -G> || 442088} p18 557012 | 80 
a1 | 9.427354 | , 9.988875 9.443479 10.550521 | 29 
ge | .427g09 | 7-58 “ogssio | “PS || 443968 8.15 | “" :556082 | 98 
33 | 420268 | 7-57 |) “98805 | “55 8.17 | lop5s4 | 27 
a4 | caagvi7 | 7-32 || ossvi0 | “6 auiour | §°13 | 050003 | 26 
8) eee | 7-55 || ceestoo | 88 |] “assons | 8-18 | Cepaorr | 2 
“Sa0075 | 7-53 |) ‘osseca | -82 || laaeci1 | 8-78 |  <558580 | 28 
38 | 430587 7-58. || ‘963620 | “BR || -446898 8.12 | “space | ae 
g9 | .430078 | 2-8 983504 | °B5 aavaed | 8-15 "552616-| 21 
4314n9 | 7-52 983558 | *82 447870 | 8-19 | 552180 | 20 
1 | 9.431879 | 9.988523 9.448356 10.551644 | 19 
at | 9-agan09 | 7-50 || ““oasaey | 82 || “lagapat | 8-08 | [p51159 | 18 
430778 | 7-48 || ‘ossase | -28 449326 | 8-08 550674 | 17 
4 | c433006| 747 | ‘ogagig | -82 4agai0 | 8-97 | 7550190 | 16 
% | laors | 7-48 || los3set a 450204 | 8-02 | 549706 | 15 
46| .434i22 | @-45 || ‘opsads | -G9 450777 | 8:02 549283 | 14 
47 | 1434569 | 7-45 983309 | “69 451260 | 8-03 548740 . 13 
48 | 435016 | 7-45 983273 | “63 451743 | 8-53 548257 | 12 
49 | :4a5402 | 7-48 983238 | “65 a5ene5 | 8-08 Bard IL 
Bo | 1435008 | 1-48 gssz02 | 69 || Lasev06 | g-gp |  -547204 10 
51 9.436353 | 9.983166 9.453187 10.546813 | 9 
3 q ie 5 . i 3 . a . “ 9 
54 | 1437688 | 7-39 || 983058 60 || :454628 8.00 | 545372 | 6 
55 | :43ei0 | 7-28 || ‘ossoee| <8) || -455107 | 79g | -B44808 | 5 
Be} ania | 782 “Sezgen | -60 fee064 | 72% -Piaase | $ 
Ba | 4a0s56 | 7-37 |] lopora | -69 || capooae | Fe | -baado8 | 8 
bo | “40807 | 7:25 |] ‘oaasrs | -G) || 457019 | t's | ,9Di208t | A 
60’) 9.440338 | 7: 9.982842 | 91457496 | *-9 | 10.542504 | Of 
105° Cosine. | D. 1" Sine, Durr Cotang. 
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587758 
10.537285 
-536814 | 
586342 
-535872 
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534931 
534461 ° 
533992 
583523 
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27. Logarithmic Sines, 


17°] Sine. | D.1". || Cosine. | D. 1". || Tang. | D. 1". | Cotang. 162° 
a si bel ee Essar a 
0/| 9.465935 9.98059 9.485339 10.514661 | 60’ 
1| .460338 | S-S8 || 98005 || 485i91 7-53 | 514200 | 59 
2| .466761 |g g¢ “980519 “ee (|| 48642 | 759 513758 | 58 
3 | 467173 6.87 980480 “ea || -486893 | 750 513307 | 57 
4| .467585 | @'35 980442 5 || (48TH | 30 512857 | 56 
5 | .467996 | g’gs 980403 “85 7593 | 259 512407 | 56 
6 | .468407 | 633 980364 “65 488043 ” 48 511957 | 54 
7| 468817 | ¢'g3 930325 | “gs 488492 | 4g 511508 | 53 
8 | .469227| 6°93 980286 | “gz 488041 | 54g 511059 | 52 
9 | .469637 | ¢ go 980217 ee 489300 | 5 ge 510610 | 51 
10] .470046 | 6 a9 930208 | “gs 480838 | 4°44 510162 | 50 
11 | 9.470455 | 4 go || 9-980169 | _.¢5 9.490286 | gs | 10.b09714 | 49 
12) .470863 | @'g9 -980130 | ~" gz -490733 | age 1509267 | 48 
13 | 471271 | 6 a9 980091 a 491180 | 9°45 ‘508820 | 47 
i4| .471679 | 67g 980052 “87 491627 | 9°43 “508373 46 
15 | .472086 | g-r7 980012 6 492073 | 7°43 BOT927 45 
16 | .472492 | a7 979973 65 492519 | 5°43 “507481 44 
17 | .472898 | gay 979934 5 492065 | pgp 507035 43. 
18 | .473304 | ¢ ay 979895 ee) 493410 | 6°49 506590 42 
19 | .473710 | 6 45 979855 “es 498854 | ogo 506146 | 41 
20| 474115 | 673 979816 “By i 498299 | 7/40 2505701 
21 | 9.474519 | ¢ ag || 9.979776 65° || 9-494743 | v.38 10.505257 | 39 
s| 92 | 474923 | 673 || 919787 | “gy || - 405186 go | -Os814 | 88 
93 | .475827| @ 99 979697 65 495680 | »°38 "504370 | 37 
24| 1475730 | 9°79 .979658 er 496073 | *'3e 503027 | 36 
25 | .476183 | 6% 979618 | ° “Gs 496515 | 6°37 603485 
26 | .476536 6.20 97957 “67 496957 W387 .503043 | 34 
27 | .476938 | 6°49 979539 ev 497399 | »'37 1502601 
28| .477340 | 6 68 979499 a7 497841 | 7°35 502159 
29 | .477741 | 668 979459 “65 498282 | P'33 .501718 , 31 
30 | :478142 | 6 67 979420 “67 498722 | #35 .501278 | 30 
31 | 9.478542 | ¢ gy || 9.979380 gz || 9-499188 | 7 33 40.500837 | 29 
32 | .478042 | 6’ gy [979840)|' “ee 499603 | 5°35 “500397 28 
83 | .479342 | 65 979300 Cy |. .500042 | »'ap 499958. | 27 
34 | 479741 | gs -979260 | “gy 500481 | Ro 499519 | 26 
480140 | 6 gs 979220 | “Gy -500920 | #°39 -499080° | 25 
36 | 480539 | 6°63 979180 | “gp 501359 | 4°39 498641 | 24 
7 | .480937 | gga 979140 | “gy -5OLT97 | #39 498203 | 28 
98 | .481334 | go -979100 | “Gg 502235 | 9g 497765 | 22 
39 | .481731 | 6 go 919059 | “ge 502672 | Hog 497328 | 21 
40 | .482128 | G2 979019 | ‘gy 503109 | 798 496801 | 20 
41 | 9.482525 9.978979 9.503546 | 10.496454 | 19 
42 | .482021 | 6-80 || Lovsos0 67 || 03982 a ae 
43 | 483316 | "go 978898 | “gy 504418 "OF e 
44 | .483712 | @ 5g 978858 | “gs 504854 | 795 : 
45 | .484107 | @'ne 978817 | “@y 505289 | 795 4% 
46) 484501 | @°5y 197877" 67 505724 | 7°95 z 
47 | 484895 | a7 97837 | “gg 506159 | 753 ; 
488289 | 655 .978696 .506503 | Fog : 
49 | 485082 | @'55 978655 67 507027 | w'o9 : 
50 | .486075 | 6753 978615 | “by || -507460| 799 | - 
Bi | 9.486467 | 4 5s || 9.978574 6 || 9:307893 |v 92 10.492107 
B2 | .486860 | ro 978583 | “gy -508326 |» 55 ‘ 
487251 | 653 978493 | “gg 5OB759 | F'o9 | 
54 | 487643 | §'59 978452 | “gg 500191 | 4g 
55 | .488034 | 50 978411 68 720 
488424 | 650 “978370 | “gg 510054 | 4g 
: bv | .488814 | 650 978329 | “gg 510485 | 7°48 
.489204 | 48 978288 | “gg 510916 | 7°47 
59 | .489593 | 64g 978247 | “gg -D1I346 |g yy 488654 
60’| 9.489982 | °° 9.978206 | * 9.511776 |“ 10.488224 | 
D1". Sine D. 1". || Cotang.| D.1". | Tang. 


= Sine. D. 1°, 
0"| 9.480082 
1] -4o0ar1 | 6-48 
2| ‘4g07so | 8-47 
8| caoisaz | 6-42 
4| “491 pg 
5] .49iga2 | 6-45 
6| .492308 | 8-43 
%| 492695 | 8-49 
8| 493081 | O43 
9 | .493466 | 9-4 
10 | ‘493851 | 6-22 
11 | 9.494286 | 
32 | .494ez1 | 6-42 
TB | :495005 | 8-40 
14 | -a95368 | 6-98 
1 | 495772 | 6-40 
16 | ‘496154 | 8-32 
17 | -4oe37 | 6-38 
18 | 496019 | 8-37 
19} .a97301 | 6.3% 
20 | cag7ese | 6-35 
21 | 9.498064] 
| | a9eass | 6-83 
23 | -498e25 | 6-3 
24| 1499204 | 8-82 
9 | 49594 | 6-33 
26 | 499963 | 6-32 
27 | ‘500342 | 8. 
28 | 500721 | 6-3 
29 | “so1009 |. 8-30 
80} <oo1476 | 6-28 
Bt | 9.50184 | 5 06 
| 32 | 50231 | 6.28 
| 33. 02607 | 6-27 
24.| cpozoea | 6-28 
| 85 | [503360 | 8: 
86 | :bo37a5 | 9.25 
37| {504110 | °- 
8B | .bodae5 | 8-25 
| 39) 504860 | 6-35 
4 at He 
42 | 1505981 | 9.22 
43 | 1506 ee 
|. 44] <doover | §-32 
45 | 507099 | 6-20 
‘| 46) 500471 60 
47 | -povs43 | 6-20 
48 | 5081 | 5 18 
| 50 | <co8e56 | 6-18 
51 | 9.509326 6.17 
b2| 509606 | 8: 
53 | 510065 | 6-15 
54] ‘bioss4 | 6-15 
BS | :p1003 | 8-15 
| -1iire| 6.15 
br | .b11540|, 8-18 
68 | soi1907 | 6-22 
bo} ‘biees | 6.18 
60"| 91512642 | °- 


Logarithmic Functions 


Cosines, Tangents, and Cotangents 


Cosine. | D. 1”. 
9.978206 
g7gies | -68 
978124 68 
978083 68 
978042 68 
978001 FO 
977959 68 
977918 68 
OTTRT7 "0 
977835 68 
97779 "a 
9.977752 
ori | +88 
977669 , 68 
971628 | “en 
977586 | *f5 
977544 | + he 
97503 | 25 
977461 70 
977419 "0 
NBT | no 
9.977335 "0 
977293 ie 
977251 “10 
977209 | *45 
987 | «fH 
7125 7) 
977083 70 
977041 | +t 
-976999 10 
-916957 | np 
9.976914 Yj 
M6872 | *k5 
976830 | “ho 
976787 | “AG 


grevoe | +2 
976660 "no 
976617 sit 
(each 12 
9 (65% 4 10 
BOSSY | ip 
9.976489 "2 
976446 "0 
976404 ip 
976361 os 
976318 


976146 | +2 

976103 "9 
9.976060 | ~ 

g76017 | +72 


‘orsesy | 2 

‘975757 

‘wr | 2 
g.o73670 | -? 


Sine. | D1". | 


Tang. 


9.511776 


1515631 


Ca} 
or 
8 
a 
S 


) 
D. 1", | Cotang. 161° 


10.488224 
iis | 487794 
T-15 |  ‘4s7365 
7-15 | ‘486986 
7.13 -486507 
7-18 | [486070 
WS | 1485651 
7-13 | ‘agnees 
32 | Tapers 
Ae | | 1484369 
e-10 | 2 4p304s 
ie 10.488516 
toe | .488090 
710 | «482665 
wae | l4pe9s0 
vo; | 481814 
roy | 481390 
roy | 1480966 
oy | 480542 
Hos | .480118 
7.05 ~479695 
10.479272 
7-05 | 478849 
A er 
fi 
7-03 | ‘47t588 
oe 477162 
ie 476741 
cB. 476320 
tae 475900 
aoe 475480 
10.475060 
68). .asaeat 
be | arazae 
6-38 | l4rasos 
6-9) | > 478385 
6.87 | la7a967 
6-8F | ‘aramag 
GS | lavetae 
ge | lain 
oe 471298 
10.470881 
cag | 1. 
6.92 -470049 
62 | 460634 
6.92 | l469219 
6.02 | 2468804 
8.92 | 1468889 
8.00 |. laero%s 
6.00 | 467561 
6.9 | 467147 
10.466734 
8.83 | 1466821 
6-83 | :465908 
6.87 | “465496 
6.87 | “eee 
6a | - 
0-85 | 453850 
6.85 | 1463439 
8-85 | 40,463028 
Di. 1 Tang. 


i — 
fo 


1025 


8 


4] QW mR IHS 


1026 Logarithmic Functions 


2'7. Logarithmic Sines, 


| 
194 Sine. D. 1". || Cosine. | D. 1". || Tang. D. 1". | Cotang. 160° 
9.512642 9.975670 9.536972 10.463028 | 60’ 
13000 | 6-18 || 975627 2 || 597382 es 462618 | 59 
5133875 | 6°40 975583 sf 587792 | §'gs 462208 | 58 
513741 | "49 975539 79 588202 | @°go 461798 | 57 
514107 | gg 975496 | "ng 538611 | g° go 461389 | 56 

514472 | 60g 975452 c "3 539020 | go 460980 
514837 | 60g 975408 *9 530429 | @°R0 460571 | 54 
515202 | g 97 975365 "3 539837 | gq 460168 | 58 
515566 | @ 97 975821 “13 540245 | §°g9 459755 | 52 
515930-| 97 975277 “43 540653 | @’a0 459347 | 51 
516294 | 695 975233 "3 541061 | g'rg 458939 | 50 
9.516657 |g gs || 9.915189 ng || 9-541468 |g og 10.458532 | 49 
517020 |g 3 975145 3 541875 677 .4581 48 
517382 | os 5101 "3 542281 | g-7g 457719 | 47 

BITE | G93 975057 73 -542688 | g .457312 
518107 | g’o2 975013 Bh 543094 615 .456906 | 45 
518468 | § "99 974969 23 543499 ey 456501 | 44 
518829 | 609 974925 “15 543905 615 456095 | 438 
-519190 | 99 974880 3 544310 6.05 455690 | 42 
-519551 | 99 - 974836 "3 544715 673 455285 | 41 
-519911 | 99 974792 13 545119 6.45 454881 | 40 
9.520271 | ¢ o9 || 9.974748 mms || 9-545524 |g 23 10.454476 | 39 
-520631 | 5°98 974703 "3 545928 | gino 454072 | 38 
520990 | Fog 974659 “te 546331 | 6°43 .453669 | 37 
521349] B97 974614 “9 546735 | B75 1453265 | 36 
521707 | B"9g 97457 te 541138 | G'x9 .452862 | 35 
-522066 | F°g7- 974525 “13 547540 8.72 452460 | 34 
~be2d24 | Po. 974481 “nS 547943 | 6°29 452057 | 33 
-522781 | Por 974436 3 548845 670 451655 | 32 
-523138 | 595 974391 "3 548747 6.70 451253 | 31 
523495 | 2 "gp 974347 a5 549149 6 68 .450851 | 30 
9.523852 | 5 93 || 9.974302 ws, || 9-549550 | 6g 10.450450 | 29 
524208 | 2°93 974257 4 549951 | 6° G3 , 28 | 
524564 | 2-93 974212 a -550352 | 6G 449648 | 27 
-524920 | F'go 974167 “te 550752 | 86g 1449248 | 26 
525275 | 2 "go 974122 “ne 51153 |g gs 448847 | 25 
-525630.| 5°99 97407 “he 551552 |g Gr 448448 | 24 
592 974032 1B 551952 65 4 23 
oe 973987 | “42 552351 Ho 1447649 | 23 
5 88 973942 “ns 52750 | & gs 447250 | 21 
5.0) | oer) | sen | | oaonie | 

: i; : 
Ee gi3s07 | -7 || -5saqs6 | 6 63 | 446054 | 18 
5 88 973761 set 554344 |g" go 445656 | 17 
5 87 973716 “1B SATA | 9 G3 .445259 | 16 
5 85 1367 nT 555139 62 414861 | 15 
oe 973625 | “ye 555536 | 6°69 1444464 | 14 
5 85 973580 | “ne 555933 | Gg |  -444087 | 18 
5 85 973535 We 556329 | 6°60 443671 | 12 
5 83 973489 ts 556725 6.60 448275 | 11 
5551 i0. 

5.83 |! “‘oraz52 | -72 || -sovta | 6-83 | 442067 | 8 
5 82 973307 | “he 558308 | g'ng |  -441692 v 
5 89 973261 7 558i 67 441297 | 6 
5 82 973215 mt 550097 | ay 440908 | 5 
5.80 978169 | “ns 550491 | gay .440509 | 4 
5 80 973124 | ae 559885 | @°57 440115 | 3 
578 973078 | “ay 560279 | g'sy | -480721 | 2 
5/80 973082 | *a7 560873.) @ "as -439897 | 1 
: 9.972986 | * 9.561066 | °° 10.438934 | 0” 
D.1". ||. Sine. “| D.1*%. || Cotang.! D. 1". | Tang, (70° | 
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\ Cosines, Tangents, and Cotangents 


} 
20°|| Sine, | D.1%. || Cosine. | D.1”. || Tang. | D. 1". | Cotang. 159° 
| 
0’| 9.584052 | 5 rg || 9.972086 | my || 9.561066} 4 x5 | 10498094 | 60” 
1 | .534399 Br? 972940 ‘a7 || -361459 | go58 .438541 | 59 
2| cara) Sq || 2s) cir |) spouse | Ges | 488140 | 58 
8 ‘we 2848, Y 2244 ; A877 
| See) ie | tee! eae) ee | uel s 
5 | 5385783 : (10) 5 “Rg : 2 | 55 
t) ciu| $3 || saom| <i || Seat) 68 | ned | 
7| ‘saeera | 5-7 ; ; é 
8| ‘536818 | 2-3 || ‘oraorz| 7% |] ‘es202 | 6-52 |  4a5z06 | oe 
‘0 537. % (pis 4 zy SiH 
5.73 cui 6.50 
11 | 9.587851} g'np || 9.97278] ‘4g || 9.565878 | ¢ 59 | 10.434027 | 49 
12 | 638104 | 5-72 |] ‘orea3i | -78 || “-e5763 | 6-50 | ‘agaza7 | 4g 
13 | “ogee | 5-78 || ‘oveass| 72 || ‘seoiss | 6-82 |  casaga7 | a7 
14| ‘saegs0 | 8-70 || ‘97 “FB || “bee5a2 | 8-48 |  “asaase | 46 
8) Bee) 23 | ben) & |) gee) se | aoe s 
: “i i 7 ; 
17z| 539007 | 5-79 || ‘orang | -78 || “sevvog| 6-48 |  ‘agonqi | 43 
18| ‘402s | 2-68 || ‘overt | +48 || “so8o0s | 6-48 |  ‘asio02'| 42 
19| 540590 | 5-68 || ‘overs | -7% || ‘seease | 8-42 |  laan514 | at 
20| -s4ogai | 8:68 || ‘ovz058| -f8 || ceesers | 6-45 |  ‘asite7 | 40 
S| 9.5422 | 5 65 || 9.972011] og || 9.560261 |g 4p | 10.490780 | 39 
| ‘buns | 597 || ‘onoie| “78 || “Bross | 845 | “dongs | Se 
24) ‘basega | 5-87 | ‘onero| -78 7oaee | 8-45 |  lagos7e | 86 
25 | ‘542632 | 5-65 || ‘oriees| -78 || ‘erosoo | £-43 |  “apoioi | 35 
Pete | eal 2 | eis) eae 
. 117 4 Ys j ‘ 
28| i5agea9 | 5-65 || ‘oriege | 78 || ‘srtoe7 | 6-43 |  S4zposa | 32 
29| .54a087 | 2-93 |] ‘971 78 || csrease | 6-42 | ‘apzeae | 31 
30| .544395 | §-93 || ‘orises| -f8 || ierevaa| 6-43 |  ‘azreee | 30 
31 | 9.544663 | oq || 9.971540] ‘ng || 9.578123 | @ yo | 10.426877 | 29 
82) 545000 | B5 || -ortsan | of || -Srasor | Gao | -4poiss | 28 
S| oes] 65 | eae) om || ome] oa | Bete 
35 | i54eo11 | 5-62 || ‘orsas1 | -#8 || ‘sraseo| 8-49 |  laasaao | 25 |- 
a6 | 546347) 6-60 || ‘or1z03| -80 || ‘rsoaa | 6-22 |  ‘42sos6 | 24 
a7| 545083 | 6-50 || ‘ories6 | -78 || ‘ersso7 | 6-88 |  c4oasza | 28 
a8 | ‘57019 | 2-62 |] ‘ori203) -82 || ‘szsei0 | 8-38 |  “ansia0 | 22 
39 | <5avasa | 6-58 || ‘oriei | -f8 || is7e1o3 | 8-38 |  ‘aesso7 | at 
40| <saveno | 8-58 || fovia| <8 |) “szes76 | 6-38 |  azasns | 20 
41 | 9.549024 |’, || 9.971066 | “9 || 9.870959] g a7 | 10.423041 | 19 
vasa | 5-58 1] ‘orig | 89 || cerraat | 8-87 | c4azesa | 18 
44| ‘piooer | £22 || ‘orem | 8 || corotos| 9-25 | “detaoe | 16 
45 | :510360| 5:55 |] ‘orosra | -80 |) cresae | 8-37 | “aotsta | 15 
| ee) £6 | imme] || eee] 6s | eine 
4 : 2 077! . . i 4207 
48 | ‘550350 | 6-55 || ‘ororst | -8 || ‘sr0020| 6-33 |  ‘azoazt | 12 
49 | “550602 | §:55 |! ‘oroess | -8° |) ‘seoo00 | 8-33 |  S4tooo1 | 14 
50| ‘551024 | 5-3 70635 | 80 || ‘eosso | 6-33 |  ‘ai96it | 10 
51 | 9.551356 | 5 55 || 9.970586 | “|| 9.880760 | ¢ 95 | 10.419291 | 9 
52} .551687 | F'55 970588 | “gq || -581149 | g"39 418851 | 8 
53 | ioo218| 2-52 |! ‘orogo0 | -89 |) ‘eeises | 6-32 | casera | 7 
54| 552349] 5- 970442 | * ‘581907 | 8: :418003 | 6 
B5| 55280 | 3-52 |! ‘orosog | -80 |] 63 | lara | 5 
56| 553010] 8-59 || ‘orosis | 82 || ‘seacs | 6-32 | <ar7aa5 | 4 
Bz | .55eaa| 2-32 || ‘ovozor | -80 || ‘sa3oaa | 6-32 | 416056 | 8 
58 | 553670 | 6-48 |) ‘oroas9 | -80 || ‘seaizz | 6-39 | “aros7e | 2 
59 | 554000] 8-80 | ‘oroa00 | -82 || ‘583800 | 8-30 | ‘416200 | 1 
60’| 9.554829 | °° 9.970152 | * 9.584177 | °* te 
| 120° Cosine. | D. 1. I! Sine. | D.1". |{ Cotang. 1D. 1". | Tang, (69° 
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27. Logarithmic Sines, 
J 


ae 1 
Cotang. 158° 


21°} Sine, D. 1". || Cosine. | D. 1". Tang. | D. 1". 
0/| 9.554329 9.970152 9.584177 
1| 1554658 | 5-48 || 97018 83 || 584555 eo 
Q| .554987 | 547 970055 | “f5 584982 | @'og 
3| .555815 | 547 970006 | *¢5 °585309 | "5g 
4 | .555643 | 547 969957 | “a5 585686 | @°o7 
B| 555971 | 547 969909 | “g5 586UG2 | 8°58 
6 | -556299 | 5°45 969860 | “95 586439 | oy 
7 | 556626 | 5"45 960811 | “95 586815 | 9°55 
8 | .556053 | 5°45 969762] “9 587190 | gor 
rao6 | 6966 3 ngai | 8 
5.43 82 6.25 
41 | 9.557982 | gg || 9-969616 gp. || 9:288316 | 6.05 
12 | 558258 | P45 1969567 | “g5 588691 | @'o5 
43 | .558583 | 5-45 969518 | “g5 589066 | §'o3 : 
44 | .558909 | Fogo 960469 | *p5 589440 | "9g ; 
15 | .559234| 5°40 969420 | “gs 589814 | G93 ; 
~ | 16 | .559558.| 5°40 969370 | “a5 590188 | ¢'o3 F 
17 | .559883 | 2°49 goose | “95 590562 | @°S5 4 
18 | .560207 | 249 969272 | a5 590085 | @ Sp "409065 | 42 
19 | -560531 | 2°49 969223 | “gs 591308 | @"95 7408692 | 41 
20 | .560855 | 533 1960173 | “p5 591681 | ¢o9 1408319 | 40 
a1 | 9.561178 9.969124 9.592054 10.407946 | 3 
| ge | 561501 | 5-38 ||  -a69075 8 || 502 6.20 | .40ra74 
93 | .561824 | 2°37 969025 | “25 -592799 | g99 407201 | 37 
24 | 562146 | gy || -268076 | “g3 2598171 | 678 406829 | 36 
| 25 | 562468.) 5°37 -968926 | “a5 -598542 | gop 406458 | 35 
26 | .562790 | 5'97 1968877 | “95 593914 | 67 406086 | 34 
a7 | .5638112 | 2°35 1968827 | “gn 5 64 405715 
98 | .563433 | 5°37 968777 | “a5 “594656 | "4 405844 | 32 
99 | | .563755 | 2°35 1968728 | ‘63 -595027 | 64 404973 | 31 
380) .564075 | B35 1968678 | “aa 1595398 | gy 1404602 | 2¢ 
a1 | 9.564396 |, gg || 9-968628 g3_ || 9-595768 | 6.4 40.404282 | 2 
82| 564716 |p "39 .968578 | “g5 1596188 |} "408862 , 2 
| 32 | 565036 | P39 968528 | “go {596508 | 4 “403492 | 2! 
a4| .565856 | 5°53 968479 | *E5 1596878 | 6 4 1408122 | 2 
35 | .565676 | 5 "ao 968420 | “pe .BoT247 | gy 1402753 | 2 
36 | 565995 | F "a9 96837 88 ‘507616 | gy 1402384 | 2 
az | .566314 | 2°39 968829 | “gx 1597 64 “402015 | 2 
| 38 | .566632 | 2°59 96827 23 1508854 | "4 1401646 | 2 
39 | 566951 | 5°39 (968228 | “Aa 1508722 | @ 4: 7401278 | 2 
40 | .567269 | 539 1968178 | *g3 ‘599091 | 4 (400909 | 2 
41 | 9.507587 | 5 9g || 9-968128 eg || 9-399459 | 6.1 10.400541 | 1 
| 42 | 567904 | 5°39 968078 | “Fs .599827 | Gy “400173 1 
43 | .568222 | "og 968027 83 600194 } "4 399806 1 
568539 | B"og 961% | “99 600562 | 64 399438 1 
45 | .568856 | 5 ’o7 967927 | “gs 600929 | ¢°y 999071 I 
46 | .569172 | Foy 907810 | “Ra -601296 | @'y 398704 | 1 
47 | .560488-| 5°57 967826 | “Ge 601063 | @°7 98337 | 1 
48 | 569804 | 5°>7 907775 | “pg 602029 | @°y, 397971 | 1 
49 | 570120} 2"o5 967125 | “gE 602395 | 4 397605 | J 
50 | .570435 | 5°57 967074 | “G3 602761 | g°y 397239 | 1 
B1 | 9.570751} 5 os 9.907624 gs || 9-00812" | 6.1 10.396873 
52 | .571066 | 2°53 967513 | “ge 1608493 | {896507 
53 | .571380 | 5°55 967522 | “gs , . "306142 
54 | 511695 | 558 967471 63 604223 |g” ‘BOBTT? 
55 | .572009 | 2°53 907421 | “ps 604588 | 1305412 
56 | .572823 | p'o9 967370 | “ge 604953 | @” 1895047 
BY | .572636 | 553 967319 | “ge 605317 |g" 1394683 
-572950 | 2° 1967268 | “ge 1605682 | 07 1394318 
59 | .573263 | P'S 1967217 | “ge :606046 | 6° g7 “393954 
60’| 9.573575 | °° 9.967166 | * 9.606410 | ~* 10.393590 
111° Cosine. | D. 1° Sine, | D. 1", |! Cotang. | D. 1". | Tang. 16 


‘\ 
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22°|\ Sine. 


S 
i 


i 
Cosine. he . | D1 | Cotang. 157° 


0’) 9.573575 | 9.967166 10.898590 | 60! 
“573888 : 


WCOIBUP WMO 


Srannr SRRonaSSSE¥8 


ONO OO TOT OT OT OL OT OF TTT OTT 
RZASRLARR ERRBRRRAHRAR 


Ree 


LBIO7T7 


9.580085 
580392 


625741 
- 626093 
626445 
-626797 
627149 
1] _.627501 

|| 9.627852 10. 372148 


Cotang, | D. 1°. Tang. 


> 


ROMO ONAN TN IN ANT NT HHT MT MT I DAN HAHAH PAA AAD HHH D 
RERRRASRE SSKSSSSESS SSSSSSSRSR SESSSRSRSS SSSSSSHESER SRRRSTSAALA 


5.08 
5.10 
5.08 
5.08 
5.07 
5.08 
5.07 
5.05 
5.07 
5.05 
5.07 
5.03 
5.05 
5.03 
5.05 
5.02 
5.03 
5.02 
5.03 
5.02 
5.00 
5.02 
5.00 
5.00 
4.98 
5.00 
4.98 
4.98 
4.98 
4.97 
4.97 
4.97 
4.97 


CH NnOnRaaywMo 


a 
a 
° 
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27. Logarithmic Sines, 


7 | is 
= sine, | D.1". || Cosine, | D.1". || Tang. | D. 1”. | Cotang. 156 
v 9.627852 40.372148 | 60" 
(| 9.591878 | 4 7 || 9.9Re | 2 || seasa0s | 8:85 | cariza7 | 59 
1| .502176 | 4:5 “962 oe 2 pe Birra? | 59 
2) .59247; ee 963919 90 .628554 | "ge ip 
3| ‘s92770 | 4:2 || ‘oea865 | °93 || 628905 | 5°93 | -871095 | bY 
a 63811 | * 620255 | 28 370745 | 56 
4} 593067 | 4.93 || <Gaaeny | -20 5.85 |- *Bebegs | Be 
362 | + 963757 "629606 Wea 23% 
| ‘593362 | 4:93 cen 606 | 583 70304 | 55 
6| 593659 | 4 963704 | 88 || 620956 | B83 ) 
7| ‘593055 | 4:23 || ‘o63650 | -29 || 630306] 5"g3 | 300804 | 53 
pat | 438 || 96596 | 620656 | 2° 369344 | 52 
8) 594251 | 493 ‘90 063° lessee PE Mae 
9| csousiz | 4-23 |) cgoans2 | -f9 || 931005 | a3 5 | Bt 
10 | “sos3i2 | 4-92 || 1963488) G9 || -631305 | 5 go Raye 
; 963434 9.631704 , | 10.868296 
11 | 9.595187 | 4.92 |] °-Geas7o | -82 || ceaz0sa | 5-82 B67947 | 48 
is | ‘sosrer| 4-22 5 | -90 || ‘eaeqo2 | 28% | [367598 | 41 
“os0z1 | 4-20 || ‘oesevi | 20 || ‘632750 | 2° 367250 | 46 
14| ‘sosozi | 4°95 2 a Bias) | 40 
15 | 1590315 | 4-29 || ‘oeazi7 | <3) || -688099 | 5 "a9 
17 | 1596003 | 4°22 08 | 2 || 633795 | 3°89 sgoans | 48 
18| “sovi0e | 4°98 || ‘oeao54| -Q2 |) -634143 | 527 Bessor | 43 
19| .59v490! 4: 962999 | 634400 | 3-28 
. 20 | “sovres 4-88 || ‘geass | -9) || 638838 | B78 Sate a 
ai | 9.508075 gg || 9-008800 | 90 || O-ieeoe | 5-78 |" goaias | 38 
2 | Bosco | 4-8 ||; 2 e35879 | 2-48 | ‘aeei21 | 37 
962781 i 
gt | 590952 4.87 || ‘oezre7 | -Qp || 630226 5.78 |  ‘pea7r4 36 
5 | 1599244 | 4° 962672 | * 636572 | Pr {363428 
@7| ‘sooee7 | 4:8 os i eae ee - 
| 4.85 || ‘962508 | - e3reii | 5-7 362389 | 32 
| 3 | “e00100 ae o62453 | -82 || cea7o56 | Bf? Boeoid | 8 
30 | 600700 | 4:85 |) ‘962898 | -g9 || | -638802 | - 5775 i ne - 
a | oman | ay gma | ae | emmy | 78S | 
33 | ‘601570 | 4-83 || ‘oee33| <3 || -630887 | 575 |  -360068 | 27 
Bs) conse | aces |] -$63io5 | 82 |! coun | 2°73 | “Beans | a 
‘ ; 1962067 | ° rt | Ping 350629 
36 | 602439 | 4-82 || ‘os007 | -93 || -e4oa7l | 5:75 | 
2 : : so7i6 |. 2-4 “359284 | 23 
| ctasory | 442 |) “sotnsr| 22 || tito | 853 | Sassou | 
39 | 1603305 | 4° "961902 | - doa} BG 
40 | “eoasod | 482 || ‘oe1e16 | -33 || eui747 | 5-73 — . 
2 t= 
41 | 9.608882 | 4 ep ||-9:961701) op] Fe | B72 | 7 oro | 18 
S| ctouse 478 || “ooiesd | <8 || coseriy | BT | aptaes | 17 
44| loos7a5 | 4-80 || ‘o6t624 | -go || -643120 | 5 | -B00880 | 16 
@ Boe | 18 | ae) oe || GBS) oa | ats ie 
ae | oteane | 4-78 || <coetasa | -82 || leati8 | 3-72 |  laosane | 18 
|. ras 1402 | 28 go | 5:70 | "355510 | 12 
#8 | foro | 42 || ‘aos | <9 5.70 | ‘a55168 | 11 
50 | 1606465 | 47% || ‘961200 | -9o || -645174 | 5279 | _ -Bbs826 i 
st | eco) sng | oes] ap [oc] sm | soamiat| 8 
; i :96 ; 3 
53 | cova | 4-12 || -961128| -3 |) 646199 | 574g |  -S58801 | 7 
-Go76uT | i75 || -BO1N8T | 98 |] Glogs: | 5-68 | cassia | 5 
BB | CORR) girs Bee) OBI) gar 5.68 neetne 
5B} 60 | 4-73 || “oaosoo | -28 || Ledeen | 5-87 | ¢ 3 
83 | eosras 4.73 || ‘ogoss3 | -g8 || -647 oe 353007 | 2 
9| ‘6 ‘ ‘960786 | * 1618243 | 2° 135175 
b0| 9:609813 | 473 |) 9'960730 | <8 || o.64a583 | °-87 | tocsntai7 | OF 
113° Cosine, Tang. |66° 
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28 
29 
80 
31 
32 
33 
34 
35 
86 
87 
88 
39 
40 
41 
42 
43 
44 
45 
46 
4 
18 
49 
50 
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51 
52 
53 
54 
55 
56 
57 
58 
59 
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27. Logarithmic Sines, 


| 
", | Cotang. 154 
D.1". || Tang. | D.1". | © 
. D. 1". || Cosine. eer iF? 
25°| Sine, 19 10.331827 | 6 
. ewes Teal 9.668073 | 5 4g -880998 | 5 
F ele 9.957276 | gg C8002 | BBO 4 pagan ll Ie 
0"| 9.625948 | 4 59 957217 | ‘98 669382 | 54g -830339 | 5 
1| .626219 | aro 957158 | “9g 669661 | 550 330009 | 5 
2| 626490 | 4"59 957099 98 669991 | 54g 7329680 | 5 
3} .626760 | 4°59 957040 | “9g 670820 | Fag -829351 | 5 
4} .627030) 4'50 956981 | 4°00 670649 | 5 ay 829023 | 5 
5 | .627300 | 4°50 956921 | “9g 61007 | 548 828694 | 5 
6 | .627570 | 459 956862 | “9g 671306 | 5°48 328365 | 6 
7 | 627840 | 4°48 956803 .98 671635 | 5 gy 328037 | 5 
8 | 628109 | 4 4g 956744 | 4°09 671963 | 5 ay mag | 4 
9 | .628378 | 4'4g 956684 | “"o3 || 72201 10.3277 fale 
aoe seve A 58 9.958625 | 9g || 9.672201 oar "324003 | 
5 = . 04 * ‘ 
17) S2GRSHLB 1 4 a8 NY pecan 1.00 Creo | 5.45 | “Sparen | 4 
12] .620185 | 4°47 956506 98 678274 | 5 ay -326398 | 4 
> 13 | 629453 | 4°47 956447 | 4°00 13602 | & 45 826071 | 4 
14 | 620721 | 447 956387 | 4°00 673929 | 5 47 825748 | ¢ 
15 | oe | 4.47 | “gseae7 96 || 16r4257 | B45 “825416 | ¢ 
-630257 | 4°45 956268 | 4°90 674584 45 25089 | ¢ 
16 | , .6302 5 - 82508! 
17 | .6380524 | 44% -956208 | "00 6r4911 | 543 824763 | : 
18 | .630792 | 4'45 -956148 | “‘og 675237 | 5 45, 36 |; 
18 | -Gt088 | 4.45. || “Beadao 1.00 nee 10 
20 | 631826 | 4-42 9.956029 | 4 q9 || 9.675564 oie Sail 
. Ee Des ‘ r i 1 } 
21 | 9.631593 | 4 43 -955969 | 90 66217 | 543 3 ' 
22 | .631859 | 4°43 955909 | 100 676543 | 543 823131 | | 
23) 632125 | 445 -955849 | 300 676869 | = 40 a ' 
24 | .632392 4.43 -955789 | 4°99 OTT194 | 43 “ : 
25 | .632658 | 4°49 955729 | 4°09 |) 677520 | 543 = 322154 
26} .632923 | 4743 955669 | 4°99 677846 | 5 4D -321829 
27 | .633189 | 4°49 955609 |“ “98 678171 | 5 4p 821504 
28 | .633454 | 4749 955548 | 4°09 678496 | 5 49 79 
23 | Canoes | 442 || tepsags | 1-00 soe 10.8211 
633984 | 4°49. 9.67882: 5.42 «320854 
30) . 9.955428 | 4 90 -679146 | 5 49 «820529 
31 | 9.634249 | 4 yo -955368 | 4 "op G79471 | 5°40 1820205 
82 | .634514 | 4°49 -955307 | 4°00 679795 | 549 {819880 
33 | 634778 | 4°40 -955247 | "99 -680120 | 540 -819556 
34 | 630042 | 449 -955186 | 7/09 -680444 | 5 "40 -B19282 
35 | 635306 | 4°40 -955126 | 492 -680768 | 540 .318908 
GH e604 a0 Il” toeeanes 1.00 681002 | 5.40-| “aiR5e4 
se ieee 1.02 681416 | 5:40 | “Bigo60 
5 38 | .636097 | 4°38 954944 | 4 "o9 681740 | 5 38 7 
40) (696633 | 438 |] oouess | 1°59 9.682068 | 5 49 | 10S 
Ba er || 9-258823 | 4 oa 682387 | 533 | ED 
2 ae | 9. Oe | aay | SP 1.02 682710 | F538 316967 
2 | 637148 | 4°38 954701 | 4799 -683083 | 5°38 316644 
43) .637411 | 457 -954640 | 4°99 -683356 | £38 316321 
4b eS ake || “Beaecg 1.02 || 683679 ) B37 315999 
45 | .637935 | 4°37 954518 | 1 "99 -684001 | 5 "58 315676 | 
46 | .638197 | 4°35 954457 | "09 684324 | 5’ 37 315854 
Gig ea eg 1.02 |) Yegd646 | Psy 315032 
Bi Be). a ith ME 1.02 684968 | 5°37 "10 
49 | 038081 435 || cosaera | Toe 9.685200 | 5 g7 | 10.314710 
50] . as ae CHR Vc oa ac 37 | "314066 
Se ee ren 1 488 || coeais 1.08 |) ‘ess034 | B:3 313745 
52 | .689764 | 4°93 «954090 | 499 -686255 | 537 rt 
2 pliner ere ae ae Mie 4 1,02 686577 | 5°35 313102 
7. 54 | .640284 | 4°33 -953968 | 493 686898 | 5 35 812781 
5H | .640544 | 4°33 -953906 | 472 687219 | 535 -312460 
56 | .640804 | 4"a3 9538: 1.03 687540 | 5"35 312139 | 
BY | .641064 | 4°93 + 953783 | 4 ‘99 687861 | 5 35 10.311818 
58 | .641824 | 435 95BI2Z | 703 9.688182 | 
641 4.32 || 9'953660 
60'| 9.641842 


Tang. 


| 


26° Sine, 
0’| 9.641842 
1 | .642101 
2| .642360 
3) .642618 
4| .642877 
5 | .643135 
6} .643393 
7 | .643650 
8 | .643908 
9| .644165 
10} .& 
41 | 9.644680 
12) .644986 
13.| .645193 
14.| .645450 
15 | .645706 
16 | .645962 
17.| .646218 
18 | .646474 
19 | .646729 
20 | .646984 
2i | 9.647240 
22) .647404 
23 | .647749 
24) .648004 
25 | .648258 | 
26 | .648512 
27 | .648766 
—R8 | .649020 
29 | .649274 
30} .649527 
31 | 9.649781 
32 | .650034 
83 | .650287 
BT sa 9 
85) .650792 
BG | «651044 
87 | .651297 
88 | .651549 
39 | .651800 
40 | .652052 
41 | 9.652304 
42} .652555 
43 | .652806 
44| .653057 
45 | 653308 
46 | .653558 
47 | .653808 
— 48 | ~ .654059° 
49 | - .654309 
50)  .654558 
51 | 9.654808 
-655058 
53. | .655307 
54 | .655556 
Beal) 
56 | .656054 
57 
58 | 656551 
59 | _.656799 
60’| 9.657047 
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: Logarithmic Functions 
a 27. Logarithmic Sines, 


1 
i Cotang. 152° 
Cosine. | D. 1". Tang. | D.1". ; 
i DY. osine. 
27° Sine. 


; 
881. 292834 | 60 
. 9.707168 | » 99 10.2025 8 
=a 9.949881 | 4 og Fons | 5.20 Bet 
0’| 9.657047 | 4 43 949816 | 5 "97 erro | B22 eo | s 
1| .657295-| 449 1949752 | "07 Tam | 5.20 Bis 
Q| .65742 | 4°73 “ougee8 | 3-90 ‘ee | 50 am 
3 657790 4.12 949623 1108 eee 5:20 ‘i | 
4| .658037 | 4°49 949558 | 497 “roost | 5-38 Bas | Bd 
5 6582 4.12 949494 ae “TOS? 520 E 3 
6 658531 4.12 949429 108 709649 5.18 : b 
7) 658778 | 4°45 gaoa4 | 1-08 ‘sto | 3 as : 
8} -659025 | 4°49 949300 | 49g ro | 58 sar i 
659271 | 4°40 aaa | 1.8 2 ; 
a eee ge 9.710508 | 5 18 oes 
Ais: d 9.949170 | 4 og 7 5.18 oar: 
9.659763 | 4 49 “949105 | 1-08 Too 5 ae 
66) ie 4.10 “949040 408 Tass 5.17 ie 4 
-660255 | 4°40 “91897 ae fee | ue ain i 
ses | £18 |) aor 1.08 || ‘712146 | 2-47 2STRA | 
-660746 | 4/98 “948845 ao pee ban a i 
.660991 4.08 “948780 5.08 wee 5.17 Son | 
661236 | 40g ‘oasvi5 | 4-08 Bae | oe 
661481 | 4'og 948650 | 7°49 LT at 
661726 | 4°97 1.19 = 
| fee 48 | he 15 “385086 | 8 
: ; 5. : : 
9.662214 | 4 og 948454 | 5-49 |] 714008 5.15 =e 
662459 | 4 g7 j ee as 6 zon 
662708 | 4°95 “oapaes | 1-08 Tet | is eu 
662046 | 4 op 1948257 | 479g eae ins 8 
663190 | 4°05 -948192 | 3°49 Hoe | 5:15 ae, 
2O6SS ||) 4107 1948126 | 4°49 1 5.15 Bh 3 
663677 | 4" os 04 110 ne | Sap oe 
668920 | 4" 95 “oarons | 1-08 758 | ie BE ; 
-664163 | 4°05, ga7929 | 4-75 Me le 
ane 9.947863 | 4 49 9.716785 6.13 oi j 
: : | : : i 
9.664648 | 4 os garro7 | 1-10 ne) oe zen | 
-664801 | 4°93 S471 | 40 || “roo 5.18 et : 
-665133 | 4/03 ourass | 1-10 a | 8 ia =a | 
665375 | 403 if ie || ASM | sus ue | 
sees | 13 ayrasy | 149 |) crises 5.12 | 7981060 | § 
38) 5 || S| Tp wmisod0 | B73 | -281060 | & 
666100 | 49g oxraot | 129 net | 833 : | 
a 402 Bl ae 9.719862 | 49 10.2801 38 | 3 
w5 | a oetge | 1-22 || 30160 Ba | prasad | 
9.667065 | 4 09 947130 | 4°49 Bey | 622 | 
667305 | 4'92 aavoro | 129 ‘pot | 6 st | 
667546 | 4709 947 1.10 ‘| 5. z 
44| 667786 | 49 oasoa7 | 1-22 mats | 58 sa 
: He Boat | 13 rows | B12 |  ‘errao1 
46 | .668267 | 3 9g 8 | 3 a 
47 | . 6685 4.00 oue7ss | 12 ‘pam | Bip a 
48| -668746 | 4°99 ee | 402 eae | 8 : 
49 | .668986 | 3 9g 946604 | 349 oe wo gs 
50 | .669225 | 3'9g Sigel a mom 508 ae 
6404 1728538 - wel 
B1 | 9.669464 | 9 og siowrt | 448 || ° 53 | as 
52| 669703 | 3 9g 128 tes | 6 a 
-669942 | 9798 94337 | 1-48 pate | 8.08 ae 
670181 | 3 97 ‘osexo | 128 mati a i 
55 | .670419 | 5'9g “p6a03 | 1-12 ‘uel | bap a 
56 | .670058 | § g7 a ie a 5 ae 
| aet| b ouvom | 133 725890 | 5.07 | 49797406 
671134 | 3 97 noms | 133 |) “aap 
BO | 671372 | 3.95 || » 21000 
60'| 9.67160 a 
D. 1" 
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11 | 9.674213 
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DA": 


debetcbekebebebedl sbebebcbabebabebekolabebebedcked cheb sbedk kab ebabeboddadsdoakadetodedsdetedeaetedbedetoasboketdsdeaee 
SSSESHSSS SVSARLRSRAB RARRAGRSAZ ASSRSSSSSS SSVLSSELSS SSESSRRIEEL 


Dh. 


Dyls| 


SSSSSSRSS SSSSSSSSSS SSSSSSSSES SSSSLSSSSS SSSSSssssse SSsesesssssss 


Cosine. | D. 1". || Tang. 
9.945935 9.725674 
‘945868 | 1-12 9 : 
945733 | 132° || ‘7a6588 | 5- 
-945666 | 1-12 || ‘7aggq2 | 5+ 
945508 | 1-18 || “rerig7 | 5- 
1945531 | 3-12 || ‘yeiso1 | 5- 
945464 | 1-12 |) ‘rereo5 | 5- 
1945396 | 1-18 || ‘yesio9 | 5 
945328 | 7-13 || cveeai2 | 5 
945261 | 7-12 || ‘vpszi6 | 3 
9.945193 3 || 9.729020] . 
945125] 1.13 7729323 | 8. 
‘945058 | 1-12 || ‘79626 | 8: 
944900 | 1-18 || ‘re9929 | 5- 
944922 " : 
944854 | 2-18 || ‘730585 | 5: 
944786 | 1-18 2 
1944718 | 1-13 |) ‘yaitar | 5: 
944650 | 1.18 731444 | 5- 
ease | 1-18 || ‘yaiza6 | 6. 
9.944514 9.732048 |. 
944446 | 1-13 || ‘730351 | 5. 
944377 | 1-15 || ‘7ae65a | 5: 
944309 | 1-1 732055 | 2° 
ogdeat | 1-18 || “vapes7 | 5 
‘siatod | 1.28 |] “Fesep0 | 5 
o44036 | 1-13 |) “vaaie2 | 8 
owsoor | 113 || aes | 
9 oass30 | 7? | 2 : ; 
af + 
943761 | 1-15 |) ““735a67 | 5 
943603 | 1:13 || ‘735668 | 5 
ga3624 | 1-15 || 735960 | 8 
943555 | 115-|| “ya6260 | 8 
943486 | }- 73657 
‘94317 | 115 |) “rsegvo | 5 
949348 | 1-15 |) crazi7 | 8 
oase7a | 1-35 |] cvazari | 5: 
oasz10 | 2-15 |] cvavim | 6 
9.948141 | 445 || 9.738071 | 5 
goad | 11) |] cvsov | 8 
wanes | 1-17 || “ager | & 
942795 | 1- 73957 
726 | 115 || ‘raoe70 | 8. 
942656 | 2. 1740169 | 4° 
-9a25e7 | 1-19 || ‘raoae8 | 4: 
942517 | 1:37 || “raozor | 4 
9.942448 9.741066 
942378 | 1-27 || ‘741365 | 4: 
‘943308 | 3:17 || ‘vars | 4 
1942939 | 3: 741962 | 4° 
942169 | 137 || ‘74op61 | 4- 
‘942009 | 1-17 || ‘raz559 | 4: 
soazog9 | 1-17 || ‘vaon5e | ¢- 
941950 | }-17° || <rasis6 | 
“941880 | 3-77 || czaaana | 4: 
9.941819 9.743752 
Sine. D. 1" Cotanhg. 
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Cotang. 151° 


10.258034 
+ 258635 
-258336 
257739 
257441 
+257142 

256844 


Ver eneeca nes 
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97. Logarithmic Sines, 


9.743752 | 4 97 
g.ousi9 | y sy || 9-28 | 4.97 
o7| 9.085571 | g.99 || 8-86%9 | 1.17 His | 4 
1) 086790 | Seo | RUT | 147 ‘ie | £1 
2] -peezsa | 3-08 | 941609 | saz || ARS ra 
2) oan | 5:40 | BHO | 117 fas | 4 
4 -Bep700 | 3-28 || 1941469 | 4718 eek 
5 | 086700 | 5.7m || -Sily | 118 ‘ee | 1 
6 | .686936 op || Sies| 1 || crates is 
, 7| 687163 | 3° Siae| 1% | aa | tm 
8| -687389 | 3°78 || 1944187 117 eee | 4.28 2 
-og708 | 3mm |) “SAINT | a7 
10 | 1687843 3.97 s.osoie| 15 || or ie 
6500 "94097 TH ; 
i “os 5| Ser |) Se) aa7 | crate | 48 
; | esse | 3 || 1.18 || ‘747913 | 4°93 
j 13} - 21 3°77 OAeed 118 i | £8 
| 14 | casera? | 5:4 || “RIGS | 1.18 | 18 
i5| cessure | 5:77 || -BA0io3 | 1-17 8 ‘3 
15 | 880188 | 3:75 || RNS | Ls ‘i i 
iy | 080023 | 5tm || “MO | 18 ‘ig 1 
15 | 090638 | 375 || “Sie | 138 “ins if 
39| .689873 | 375 “puoiog | 118 oa 
690098 | 3-2 oe ‘8 
Pays ; 9.940838 | 4 48 Tee: | 4.98 
a1 | 9.000825 | gry || ORM | 1.18 iai| 18 
a2 | -600648 | 3.73 || “osni95 | 4-18 ‘os | 
| esone | 3% |) ome | 38 |) er aie 
24 | oo0m0s | 3°73 || SM | 8 faut | 48 
| 6010 | 53 || 30s | 120 | 48 
26 691444 373 Seppit 1.18 cst te 
or | .on1008 | 3.73 || SMa | as name | 48 
ze | oosee | §fe || -BUSO | 120 mer) ie 
29 692115 3.73 96 118 rao 
30 | 602880 | 372 o oss | 170 {| o-z508r ‘9 
1 | 9.oees | 2 || 980504 | fon Toe | 4 2 
. bie 872 || ‘gsoss2 | 759 || -F2es 4.40 
eg 8.7 || ‘g3oai0 | 7 ig || -753820 ie 
a4| commest| $70 || Bua | 1.18 fee | 48 
3 | -Goa670 | 3-2 || 1930267 | {a9 Bae | 4:00 
Bs | ceussrd |-3'70 || He | 1:20 foie | £8 
37 | 693898 3.70 Ik “Bapiss 1.20 ht i 
ge | en4i20 | 3-7) || -930123 i | tom | 488 
oie 3.70 |) °938980 | 4759 ceca 
n lowe | os 9.938908 | 3 99 || 9-755878 4.00 
| 95007 ; 38836 3 a i 
41 | 9.694786 | 9 6g : 1.20 ‘ane | £2 
| ‘te 3.03 || $8763 | 1-20 756759 | 4" ag 
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~ 


35°| Sine. 


o’| 9.758591 
1| 758772 
2| .758952 
3.) 759182 
4| .759312 
5 | .759492 
6| -759672 
7 | .750852 
8 | -760031 
g| 760211 
10 | -760390 
11 | 9.760569 
12) .760748 
13 | .760027 
14 | .761106 
15 | -761285 
16 | .761464 
17 | .761642 
18 | .761821 
19 | .761999 
62177 
9.762356 
“7762534 
762712 
“1762889 
“763067 
“1763245 
a 
“763600 
76377 
163954 
9.764131 
| 1764308 
“764485 
“764662 
7164838 
765015 
765191 
7165367 
65544 
765720 
9. 765806 
42 | 766072 
43 | 766247 
44 | 766423 
45 | .766598 
46 | .766774 
47 | 766949 
48 | 767124 
49 |. 767300 
50 | . 767475 
Bt | 9.767649 
52 | 767824 
53 | -767999 
54 | 768173 
BB | 7 
56 | 7685 
BT | 768697 
58 | . 768871 


59 | 769045 
60'| 9.769219 . 


125° Cosine. 


Logarithmic Functions 


27. Logarithmic Sines, 


D. 1", || Cosine. | D. 1°. 


mio ©2ee 
Sonn SSSs 


9.913365 
913276 


912477 
9.912388 
912299 
912210 
912121 
912081 
911942 
911853 
-911763 
911674 
911584 


9.911495 
911405 


9.910596 
910506 
910415 
9103825 


| 9.909601 | 


90 
- 908599 
908507 


eee eee Pee 
= Use as 
eo 


pega dda tad 


Seer es Be 


eek ee 


pa 
= area. eke 
o 


SESSSESES 


Tang. | D. 1". 
9.845227 
“gi46 | 4-48 
5496 | 4 47 
845764 | 4/48 
846033 | 4°43 
246302 | 4° 
pagnne | 4.47 
(0 | 4.48 
846839 
6 4.48 
847108 | 4°47 
et 
Gy 4.47 
84764 | 4°48 
9 ate = 
: 4.4 
848449 | 4 a7 
848717 4.48 
848086 | 447 
gi9254 | 4 4q 
gigse2 | 4°47 
819790 | 4°45 
850057 | 4.47 
"950825 | 447 
"850593 | 4°47 
9.850861 
‘sore | 4-4 
"851306 | 4°47 
"51664 | 4°45 
“e5i9a | 4-47 
1852199 | 445 
7952466 | 4-4p 
“e52783 | 447 
"53001 | 4°45 
Spey Be 
"goaa0e | 4-42 
“954069 | 445 
354386 | 4°45 
"954603 | 4°ge 
954870 | 4°45 
e55187 | 4°45 
“955404 | 4°42 
"espe7l | 4°45 
855958 | 4°43 
9.856204 
“eeari | 4-48 
"956737 | 4"4s 
"957004 | 4-43 
‘57270 | 4°45 
"e57ae7 | 4°43 
"857808 | 4-43 
“958009 | 4°45 
“958336 | 4°43 
958602 | 4°43 
9.858868 
eooiad | 4-48 
850400 |* 4°43 
850666 | 4°43 
959982 | 4°43 
860198 | 4°43: 
464 | 4°43 
"360730 | 4°49 
"960995'| 4-43 
9.861261 | * 
Cotang. | D. 1". 


10.151819 
151551 


7149407 
10.149139 
“448871 


10.146465 
146195 


10. ede 


7141664 
441398 


10.141132 
| .140866 


Logarichmic Functions 1043 
Cosines, Tangents, and Cotangents 
= \ 
m= Sine, | D.1*. || Cosine, |. D. 1". Tang. | D.1*, | Cotang. 143° 
0’| 9.769219 9.907958 9.861261 10.138739 | 6or 
1] .ze0303 | 3-29 || -oorses | 7-53 || ‘seis | 4-43 | ‘i1aaivs | 50 
2] 7 BO || -sora | 733 || ‘serie2| 4-42 | ‘138208 | 58 
8| voor | 3:99 || ‘oovese | 1-58 || ‘esz0s8 | 4-43 137942 | 57 
4) .7o0013| 3°58 || ‘907590 | 1-68 || ‘sezse3 | 4.42 137677 
5] in B83 || 907498 | 1:33 || ‘seas | 4.48 137411 | 55 
6). zee || 907406 | 1-58 |) ‘eczens | 4-22 137146 | 54 
7| .wroass | 3-88 || -oovaia | 7-53 || ‘esar19 | 4-42 136881 | 53 
8] 77 2-6 || -goreez) 3-53 || ‘geass | 4.48 136615 | 52 
9} mora | 2-88 || ‘sorte | 1:55 || ‘g6a650 | 4-42 136350 | 51 
10} 77092 | 3°83 || -90087 | 1:53 || ‘seaois | 4-22 136085 | 50 
11 | 9.771125 | 5 gg || 9.900945 | 5's. || 9.964180] 4 4a | 10.185820 | 49 
771208 | 5-55 || 906852 | 1-58 || ‘geaaa5 | 4.43 |“ ‘y35555 | 48, 
13] 77470 | 3-82 || -900760 | 1-38 |] ‘eesrio) 4-92 | [i35e90 | ar 
i4| 771643 | 3-89 || ‘soccer | 3:33 || ‘eesozs | 4-42 | <135025 | 46 
15| 77815 | 3-87 || ‘900575 | 1-53 || ‘esses | 4-42 |  ‘say760 | 45 
16| <rii9e7 | 3-3 || -g06u82 | 1:22 || <eesso5 | 442 | ‘134495 | 44 
17 | .7iais9| 3-3, || .900980| 1-35 || ‘asso | 4-42 | ‘134280 | 48 
18| .7reast | 3-87 || :900206 | 1-55 || ‘ascoas | 4-42 | ‘133065 | ae 
19 | 7ia50s | 35% || .90204 | 4-78 || ‘s6ea00 | 4-42 |  ‘1a8r00 | 41 
20| 472675 | Sh) || 906111 | 7:28 || ‘eeose4 | 4-49 | ‘133436 | 40 
21 | 9.772847 | 9 gs || 9.900018 | 1 nx |) 9.960829 4 yo | 10.133171 | a9 
| 773018 | 3:5) || ‘905025 | 1-28 || “‘serooa | 4-42 | ~ '132006 | 38 
23) 773100 | 3-8! || ‘sossae | 4-55 7358 | 4-49 |  li1azese | 37 
a4 | 773361 | 3-57 || -905730 | 3-35 || ‘ee7ee3 | 4-42 |  iaar7 | 36 
| casas | 38% || ‘90645 | 4-22 |) ‘seresr | 4-49 |  li32113 | 35 
2%) 7ravoa | 3-29 || “oossse | 1-25 || ‘essise | 4-42 131848 | 34 
27) .77ssrs | 3-8 || ‘90549 | 1-55 || ‘sesuis | 4-49 131584 | 33 
28 | 774016 | 38 || ‘005366 | 1-55 || ‘assoso | 4-49 131320 | 32 
20! iyzaer7 | 2-8 79 |) 1 goso4s | 4-4 131055 | 31 
80} mi4se8| 5:83 || ‘oos179 | 4-35 ae 130791 | 30 
81 | 9.774558 9.905085 | 4 9.860473 | 4 10. 130527 | 29 
82) .7raeo | 2-8 || ‘oso2 | 3-55 ||" seoraz | 4-49 | ‘130268 | 26 | 
as) riaso9 | 3-83 || ‘oossos | 3:27 || .srooor| 4-49 |  ‘az00991 27 
a4) 775070) 3-83 || ‘oos804 | 7-32 || ‘ezones | 4-49 |  ‘izovas | 26 
85) 75240] 3-83 || court | 12> || ‘evoseo| 4-49 | izaavt | 2% 
36) 775410 | 3-83 || ‘90417 | 7:27 || ‘srovas | 4-49 |  ‘azogor | 24 : 
87 | 775580 | 3-83 || cooases | 7-27 || ‘erios7 | 4-49 |  ‘ieBoss | a8 
a8 | 775750 | 2-83 || ‘904429 | 127 || ‘eriser | 4-49 |  Tiesezo | ae 
39 | 775020 | 3-83 || ‘9ossa5 | 27 || ceruses | 4-49 | creas | at 
40 6000 | Sa || -90uza1 | J: |] ‘ezisdo | 4-32 |  laesto1 | 20 
41 | 9.76259 |) 9.904147 9.872112 |, 4, .| 10.127888 | 19 
42 | 716429 | 3-83 || ‘904053 | 1-27 || “igrea7e | 4-49") “sz7624 | 18 
43) .7re508 | 385 || 903009 | 32% || ‘ereeso| 4-49 |  cera60 | 1 
44] <reevos | 3-88 || ° ter || .sreg03 | 4-88 | “aez097 | 16 
45| aoos7 | 3°85 || -90sr70| 1:37 || -evaie7| 4-49 | ‘126888 | 15 
46) .r77t06 | 3-85 || 903676] j:by || :873430) 4:35 | ‘azemro | 14 
47) reers | 3-35 || -90581 | 7:pe || 873604) 4-40 |  <126306 | 13 
mada | 3-85 || -908487 | Tee || e737 | 4-88 | 120083 | 12 
49) rms | 3s) |) 903802) iby || cere | Fh | laz5ve0 | 11 
: Saiki bee ee ie malo oa ee ® 5 
777950 903203 8747. - 125253 
52) .77siio| 3-8? || :o0si0g | 3-58 |! “‘srs010| 4-88 | ‘124990 | 8 
53) .7raesy | 3-8) || :ooa014 | 3-22 || cersera| 4-88 | fiearer | 7 
G4) 77B155 | F-fo || :902019| 7-88 || ‘erssa7| 4-29 | liza | 6 
B5| -7rB624 | 3-85 || 90282) 1:28 | e700] 9-38 | ‘124200 | 5 
56 | 778 Sap || -900720| 7:28 || ‘ezeoea | 4-88 | ‘123087 | 4 
Bi | 778960 | 5°39 || 902694 j-b_ || -s7es26| 4-38 | ‘123674 | 38 
B) tus | a | bel be | fee) ee | Bi: 
Su : 3 87 . . 
60} 9.779463 | *-80 || g'o923490 | 1-58 |! g'srzita | 4-87 | 10:120886 | 0” 
126°Cosine. | D. 1", Sine. | D. 1°. |! Cotang. | D/1" Tang. [53° 


2'7. Logarithmic Sines, 


{ 
D. i". | Cotang. 142° 
i Dp. 1’. |; Tang. 
| D, 1”. || Cosine. b Ke 
" 90284 10..122886 | 60 
9.877114 | 4 98 122886 | 6 
¢ 9.90 | 1-62 ariai7? | 438 ters | 12 
i ai || mans | 158 87640 | 4°38 voc | 58 
fe || is | 2 ores | Be 121835 | 56 
Be || ioe | 8 || ‘sei | 48 121572 | BB 
| .779966 | 9:78 || “ooise7 | 1-62 ee as | 
4| 1780183 | 9'78 gois72 | 1:88 er | 8 Be | 
5 780300 2.78 901776 158 po 4a “ot : 
| b 6 780467 2.78 901681 1.60 nea 4.38 ‘pons : 
| %| Feoeot 218 aa ‘gious | 453 | 1208S | 8 
3 5 : 1. ‘evavai | 4°37 ab 
| | 2 Pee 0003 10.1199! 
? : 735 | 4 
ON rerann | ee || 9.901298 | 4 go || 9-880008 | 4.37 pea 
; Z "880265 | 4°38 9785 | 4 
11 | 9.781801 | 2.78 || “-go1202 | 4-8) “as | as ie | 
| 781466 | 2:7 || “ooit0s | 4:6) goes | 3 1 (4 
13 781634 2.77 “901010 1/60 860700 re Hk | 4 
14 | -781800 | 2:77 || “gooa1a | 1:68 fae | at ies | 
15 | 781066 | 2:77 |! “pooeia | 1-83 SoH) ie ps 
16 782132 2.47 900722 1160 pee 4.81 ust 
a) ee) 8 reo. || S| 487 | cause | 4 
18 | . 9. ; 160. || Seal | 4 a7 a 
fet | 3 = 0.117375 | ' 
» Fee796 a ee pe oss i ; 9s ) 
21 | 9.782961 | 27 || *-Goqp40 18 | see | 1B Hs | 
2 | 783197 | 275 || “gooi4s | 1-68 fs | iar elt 
93.| .788292 | 9 97 “oood7 | 1:68 ss | | 
"783458 | 5 "45 fines: | 183 | caper | ar 
95 | 783623 | 5'95 gost | dee || SMBs) 487 is 
26 | .783788 | 9°75 809757 | 47¢2 0) | 4a He 
B| as 21 So! i “S84719 | 435 15281 
78: : 9 r : 
i) cat | 2 sees na) 2 | a | 10114708 
30 | 78447 | 5'75 fae ro ta Ee 
Bi | 9.764612 | 2.78 || “igogeza | 1-85 essed | 4.85 1 | 
84716 | 5°75 890178 | 4°¢3 sorte | 4.85 ia | 
33 | .784941 | 9/73 899078 | 3/69 ee | ae Hate 
S| fee | an | ee) ie oi | 4.80 | caniB0 | 
B) fea) a8 0 ei 886811 | 4°35 112028 | 
785433 | 9'73 gogi87 | 3"¢3 eenel) | 4.5 a 
& | Aer 273 oeeooe se asross | 495 | 11g 
f : valet 75 ; 
39 | 1785925 | 5°73 ee | se 88 3 | aie 
40 | (786089 | 5'79 foes | ess me RS 
ee 888378 | 4°35 T1361 
736418 | 9°72 || “pogone 103 || See | 4.85 He 
43 786579 2.72 898104 1.63 630 4% tu 
96742 | 9.73 ||- “gggooe | 1-83 0) | 4 i 
45 | .786906 | 9'79 ‘gyra0s | 1-63 worn | 45 Bea 
5 781069 | 9°79 “go7e10 | 4-83 soul | tae ‘ee 
S| fs | 48 || ore | ie | ee] te | ne 
- ‘borsi6 | 800204 | 4vg5 | 
49 | iBios7 | Spe || -S916l4 | 183 : aie 
Selo. 3 || 9.890465 | 4.a3 | 10.2085 
9.097418 | 4 93 || SMS | 4.93 a 
51 | 9.787883 | 2.70 || 597390 18 | oes | 4 am 
S| Bes) ie | gee | Se) ie | aes 
| | iy ae “Bb f 
54 eae 2.70 “897025 16s 91507 435 as ; 
798552 | 2:70 || “eggoas | 168 mes | i 
Bi | -fawee | 3 || M0) Bs 92289 | 4°33. | “Tonand 
b7 -188856 | 9’ "9 896729 | 4°63 go) 18 oi 
te a ssoscat | 765 || 5 SBR 
4 2. “896 892810 
to! 9.789342 9 


' ~ 


i 1045 
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Cosines, Tangents, and Cotangents 


, . 1419 
‘ . D.1". || Tang. | D.1". | Cotang. 
=| em [ar Jom] —f 
5 poraorr U 
; 10.107190 | 60' 
rd oe -892810 | 4 93 59. 
j : 9.896582 | 4 g5 9 898010 433 "100869 58 
thee 2.0 || 5| 1-63 |) ‘sosas1 | 4-33 -106409 | 57 
1 Sees | 2.08 -896335 | 3 "gs 893591 | 4°53 106149 | 56 
2) .789665 | 5'75 eorigy [£08 || ceneeet 4-33 | "105889 | 55 
8) .789827 | 9'¢6g -896137 | 4°95 SOIT | 435 “105628 | 54 
4 ses 2.68 || "E96038 1.65 || “goja70 4.33 1105368 | 53 
5) .7901 0| 2-68 || “gq5939 1.65 || “goseg0 4.33 105108 | 52 
Seer | 2.63: || -G70280 ie |i ceeggos |. 4-88 104848 | 51 
B, foodr 2.68 “B57 1.67 eee | 4,08 | sca 50, 
10) 77 : i. |} 9.895672 | 4 mI 
: 9.895443 | 4 ge 895932 47 
bee) 12) "Be| ie | Be 12 |B d| 
pe: 4 é 1.65 | “g9g45; 4.33 | 403088 | 45 
13) .791436| 5°57 895145 | 5 Go 896712 2 : 4 
B| me | 200 || Sous 167) ‘eocort | 4-32 “fosres | 43 
15) .791757 | 9°99 Seles eer cee 4.33 | "402509 | 42 
16 oe ar a re 1.67 Bodo 4.33 102249 3 . 
T9207 - ; 1.6 897751 | 439 101990 
18 | 702287 | 367 -894846 | 3 67 10 ; 
a0 | omer | 28 |) RINE | ror ee 10.101730 | a9 
20 3 re . vf ze . 
deen oe) oor 530 | 4" 1) 37 
| ioane | 2.07 || 9 Sous 1.67 || “Sermo | 4-22 “joosst | 36 . 
Ee Re ee Saas 1.67 || {899049 4-32 | “100692 | 35 
~793035 | 3" 89: 1. 899308 | 4°33 “100482 | 34 
24) 793195 | 5 gs 894048 | 4 "67 899568 | 4°99 100173 | 33 
25 | 798854 | o°¢> -893946 | 7 °g¢ 809827 | 7° 1099913 | 32 
26 ale See || 898846 1.68 || ‘900087 42 “ORD 31 
ar} 798673 ah 5 ae fey || -900346 | 4-22 -099895 | 80 
29 | 793991 3°f2 -eo3544 | 1-68 saiihal bogie 10. ae 
ie | 2.63 ees | a Weer es re “ooser? | 2p 
Gp aae| te |B) te |B ce |e a 
2 AR 3 3 - 901642 i i 
83, 794626 | 3°63 893142 | 476g || .901901 438 097840 | 24 
a case 208 eee 1.68 || -902160 | 4°35 1097580 | 23 
; “| 2.6 -892 i -902420 | 4° 1 J 
85 795101 3.63 899889 1-67 ‘ary 43 “og7o82 ai Se 
Bi. 795259 6% 8927 1.68 || “onp9 4.32 2096803 ‘ 
38) -T95HIT | Ogg -892688 0 | i 
| coos | 28 eos | 1-72 pene ic 1p | 18 
My T0878 | 363 Bee (108) Nee im |: ri 
. fe ‘ +e 
4t oe 2.63 892334 | 36g -903973 | 4°59 ‘095768 | 16 
Seats | 202 |) beet op |} -fosgea | 3-88 -095509 | 15 
} 48 .796208 | 5° 63 892182 | 1°25 904491) 4°39 1095250 | 14 
TG -892030 | 46g =e 1280 ipo meas 18 
ees | 3:68 | 891929 | 4779 : goo | coag7aa 
ee | 562 | 801827 | 16g 905267 | 4°39 1004474 | 11 
ra -F96858 2.62 891726 | 59 | -905526 | 459 1094215 | 10 
OE Se coger | 9 
8 far | 322 | Petes ee ooosae | 432 | 7-oams 7 
51 9.797464 | 9 go ‘891319 | 3°75 900560 | 7-30 “oon | 6 ig 
52 797621 | 3°65 ead 20 |hereeee 4.30 | * > 
a ag Hi te 17 | -goror7 | 4-38 ces 4 
| Ba | yt oe “000T1 f +9073 4.30 
| “ 2, 8908 1.70 907594 | 4 "a9 147 | 2 
56 | 7oRa47 3°63 || :gaogoo | 3-70 “907853 re ‘ooiseo | 2] 
$2 | -7agsos 2-02 || s90707 170 noe | #2 | socginen |e 
80, “DSTI6 2.60 || 9 so0503 | 1-7! Ws 1. | Tang. (51° 
| 60" 9. /D. 1", ll Cotang. | D. 1". 
A a D.1" Sine s 
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27. Logarithmic Sines, ; 


| 
39°] Sine. D. 1". || Cosine. | D. iy Tang D, i". | Cotang. 140° 
0/| 9.798872 | 9 60 9.890508 | 4 72 9.908369 | 4 39 40.091681 | 60” 
1 | .799028 | 95°60 "390400 | 3340 "908628 | 4°30 “091372 | 59 
2| .799184 | 9'58 -890298 | 7°79 908886 | 4°39 “091114 | 58 
3 | 799339 | 9°60 890195 | 4°70 909144 | 4°39 “090856 | 57 
4| .799495 | 9'¢0 890093 | 4°72 909402 | 4°30 090598 | 56 
5 | 1799651 | 9°58 889990 | 4°70 909660 | 439 090340 | 55 
6 | .799806 | 960 989888 | 7°72 “909918 | 4°39 54 
7 | 1799962 | 9/58 889785 | 4°72 910177 | 4.30 089823 | 53 
8| 800117 | 5°58 889682 | {72 1910435 | 4°30 089565 | 52 
g| .800272| 9758 889579 140 .910693 | 4°39 089307 | 51 
10 | .800427 | 9'58 889477 | 4°42 1910951 | 4°39 089049 | 50 
14 | 9.800582 | 9 58 9.989374 | 4 "2 9.911209 | 4 39 10.088791 | 49 
12 | .800737 | 9'58 “889271 | 4/72 1911487 | 4°30 "088533 | 48 
43 | .800892 | 5 53 | “889168 | 477 911725 | 498 Sge75 47 
44} .801047 | 9°57 "889064 | 3°49 911982 | 4°30 “088018 | 46 
15 | .801201 | 9°58 "988961 | 4'79 912240 | 4°39 ‘087760 | 45 
16 | .801356 | 958 "888858 | 47: 912498 | 4 39 “087502 | 44 
17 | 801511 | 9157 1988755 | 4°73 912756 | 4°59 "087244 | 43 
18 | .801665 | 9°57 1888651 | 7°79 913014 | 4'b8 “086986 | 42 
19 | .801819 | 9 57 898548 | 3°73 1913271 | 4°39 “086729 | 44 
20 | .801973 | 9°58 : 112 1913529 | 4°39 “086471 | 40 
ai | 9.802128 alin y 4 9.913787 40.086213 | 39 
3 | e022 | 2p) || 888237 173 || .g14o4s 4.28. | "085056 | 88 
93 | 1802436 | 9'55 "898134 | 4 °¢ 1914302 | 4°39 “085698 | 3% 
94 | .802589 | 5°57 "988030 | 4°¥3 1914560 | 4'9g "085440 | 36 
2% | .8027 9 BY 887926 i 914817 | 4°30 -085183 | 35 
96 | .802897 | 9 55 887822 113 91507 428 “084925 | 34 
97 | 803050 | 5 57 “887718 | 4°73 1915382 | 4°30 “084668. | 33 
98 | .808204 | 9'55 887614 1% 915590 | 4°98 084410 | a2 
99 | .803357 | 5 57 “887510 |- 4°73 915847 | 4’o8 "084153 | 81 
30 | 1808511 | 5°55 887406 | yy 916104 | 4°39 “085896 | 30 
31 | 9.803664 9.887302 9.916362 40.083638 | 29 
Bo | 803817 | 325 || -887108 1.73 || 916619 4.28 | “(083881 | 28 
33 | .803970 | 9/55 887093 | 4°73 916877 | 4'98 “088123 | 27 
34 | .804123 | 95'55, || 886989 | 4°73 917134 | 4°98 (082866 | 26 
85 | .804276 | 9'55 886885. 170 917391 | 4/98 082609 | 25 
36 | 804428 | 9/55 8867! 173 1917648 | 4°30 (082352 | 24 
37 | .804581 | 5 \55, 986678 | 4°45 (917906 | 4'98 “082094 | 23 
38 | .80472 2153 eB6571 | 4°75 (918163 | 4'98 081837 | 22 
39 | 804886 | 9/55. _ 886466 | 4°73 918420 | 4/98 081580 | 21 
40 | .805039 | 9'53 1886362 | 4°75 918677 | 498 081323 | 20 
‘ 44 | 9.805191 9.886257 9.918934 | 10.081066 | 19 
41 | 9.05005 | 2:58 || cesoise | 17 || sited 4.28 | “080809 | 18 
43 | .805495 | 9°53 _ 1886047 | 4°75 919448 | 4°98 “080552 | 17 
44| .805647 | 9/53 (885942 | 40% “919705 | 498 "980295 | 16 
45 | 805799 | 5°53 .885837 1% 919962 | 498 080088 | 15 
46.| .805951 | 9°53 885732 14 -920219 | 4/98 079781 | 14 
47 | .806103 | 9°59 '885627 | 4 /F 1920476 | 4/98 079524 | 13 
48) .806' 953 1885522 | 447 "920733 | 498 | 18 
49 | 1806406 | 5'p9 || -882416 175 1920990 | 4/98 
50 | .806557 | 9/53 “885311 | 4°77 21247 | 497 
51 | 9.806709 9.885205 9.921508 = 
Beli 2.52 || "385100 15 |) oa a 
53 | .807011 | 5°53 1981994 | 4"r5 1922017 | 4/98 
54| .807163 | 9 59 (884889 | 4°77 (922274 | 4°97 
- 55.) 807314 | 9'59 {884783 | 477 -922530 | 498 
"807465 |. 9'50 "884677 | "75 (922787 | 498 
b7 | .807615 | 5°59 84572 17 -923044 | 4 9% 
¥ 7 zi " 4 b 4 
ea, | g goso6y | 2° || 9.884254 1.77 || g'gessia | 4-78 
Cotang. | D. 1*. 
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i) 
404 Sine. | D. 1” Cosine. | D. 1". Tang. | D.1". | Cotang. 139° 
0”| 9.808067 9.884254 9.923814 10.076186 | 60’ 
1) 908218 04 “884148 cit “$2407 es 075980 | 59 
"808368 | 2 88404 ‘i : . 075673 | 58 
8| ‘soso | 2-52 || ‘asses | 147 |] “opsses| 4:22 | onsair | br 
5| soso | 220 |) ‘sears | 1-77 || toting | 4-27 -|  -grat60 | 56, 
; 4 7% . M4 55 
Sere 2 || S| is || | ce | tee 
ae ree f : 074301 | 58 
8| -sovp6a | 3°55 || -sessoa | 1-72 ||- oosees | 4-22 |  ‘o7a135 
9} :gosi9.| 2-79 || ‘eeeo7 | 1-7 ozeiae | 4-28 | co7ae7e | 51 
10 | 09569 | $23 || -essiot | 3-72 || ‘pears 4-27 | ‘ovsoee | 50 
11 | 9.809718 : 9.883084 9.926634 |, 10.073366 | 49 
12 | 809868 | 3-30 || °‘ese077 178 || :a2es00 | 4-22 073110 | 48 
48 | -gioo17 | 355 || Sst | 17% || loot | Fo 072853 | 47 
15| sions | 248 || ‘seer | 278 |) “sero | 420 | coresut | ay 
16 | 810403) 345 || S500) Tf || como | 23h | Loreoes 
| sont 38 | ee ie | Be te | ieee 
19'|; <Bipi2 | $48 || ‘sexe | 1-78 || ‘oogogs | 4.28 O71316 | 44 
piiost | 5:45 || -Seetet | 1-89 || ‘ozso40 | 4-22 071060 | 40) ~ 
21 | 9.811210 9.882014 9.929196 |, oy | 10.070804 | 39 
| suis | 3-42 || ‘sei907 | 1-28 || “ozosse | 4-27 | “or0sas 
: 2 4 ‘92 27 | 970036 | 36 
25 | -siisoa| 2-48 || ‘asissa | 2-82 || ‘oso220| 4-27 | . ‘osgzso | 35 
ar | ‘esi | 242 || “seian | 18 || cSaorn | 4:20 | connoeo | 38 
2B | 812248 | Oo 4e -881261 | 3°g9 930987 | 4 Sy 069013 | 32 
29 | 812306 | 3:4, || ‘esiiss | 1-89 || ‘osrea3 | 4-27 |  oeazny | 31 
80 | -simid | 5-47 || ‘se10a6 | 1:78 || ‘opigo0 | 4-22 |  ‘o6ssot | 30 
31 | 9.812692 9.880938 9.931755 |, 10.068245 | 29 
2.47 1.80 3 4.95 | 10. 
32 | "812840 "880830 982010 067990 | 28 
33 | 812088 S45 || -s8ova2 | 1-89 |) ‘oames | 4-27 | ‘oezzaa | 27 
85 | ‘etaoss | 2-47 || eeocos | 1-80 || “goose | 420 | gross | Be 
36 | .813430| 2-45 || ‘gao397 | 1.80 933083 | 4-25 066967 | 24 
37 | .gi3578 | 2-47 || “geoagg | 1-80 933289 | 4-27 066711 | 28 
a8 | .s13725 | 3-78 || ‘ssorgo | 1-88 || ‘osanas | 4-27 5 | 28 
39} .sias72 | 2-45 || ‘asoove | 1-82 || “ogggoo | 4-25 066200 | 21 
40 | ‘gi40i9 | 2-42 || ‘ero963| 1-82 || ‘gsa056 | 4-27 065944 | 20 
a1 | o.siaiss | 3 4° || 9.870055| Yo || 0. yes 
: || 9.934311 10.065689 | 19 
| ian | 28 | fae tS | eee te ge 
87 ‘ 9 d 7 
44 | 814007 | 343 || 870520 | 1% || \9asor8 | {55 | oso | 16 
46 | ‘e100 | 2-45 || “eros | 1-82 || “ones | 427 | “Ooty | de 
az) 815046 | 3-48 || ‘e702 | 1-82 || ‘oases | 4-25 | 064156 | 1 
48 -gioi03 | 345 || 8r003 |) Tf) || ‘980100 | $55 063900 | 12 
40 -si5a30 | 3:43 || -s964 |] I || 93006 | > 063645 | 11 
51 toss aye Lee on tae ae: 0 ia ‘ 
OF te « 
52 | pisre | 3-43 || ‘ereese | 1-83 |) ‘osria1 | 425 |  ‘oszero | 8 
53 | -eisoea | 3-43 || ‘svesay | 1-82 || ‘osrarr | 4-27 | Loezes | 7 
54 | 816069 2143 878438 | 5°95 937632 | 4 "ox 062368 | 6 
5S | 816215 | 5-43 || ‘sreses | 1-83 || ‘oszesr | 4-25 | oe2113 | 65 
56 eset | 593 || ‘sreeig| 1-8 || ‘opeige | 4-25 | ‘ooisse | 4 
Bi | 10507 | 5-39 |) -grsion | 1-85 || sass) For | ‘osteo | 8 
be) eieros | 2-43 || “eroy | 82 || sas | 425 | copro0s | i 
60’| 9.816943 | * 9.877780 | 1: 91939163 | 4:25 | 40:060837 | 0” 
130°Cosine, | D, 1’. Sine. | D. 1" Cotang. DY. Tang. 49° 
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1 
Tang, | D. 1". | Cotang. 138° 


441° Sine, | D. 1‘. || Cosine. | D. 1" 
816948 9.87780 9.939168 40.060887 | 60! 
9 | 9.816983 | 2.42 || °-srroro | 1-83 || ganas | 455 | -Qs0bee | 58 
9.42 {Ks 1.83 18 | 4.95 82 
2| igt7s3 | 3-45 errso | 1-82 || ‘oaae73 | 4-5 |  -0608%% | 58 
3\ ‘gi7379 | 2 g7v450 | 1:8 “gggges | 4-25 |  ‘og0072 | 5% 
4| sizes | 2-32 arvd0 | 1:88 || 940188 4-25 | losogi7 | 56 
5| ‘sizes | 2-4 877230 | 3° 940439 | 4° 059561 | 55 
6 | .ei78i3 | 245 g7ziz0 | 1-88 940694 | 4°22 059306 
q 2.42 tf 1.83 4.95 
giro | 2-42 || ‘877010 | 4'¢5 gsog49 | 4°32 059051 | 58 
&| ‘iors | 2-4 || ‘ereavo | 7-63 || 24201) Gas | OBR | Bt 
9| 1818247 | 3-45 gers | 183 || 941459 | 4°53 058541 | 51 
10 | ceisaee | 342 |] ‘876078 | 3:93 || 718 | 4-05 058287 | 50 
is [ome | ae (oes | ies | 2008] aos RR 
13 | ‘gies | 2-42 preasy | 1-88 || ‘ospare | 4-22 OB7522 | 47 
13 | 818825) 2:40 || “Breas | 1-85 || Louisa | fos | 57207 | 48 
14 | S18t62 | 2.40 || “Broias | 1-93 || ‘oxgaes | 45s |  .Osr0l2 | 46 
15 | -819113| 2:40 || “Breois | 1-85 || iosseus | 455 | 00877 | 48 
7 | ‘staan | 242 g7so01 | 1-83 943498 | 4:29 O56502 | 43 
ay | S19 | 2-40 || ‘Sosraa | 1-93 || covstbe | 7'b5 | “pees | 48 
18 | ‘eisbeo | 24 || ‘ezsee2 | tgs || -24s0o7 4-25 | 058008 | 41 
bo | cetoese | 238 || ‘event | jigy || -OM22 | 4°95 “055738 | 
at | 9.8t0978 | 9.40 || S549 | 1.98 || °oum | 488 10.0) | #2 
ae | ee | 2-88 || cersea7 | 4-88 || 945026 4.25 | "054974 | 87 
Bh) .S20203 | 2.88 || ‘arias | 1-85 || -ousee | Gos | -OBITG | a6 
96 | 820550 | 2a grsoi4 | 1-82 gape | 4:23 | 1054465 | 35 
36 | ‘s20603 | 2-38 003 | 1-83 || 945790 4-25 |  “o54zio | 34 
oy | ‘a20836 | 238 gr4ioi | 2- 946045 | 4 “058055 | 33 
‘pongo | 3:88 || \e7s680 | fey || 246209 4.23 | “opa7ot | 82 
29 | 1821122 | $38 74568 | Tey DASA | 8 OSG | 3 
rade |e apres 180 lg our06s | os 10.052087 | 2 
Bt | 9-Sexos0 | 288 || erase | 16% || -o47aie 4.25 |" -o5eaee | 2 
33 | 821693 | 2 gi4izi | 1 gare72 | 4°32 2498 | 25 
ga | eta | 2-36 gr4000 | 2-8 gaveoy | 4-29 OB2173 | 2¢ 
se | ‘g2i977'| 236 grasgo | 1-88 gagoai | 4:23 051919 | 2: 
35 | 922120 | 2-8 graves | 1-8% 948335 | 4°23 051665 | 2: 
“goooge | 2-32 graorz | 1-82 9485900 | 4:22 051410 | 2% 
Be | Bazaar | 2:32 gr3s60 | 1-87 gages | 4-33 051156 | 2 
33 | ceeasss | 23% || cereus | Tag || 940000 4-25 | “o50g01 | 2 
ce22688 | 337 || 87338) 187 ‘949853 | 4-58 a 2 
822072 | 9:37 || “Broogs | 18% || ‘oso1s6 | 4-55 |  -049884 | 1 
43) 823114 | 2.35 || ‘erases | 1-88 || ‘oposti | 7G3 | -04odeo 
46 | 123907 | 2-34 || cerarze 1.88 || ‘osoge5 | 4:23 049875 | J 
Foeea9 | 2-32 || ce7e6so | 3-88 950879 | 4:33 049124 | 4 
4) -e73e| 2-35 || “ceranar | 1-82 || capitan | bs | 04860 | 1 
ar) Seas? | 2:85 || ‘erousa | 1-88 || ‘ostnas | 253 | 048612 | J 
49 | .sosoua | 23% || ‘erga ) }-By || -at6te 4-23 | “0495s | 1 
50 | .a2di0s | 33s || 872208 | 1°48 951896 | 4-33 048104 | 3 
Bg | 1szase7 | 2-88 Briees | 1-88 ..|| ‘osgeso | 4-28 04734 
Ba | eodg08 | 2-88 Brivss | 2-88‘|| cobagia |. 4:28 | 047087 
bt | Boagos | 2-83 || ‘eriat | 1-23 || 958107 4.28 4 
5) gtetS | 2-85 || “prises | 1-88 || ‘osama | 2b, | -ote5r0 
BO | 2-85 || cenaia | 1:29 |) cosaers | 4 2B) 7946395 
s| fe] oe | Sam | eB | ae 8 | 
60 | .sa5a71} 3: ‘871 : : “045817 
0 | ocaeeit | 2-83 || oeztora | 1-9 || 9.054437 4.23 | 10,045563 
184° Cosine. | D. 1". Sine. | D. 1", || Cotang. | D.1".! Tang. m 


Sine. | D.1. 


| 


0’| 9.895511 
1| saci | 3:33 
4 ; 
| 2.33 
4 2.33 
5 2.33 
ie 2.33 
7 9.33 
My 2.33 
10 2.32 
2.23 
2.32 
2.32 
es 
ih| a | 3B 
10 | ‘2862 | 3°3: 
20 | 128301 | 38 
21 | 9.828189 
a2 | aven78 | 333 
23 | .828716 | 5°39 
# | ‘Rosos | 2-20 
| ‘eeis1| 33 
7 | 1s20209 | 3-3) 
28 829407 2.30 
29 ~829545 2.30 
80 | .829683 | 529 
si | 9.820821 
ge | 20050 | 3°30 
83 .830097 2 28 
bi) 1a30234 | 3°; 
95 | 830372 | 2-30 
86 830509 
i | 1830646 
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Cosine. | D. 1". Tang. | D.1’. | Cotang. 137° 


| 
| 9.871078 | 4 gg || 9-954497 | 4.93 | 10.045868 60! 
“pros60 | 2:88 || -asao1 | 4-5 | -045808 | 58 
870846 1.90 954946 4.23 045054 | 58 
Brovaz | 1-20 || ‘gosa00 | 4°53 | 44800 57 
erocis.| 1-29 |) Lospi4 | gp, | -O4bsb 56 
| ‘srosoa | 1-89 || 955708 | aap “044292 
870390 | 4°35 ossosi | 4-32 | 1044030 | 54 
sroz76 | 1-29 || 936215 | 4-93 043785 | 53 
870161 1.90 .956469 4.23 043531 | 52 
‘sroosr | 199 || ‘956723 | 4-93 043277 | Bi 
“goo033 | 1-29 || -9s6977 | 4/93 04 
9.800818 | 4 99 || 9-957231 | 4.28 10.042769 | 49 
‘goors | 2-99 |) .o5r485 | fog | -O4RaLe 48 
.869589 1.92 2957739 423 042261 | 47 
"gooqs | 1° “gsr99s | 4°33 |  .042007 | 48 
“go060 | 1-99 || 958247 | 4'aa “041758 | 45 
‘sog2is | 1-92 || 958500 | 4°23 “041500 | 44 
“yooi30 | 198 || 958754 | 4-93 “041246 | 43 
“penis | 1-92 || 959008 | 4-o3 | ~ 040008 42 
“gosa0o | 1:92 || ‘oso262 | 4'o3 | -MoTR 4 
“078s | 1-22 || 959516 | fap | 40 
9.868670 9.959769 10.040231 | 39 
‘aoseos | 1:82 || 196003 | 4-53 | Maer? | 28 
“pesaso | 1°92 || -o602r7 | 4'op 039723 | 37 
“goasz4 | 1:98 || 960580 | 4°58 039470 | 36 
“agge09 | 1:28 || 960784 | 4-93 039216 | 35 
868003 | 1°28 |) 961088 | 4°53 038962 | 34 
eros | 1-22 || ‘90102 | 4b, | -Oae708 | #8 
oreo | 4:23 || .961545 | 4-93 038455 | 82 
vrar.| 1-22 || 1961799 | goa 038201 | al 
gov6ai | 1-23 || 962052 | 4°3 037948 | 30 
9.867515 10.037694 | 29 
“367309 | 2:83 4-23 | .037440 | 28 
“267283 | 1-93 || 422 | ‘oars? | 27 
wat| ig | tap | 1B | ake 
66985 | 4-93 |) 96357 4-23 | 1036426 | 2 
woe | Las || Sets | 438 | opoio Fs 
B6so86,| 1-23 |) 904385 | 4'o0 | —-03p0t8 21 
gega70'| 4:83 || 422 | Losbaie | 20 
9.806853 | 4 93 || 9-264842 | 4.09 10,035158 | 19 
goozs7 | 1-93 || -905005 | 4'o3 | -034 18 
366120 | 1°23 |) 1965849 | 4°o0 “op4651 | 17 
856004 | 4-53 ge56d2 | 4°33 |  -084308 
aosss7 | 4:52 sans | 433 034145 | 15 
agsr70 | 4-23 || 1968109 | 499 o3a8o1 | 14 
65653 | 1-22 960362 | $35 083638 | 13 
o5536 | 1-93 || 1966616 | 4’o9 2 
gosato | 4-B2 oO] Se oagi3i | 11 | 
865302 | 5"95 967123 | 4/99 032877 | 10 
9.865185 | 4 95 || 9-967876 | 4.29 10,032624 | 9 
“gas068 | 1:95 || 967629) 4’93 “032371 | 8 
“soaa5o | 2:22 || :967883 | oe “032117 | 7 
“sous33 | 1°93" || 968136 | 4p “031864 | 6 
‘oa7ié | 3°23 || .968389 | 4a “OBI611 | 5 
“ge4508 | 2-97 || 968643 | 4'op 031857 | 4 
“goaasi | 1-5 || 988896 | 4'o9 ‘031104 | 3 
964863 | 197 069140 | 4:25 030851 | 2 
o oetig | 1-97 || o'g60656 | 47% | 10.080844 | 0” 
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I 
id lotang. 136° 
i p.1. || Tang. | D1. | © 
DX Cosine. i Ge = 
43 Sine. 
7 | 9.060656 og | 0.030844 69 
¢ | 9.868127 | 4.05 || ®:Seoe00 4-23 | “03009 09 
et “029838 
0”| 9.883783 | 9 97 || 9-0 1.95 won| 43 oe | 
41 | .883919 | 9/95 -B6BE92 | 397 | gene | 438 toss | 
2| -834054 | b'95 || “Rasrrd Sin rugs) 2a | | op 
4| ees | 33 | SBR) Le 970922 | 499 | -C2Oe | 
5| 295 |) oem | roe || Sve | 42 |: | bd 
60 i | 
5 | ee | 2-2 || ceesaio | 138 mis | 4 tt 
6 | ie | 28 | Em | ee | ans 4.22 | “op8o65 51 
é Bike 22 men te somes | {Fp | -ceseee Bt 
| 8 2 : a 972188 | 4b> | -02t8 
| 2 aie ron ; 0.027559 | 49 
10 | 1s35134 9.95 ee Se oti fe é = : 
: : : 97 : 130 
11 | 9.835269 | 9.03 || °-Seo709 AE |“ gaue | 3 a 
12 | 830403 | 925 ‘sooo | 238 || “grams ‘3 | Soe 
131 poe 2.23 “86247 1.98 fom | 1 a 
14| .835672 | 9°95 ‘egoans | 1-92 gibt | os 
15 | 835807 | 998 ‘sont | 298 || Corazoz | ‘2 — 
16 | 885941 | 9°93 || -Seory5 1.98 ore | | 
| ooe| de | See S| an) oS | ees 
18 . > a ae 1.98 rat aus ; 0 ‘ 
| er | 3 ae 3 10.025027 89 
i ee nee 9.861638 |; og || 9.974973 | 4 90 ae 
, : 975226 | 4°95 ae 
2)" eae | 3B || ss 200 w47 | 4 bo “p4368 | 36 
92 | 836745 | 5’on 01400 | 3:28 mot | 1 oe : 
B) aia| ig Sie | £5) Sees | 4-22 “o2a762 | 34 
24 | .83701 2.23 861161 | 9°99 ree | 4B Ei 
S| in| 8 | See) 18 Sioa | 4:22 |  copse5e | 82 
26 | 657779 | 2-22 || “ssooe3 | 2-98 amet | SB | : 
Q7 ened ae -880808 2°00 tra 42 ton | 
28 | ~ 88754 4 s in oie : 
29 | .837679 | 992 “go0562 | 2:00 i om : 
30 837812 2.22 3 9.97750 ii n | 
5380 3 ee 2.00 IT7756 "90 oan > 
B| gee) 2 | os aD || 28 423 rae | 28 
a) Ge) 22 | ete | ee ia| eels 
| 3 2 +2 1232 | 
By) Ber | 2 a5a062 | 3-05 wel | 4m eae 
Shel): 10 2.22 859842 | 95/02 root | 422 oa) 3 
36 | .888610 | $759 wO7zi | Boy || -270et 13 | rae | & 
37 | .838742 | 9°o9 859601 | 5°o9 rae | 4 0207 a 
38 | .838875 | 5 99 859 2100 soe | £2 ‘oa 2 
30 <asoido | 2-33 |[.s:800860 | 3p me) ae Rye he 
Ele 9.850239 | 9 99 £80088 | 4. me 
41 | 9.830273 | 2.90 || °-Seoti9 ‘a sa | 
42 | .s30i04 | 9°99 soos | 22 ‘sss :2 ela 
Sie 2.20 “g5a756 | 2:02 (981044 | 4°59 018703 | 14 
| Bono. | 2-22 || “essere | 2-02 aero | 4s ui 
#| 59 || eo 981550 | 4°99 o1si97 | 12 
a| | as weossos | 303 || asiets | op 017944 | 1 
: ae PS || gen) 28 Saetng | 4-22 017691 | 10 
: = 3 ea 20 | = | rooms | 9 
2 2 : : 
SAE é 9.982562 | 4 99 | 10.017488 
s sat | 3 Oem pleee all wreseian ones ors | 8 
51 | 9. 2.18 || 9S 2 | kon | 43 st | | 
52 | .8407: 2.20 “er7es | 3-3 ‘ete! | 43 woe | 
AP te Bros | 3 oe SSae 4.22 016174 | 4 
54 | 810085 | 9/18 cress | 2-08 || oem re Aly 
| ae | 2 seraoo | 2-03 || ‘asio79 4.22 015668 | 2 
| ae | a serie | 208 || “oss 4.20 “015416 | 1 
57 | -841878 | 5 48 an7i78 | 593 | 984932 iB) tone 
| aioe | 28 oeiger | 2-03 || 9 ggasaz ; 3 
59.| 841640 | O18 9.856934 || 9. oe — | 
= Gann ca lp. 1". Il Cotang. | D.1°. 
133 i D.1 Sine. . 1". . 
183° Cosine. f 
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’ [ F 
aa D.1 Cosine. | D.1 Tang. | D. 1". |-Cotang. a 35° 
oO} 9.841771 9.856934 Rew 
} 1) 841 2-18 |! ““s5osi2 | 2-98 9.984837 | 4 99 | 10.015168 | 69 
2 A y 856690 2.03 4.92 .014910 | 59 |- 
3 842163 2.17 “85 2.03 - 985343, 4.99 014657 | 58 
a | ‘eon | 218 || “eons | 293 || ‘feeeie | 420 | Qreed | 
5 | 842424) 9° "956323 | 2:99 |! “oseioy | 4-22 152 | 56 
6| .s4e555 | 3-18 e501 | 2-03 || “ggasea | 4.22 013899 | 55 
7| 1942685 | 2-17 "e56ora | 2-03 teers ie ) 013646 | 54 
gapeis | 2-17 || “esose | 2-03 || “ganegy | 4. 013893 | 58 
B) 842815 | 91g |) $598 | bos || 286800] 7°55 | 018140 | ba 
10 2.17 series 2.03 987112 4. 012888 | 51 
Ct seathe gaz || S571 | bcos || 987865 | 755 | 012685 | 50 
Nose 2.17 Bud 9.987618 | | 10.01 
848598 | 317 || -B5HN65 | Sos || osmsit | 455 12199 | 48 
‘passos | 2-15 || ‘pes Beh HemonElesel a aien 011877 |°47 
eis | 227 || 30s || -2888%6 | 4:32 |  ortees | 46 
“e43855 | 2-10 ||: 3.05 || -988629) F38 |  -o1tari | 45 
48855 | 2:15 |) 854973 | 995 || -B8SBE2 | Zo, | -ONLsI8 | a4 
peaaria | 2lT Nl. gearay | 72.08. || “genes | uae 010866 | 43 
49 | 644343} 2-25 |] “aezcog | 2007 |] “opeeay.| 4.32 010613 | 42 
99 | igaaa7a | 2-15 |) ° 2.05 || 289640") 4°55 :010360 | 41 
as 7 al 2:07 || -989893 | 4:55 | <o10107 | 40 
at | eet | 2-15 || 9-854856 | 9 05 || 9.990145 | 4 a9 | 10.009865 | a9 
ele eaereo | 2-15 1] <seaiee | 2.07 || -SB0808 | gop | 000602 | 88 
$4 | eadsng | 2-15 || “Segoe | 2-05. 1 ceecest | 4'20 | -008849 | 87 
25 | ‘845018 | 2-15 Soren | cB.OF I Reeee age: Lh) OORT IA 
96 | 845147 | 2-15 || ‘eearga| 2.07 || ‘gorteS | 4iee |  -COBB44 | 35 
ri) os S15 || -see1a | 3:07 on ae Ml Paap ess aie 
-845405 | 9° .853490 | 5 4.20 : 
845533 2.13 991914 00808 
30 | lei5662 2-15 853366 | 307 gozis7 | 43 oorsss | 31 
. . 2.07 4.20 007580 | 30 
81 | 9.845790 rales 
By | reasoig | 2:15 |] SSE! oor || 9-292672 1 4 99 | 10.007888 | 20 
33,| 646047 | 2-18 awed | 22.08 ih coarse | 4.een |) pounce 
34} (94175 | 2-18 || ‘gsorys | 2.07 |] “2178 | g’a 006822 | 27 
- 846304 | 3-15 || ‘852620 aes eset (420 eae . 
s a 852496 e i 993936 4.22 Cette 
a7 |: 2.18 $0206 | 9:08 ||  -898088) a’on | 006064 | 4 
ae) twos) Sg || seme | BOE |] cobdt | 428 | aso | 
i 2.18 He : :994694 | 4-3 70053 
4 “a d13 || -851097 | 2-08 || ‘onda | 4-22 pees 
847 9.851872 9) } 
| gir | 218 | ice | 308 |) “soon | 48 | odets | s 
Be iad | 2-12 |v cSeyagy |. 2.08 Nees | eg0)| COE ae 
45 | 847582) 2:13 || ° 2.08 995957 | 4° 7004043 | 16 
Seager | 2-22) ||. -eeta' | “gag ||, -2peeto 4-22 | ‘003790 | 15 
47 | 1847836 | 2-12 “soii21 | 2-08 -996463 | 4°09 008587 |. 14 
48 | “847964 | 2-13 || “Beqgg | 2.08 || “Ooeite | aioe 003285 | 13 
a9] 14st | 2-12 || “geosrg | 2.20 || “286088 | aioe 12 
50] .gas2i8 | 3.72 "Beovas | 2.08 || copeaet | 420 002779 | 11 
ieee ; 2.10 aes 4 Wyedoe 10 
51 | 9.848345 rs " 
Bo | cessive | 2-12 || °-8506191 9.19 |] 9.097726 | 4 o9 | 10.00a874 |) 9 
53 | 848599 2.12 850368 2 08 997979 4.90 -002021 | 8 
Bacpasres.| 2-12 |] cgeooas | 220 |] (BRRBL | g'oe | 00180 7 
Ra ipieess | 2-10 |) eee | 8.10 | BORER | ggg. | -O0ISIG 6 
56 | .s48979 | 2-12 |) * 2:10 || -998787 | gvo9 | -001263 | 5 
Br | ez0108 | 2-12 || “849990 | -a'10 || -998989) g'oo | 001011 | 4 
BB] okiowe | 319 || eines | 322 |) inoue | 435 | “ttm | 2 
4 : 59 - 849611 i : 21 4.90 yl 
60'| 9. 2.10 ‘ 2:10. 1 eeorae 000253 | 1 
9.849485 _ |] 9849485 10. Aa ee 
D. 1", D1" 
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28. Natural Sines and Cosines 
0° 1° : EG 4° 
Sine |Cosin || Sine {Cosin Sine |Cosin |) Sine |Cosin 


.00000} One. |} .01745}.99985)). .05234|.99863}|.06976].99756 
.00029) One. |}.01774}.99984)). 31] .05263].99861]|.07005).99754) & 
,00058} One, ||.01803}.99984)). 05292! .99860}| .07034).99752 
.00087| One, |}.01832).99983}| . .05321].99858}| 07063) .99750 
.00116| One. |} .01562}.99983) |. .05850|.99857||.07092].99748) 
.00145| One, ||.01891}.99982)|. .05379].99855]|.07121) .99746) 
.00175| One. ||.01926).99982) . .05408|.99854||.07150).99744 
00204] One. |/.01949].99981)) . .05437|.99852!|.07179|.99742 
00233] One. ||.01978}.99980) |. 05466) .99251}| 07208} .99740) 
.00262| One. ||.02007).99980)). .05495} .99849|| 07237] .99738 
.00291| One. || .02036].99979}|. 05524] .99847|| 07266) .99736 


.00320].99999)] .02065].99979)| . 05553} 99846} 07295) 99734 
i .99999]| .02094|.99978)). .05582|.99844]|.07324).99731 
00378] .99999]| .02123|.99977]|. .05611).99842}|.07353] 99729 
.00407|.99999|| .02152].99977}). .05640} .99841|| .07382| 99727 
00436] .99999|| .02181}.99976)| . .05669}.99839]| 07411) .99725 
00465} .99999||.02211|.99976)| . .05698} .99838}| .07440).99723 
(00495) .99999]| .02240).99975)|. .05727).99836}|.07469).99721 
00524] .99999]| .02269).99974)). 05755) .9 f i 

00553] .99998|| .02298].99974)|. 05785] .99833|| .07527| 99716 
20 |.00582} .99998|] .02327|.99973)) . .05814].99831)| 07556) .99714 


.05844].99829]|.07585) 99712 
.05873].99827|].07614).99710 


eee led arll 

OOIDAR OD eo aes 
oo 
i 
o 


39 |00844] .99996|| .02589|99966]|. 
30 |.00873] .99996]| 02618] 99966} |. 


| 31 |.00902}.99996}| .02647].99965)| 04 


06105] .99813]|.07846].99692 


.06134}.99812}||.07875) 99689 
,06163].99810}} 07904} 99687 
.06192| .99808}| .07933].99685 
.06221).99806}} 07962] 99683) 
06250} .99804!| 07991} .99680 
.06279} .99803}|.08020) .99678) 
.06308].99801}| .08049}.99676 
1.063837] .99799)| 08978) 99673) 
06366] .99797|}.08107).99671 
.06395] .99795|| .08136).99668 


06424] .99793}|.08165] 99666 
106453].99792||.08194].99664 
|.06482].99790]| .08223].99661 
“06511|.99788|| .08252].99659 
'06540|.99786|| .08281|.99657 
06569] .99784||.08310|.99654 
“0659°|.99782|| 08339] .99652 
“09627].99780]| .08368].99649 
“06656|.99778}|.08397|.99647, 
506685|.99776||.08426].99644 


40 |(01164|.99993||.02908| .99958||. 


41 |.01193].99993]| 02938] 99957). 
42 |.01222} .99993]|.02967) 99956) |. 


50 |.01454|.99989]|.03199|.99949]| 
51 |.01483] .99989]|.03228) 99948]. 


57 |.01658}.99986||.03403).99942)) . 
58 “O1087 .99986]| 08432} .99941)) . 
59 |.01716].99985]|.03461}.99940)) . 
60 |.01745} 99985] .03490) 99939) |. 


“06947|.99758}|.08687| 99622 
06976] .99756 “08716).99619 


, {Cosin! Sine ||Cosin! Sine | Cosin| Sine |/Cosin | Sine Cosin | Sine | 
89° 88° 87° 86° 85° 


Natural Trigonometric Functions 


5° 
Sine |Cosin 


:08976].99596 
-09005}.99594 


-09092].99586 


-09614|.99537||. 
09642) 995341]. 


33 |.09671 99531 


eid 


09845) 908141|" 


-09874!.99511]|. 


.09903}.99508]|. 
-09982} .99506)|. 


.09034].99591] 
.09063] 99588] 


28. Natural Sines and Cosines 
6° 


7 


B° 


Sine 


-10453 


10164] 99489]: 


‘|.10192].99479]|. 

10221] :99476||) 
3 |.10250) 99473]. 
119379) '99470]|. 
'10308| .99467]|° 


-10837}.99464)}, 
-10366}.99461)|. 


g4° 


10453 199459] |/1218 
+ |Cosin| Sine 


Cosin 


10482) . 
-10511}. 
105-40) .98 
10569) .9¢ 
10597] 
-10626) . 
2|| 10655}. 
-10684} . 
-10713} . 
-10742) . 


10771}. 
10800}. 


-09121).99583} |. 
-(9150}.99580] |. 
-09179}.99578}|. 
-0920 5 


Cosin 


pave 


99360 
99357 


99354 


9|.99324 


99320 
-99817 


99290) 
99286) 


12274 
12802! . 
-12331). 
-12360) . 
-12389) 
$}|.12418} 
12447] : 
12476): 


-12504/.9 
-12533} : 
-12562| 
.12591).9 


199255 


Sine 


Sine 


12187 
-12216 
12245 


.12620 


12649). 
-12678).5 
-12706} : 
3}|-12785) .9¢ 
12764} 


12793). 


113024] 
113053} : 


-12081) : 
18110) 
13180) 
-13165}. 
13197]. 
13226). 
13254). 


.13253].9 
.13312) 
13841]. 
.13370].¢ 
13209}. 


113629 


"13831|-99039) |. 
-13860}.99035)|. 
-13889}.99031)|. 
-13917|.99027}|. 


. . | 
Cosin | Sine 


Cosin 


99255}! 
-99251)|. 
99245]. 

99244}! 


‘99067||. 


-13658}.99063)|. 
-13687].99059)|. 
+13716}.99055}|. 


Sine |Cosin |] Sine 


i) .95027 15643 F 


'98902||/16505] . 


-98897}| 16533}. 
-98893]) 16562). 
-98889)} 16591). 
-98884]| .16620) - 
-98880}} .16648) 9 
-98876)| 16677} .936' 
-98871)| .16706) 985 
-98867|| 16734)! 
-98863}| 16763}. 
39} .98858}| 16792] 985: 


988541) 16820) | 


-98823]|. 
.98818}|.17050) 


3 308 
98773] |.17836} . 
98769) | 17365) J 


SHOP APUIWDO 


Sine ||Cosin 


Sine | + 


83° 


82° 
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28. Natural Sines and Cosines 
10° 11° 12° 13° 


14) 


Sine |Cosin || Sine |Cosin || Sine |Cosin |} Sine |Cosin 


5|.98481||.1¢ 


17651] .98430]|.19366|.98107||. 122778] .97371 


.17680} .98425||.19395].98101||.21104).97748}| .22807] 97365 
-17708} .98420||.19423] .98096}||.21132|.97742}| 22835) 97358) 
(17737| .98-414]|.19452].98090]|.21161|.97725)| 22863) 97351 
17766] .98409]|.19481] .98084]|.21189|.97729]| .22892) 97345 
-17794].98404||.19509].98079]|.21218}.97723}| .22920) 97338 
-17823|.98399]|.19538] .98073]).21246].97717]| .22948] 97331 
"47852}.98394||.195G6| .98067||.21275|.97711]| 22977) 97325 
.17880| .98389]|.19595] .98061]|.21303].97705|| .238005|.97318 
.17909] .98383]|.19623] .98056||.21331|.97698}| .28033).97311) 
-17937| .98378|| 19652} 98050 -21360}.97692)| 28062) 97304 


.17966| .98373||.19680|.98044|| 21388] .97686}) .23090).97298 
.17995|.98368}|.19709] .98039]].21417}.97680]| 23118) .97291 
118023] .98362||.19737|.98033}|.21445|.97673)| .23146).97284 
.18052| .98357||.19766].98027||.21474|.97667|| 23175) 97278 
.18081|.98352}|.19794|.98021||.21502}.97661]| 23203) 97271) 
.18109|.98347]|.19823].98016]|.21530).97655)) .23231).97264} 
118138] .98341)|.19851].9$010||.21559|.97648}| .23260).97257 
.18166] .98336]).19880}.98004| .21587|.97642}| .23288) 07251 
118195} .98331|(.19908|.97998}|.21616).97636}| .23316).97244 
18224] .98325]|.19937|.97992!| .21644|.97630}| .23345).97237 


.18252] .98320]|.19965].97987||.21672] .97623]| .23373).97230 
118281] .98315||.19994].97981||.21701].97617]| .23401).97223 
.18309] .98310]}.20022}.97975]|.21729|.97611]| 23429) 97217, 
18338] .98304||.20051]|.97969||.21758).97604|) 22458) 97210 
.18367| .98299]|.20079] .97963]|.21786).97598)| 23486) .97208 
118395] .98294]|.20108].97958]|.21814|.97592}| .23514).97196 
.18424| .98288|].20136].97952}| 21843] .97585)| .23542].97189 
.18452| .98283]|.20165).97946}|.21871|.97579]| .28571| 97182 
118481] .98277||.20193].97940]] 21899) .97573}| .23599}.97176 
18509] .98272} | .20222}.97934| .21928).97566|| .23627|.97169 


.18538] .98267]}.20250].97928}|.21956}.97560}| .22656).07162 
.18567].98261]].20279].97922||.21985|.9755a|| .23684|.97155 
.18595].98256]|.20307|.97916]|.22013).97547]| .23712).97148 


.18795}.98218]|.20507|.97875|| 22212) .97502}| .23910) 97100 


-18824| .98212]|.20535].97869]|.22240| .97496]| 23938] .97093 
.18852|.98207||.20563] .97863]| .22268].97489|) 23966] .97086 
-18881).98201}|.20592|.97857|| .22297| .97483]| .23995|.97079 


) |.19052| .98168}|.20763].97821|| .22467|.97444||.24164).97037)). 
.19081].98168]|.20791].97815}} 22495) .97437)) .24192).97030 


92495|.97437||. 


-18995].98179]|.20706].97833]| .22410).97457|| 24108] .97051|!. 
.19024] .98174|].20734] .97827]| 22438] .97450]| .24136).97044)).2° 


Sine |Cosin 


97030 


“aaa 


24503) .96952 
24531) .96945 
| .24559} 96937 
-24587|.96930 
24615) 96923 
24644] .96916 
-24672).96909 


-24700}.96902) 
-24728) 96894 
-24756).96887 


24784} 96880) 
-24813] 96873 
-24841}.96866 
-24869).96858 
-24897|.96851 
-24925}.96844 
.24954) 96837 
-24982).96829 
.25010).96822 
-25038).96815 


-25066].96807, 
.25094].96800 
.25122!.96793 


-25151) 96786 
.25179] 96778, 
.25207|.96771 
.25235}.96764 


-25263] 96756 
.25291).96749 
.25320| 96742) 


.25848}.96734 
-25376|.96727 
-25404].96719 
.18624|.98250||.20336].97910]|.22041).97541)} .23740).97141)] . 
18652) .98245]| 20364] .97905}|.22070|.97534|| 23769] .97134)). 
.18681].98240]|.20393] .97899||.22098] .97528]| .23797|.97127)). 
.18710} .98234]|.20421].97893}|.22126].97521]) 23825 .97120)| 
48 |.18738| .98229]|.20450}.97887]| .22155|.97515]| .28853).97113)). 
.18767|.98223]].20478].97881]|.221S3).9750S]| .23882|.97106)}.. 
-25001).96667 
-25629).96660 
-25657|.96653 
9}|.25685) 96645) 
.18910}.98196||.20620} .97851|| 22325] .97476]) .24023} .97072}| . 
-18938] .9819||.20649| .97845]| 22353) .97470]| .24051) 97005). 
-|.18967| .98185]|.20677|.97S39]}.22382| :97463]| .24079|.97058}| . 


125882] (96593 


78° 76° 


Sine ||Cosin | Sine |/Cosin | Sine |/Cosin | Sine ||Cosin |} Sine 


75° 


\ ted 
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28. Natural Sines and Cosines . 
\ 15° 16° e172 18° {tL 9° 
Sine eS ia Sine Cosin Sine |Cosin || Sine |Cosin || Sine |Cosin 


0 |.25882).96593, 27564 96126 -29237| 95630]! .30902/ .95106||.82557|.94552 
.25910).96535||.27592| .96118|| 29265] 95622||.30929].95097||.32584|.94549| 9 
-25938},96578) |.27620) 96110) .29293] .95613}| 80957] .95088]|.32612] .94533| 
-25966) 96570) | .27648| .96102||.29321| 95605) | 30985 95079] | 82639] .94523 

-27676| .96094|} .29348).95596||.31012).95070}|.32667|.94514 

-27704| 96036] | .29376| .95588]].31040} .95061]|.32694| 94504 

-27731| .96078}|.29404| .95579]| 31063} .95052||.32722|.94405) 

-27759| 96070} | .29432| 95571]! 31095} 95043]! 32749] .94485 

-27787| 96062} | .29460| .95562)|.21123] 95033]|.32777|.94476 

-27815] 960541) .29487| .95554]| 31151] 95024]! 32804] .94466 

.27843) .96046]|,29515) .95545)) 31178) .95015}|.32832| 94457) 


.27871} 96037||.29543} 95536] 81206] .95006|| .82859].94447 
-27899] .96029]|.29571| 95528} 31233] .94997|| .32887].94438 
-27927| .96021)},29599} .95519)| .31261}.94988|| 32914] .94428 
-27955) .96013}| 29626} .95511)| 31289] .94979]| 32942] 94418 
-27983} .96005]}.29654] .95502||.31316] 94970}! 32969] .94409 
-28011).95997 eva -95493|| 31344] .94961||.32997].94399 
-28039; .95989]}.29710} 95485|| 31372) 94952) 23024) .94390 
-28067|.95981||,29737| 95476) |.31399).94943]! 33051] .94380 
5} -28095] .95972|| 29765] .95467||.31427|.94933]|.33079| .94370 

-96440)|.28123} .95964)| 29793] 95459)| 81454! .94924/| 33106) .94361 


-96433}|.28150} .95956}| 29821! .95450)|.31482/ .94915}).33134/ 94351 
‘ -28178} 95948) .29849) .95441)|.31510|.94906]| 33161] .94342 
-28206| 95940} .29876] 95433}! .31537|.94897]|.33189} 94332 
-28234) 95931) 29904] 95424)! 31565] .94888]|.33216).94322 
-28262] .95923)| 29932} .95415)|.31593) .94878)|.33244) 94313 
-28290} .95915}}.29960}.95407|| 31620) 94869]! .33271|.94303 
-28318}.95907]| 29987] .95398}| 31648] .94860}| 83298! .94293 
-28346} .95898)| 30015] .95389]| 31675] 94851]! 83326] 94284 
-28374] 95890} .30043) 95380} |.31703) .948421|.33353).94274 
-28402| .05882)|.30071} 95372) |.31730| .94832||.33381|.94264 


-28429] 95874}! 30098] 95363} |.31758] .94823)| 33408) .94254 
.28457) 95865||.20126].95354||.31786 .94814)| 33436) .94245 
“28485| _95857||.30154| 95345 .31813} .94805|).33463].94235| 2 
-28513} 95849} | 30182] .95337||.31841| .94795)| .33490| 94225 
28541} 95841)! 30209] .95328)|.31868] 94786)! 33518] .94215 
C}|.28569] 95832) | 30237] .95319|| 31896) .94777)| 33545) .94206 
-28597| 95824) |.30285] 95310)|.31923) .94768)| 33573] .94196 
-28625} .95816)| 30292) 9531)! .31951| 94758)! 33600) .94186 
-28652| 95807] ] 80320} .95293)|.31979| .94749)| 33627|.94176 
-28680| 95799} | 30348) 95284) | 32006) .94740)| 83655) 94167, 


.28708| .95791)|.30376] .95275]| 82034] .94730]|.83682| 94157 
-28736| 95782} | 30403} .95266)|.32061).94721)| 33710! 94147 
-28764| 95774} 30431) .95257||.32089).94712)| 33737) 94137 
-28792! 95766} | 30459] 95248} |_32116).94702||.33764) 94127 
-28820} .95757)|.30486) 95240} | 82144) .94693)| 33792) 94118} 
.28847| 95749} |.30514] 95231, |.32171|:94684||.33819|.94108] 1 
-28875) .95740!| 30542) .95222)| 32199}.94674}|| 33846] 94008 
28903] 95732} |.30570| 95213] | .32227|.94665]|.33874] 94088 
-28931) .95724||.30597| 95204} | 32254! .94656]| 383901) 94078) 
-28959) 95715) | 30625) .95195||.32282) .94646)| 33929) 94068 


-28987] .95707||.30653} 95186} |.82309) .94637||.32956] 94058 
-29015) 95698} |.30680].95177|| 82337] .94627|/ 33983) 94049 
£29042} .95690)|.30708) .95168)| 82364) .94618)| 34011) 

-29070| .95681}|.30735] 95159) .823892| 94609] | .34038).94029 
-29098} 95673} |.30763] .95150)| 32419] 94599] | 34065) .94019 
-29126) 05664) |.30791).95142)|.32447| .94590]| 24093] 94009 
:29154| 95656) |.30819) 95133) | .32474|.93580)| 34120) 93999 
-29182| .95647||.30846}.95224)| 32502) .94571]|.84147|.93989 
-29209] 95639) |.30874).95115|| 82529) 94561) |.34175| 93979) 
-29237| .95630)|.30902}.95106)| 32557] .94552}| 34202] .93969 


Cosin | Sine |/Cosin| Sine ||Cosin | Sine ||Cosin | Sine ||Cosin| Sine 
Sosin| Sine }/Cosin | Pine |/Cosin | Pine ||Cosin | Sine |/Cosin |, Sine 
74° 73° 72° 71° 70° 


CHW RaIQsI0 
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° 28. Natural Sines and Cosines / 


21° 22° 23° 24) 
Sine |Cosin || Sine |Cosin || Sine |Cosin || Sine |Cosin 


:34202|.93969||.85837|.93358 ||.87461|.92716]| .39073].92050)|. 
“34229] .93959]|.35864|.93348) | .87488|.92707||.39100).92039)| . 
134257] .93949]|.35891|.93337)|.37515|.92697||.39127|.92028)|. 
134284] .93939]|.35918|.93327||.37542| .92686}|.39153!.92016)). 
134311|.93929||.35945|.93316)|.37569).92675|| .39180/.92005)). 
{34339].93919||.35973|.93306||.37595].92664||.39207|.91994)). 
'34366|.93909]| .36000|.93295||.37622|.92658]|.89234|.91982/). 
+34393] .93899||.36027|.93285] |.37649] .92642)|.89260].91971)|. 
'31421|.93989||.36054|.93274| |.37676].92631||.89287).91959/). 
{34448} _93879||.36081|.93264)|.37703].92620||.39314).91948), a 
'34475|.93369||.36108|.93253)|.37730|.92609}|.39841).91936 "40939). 


34503) .93859||.36135|.93243]|.37757| .92598|| .89367].91925|| .40966).91224) 49 
“345301 .93849||.36162|.932321 1.37784] .92587||.89394],91914|| 40992).92212) 48 | 
.84557| 93839]|.36190}.938222 "37811|.92576|| .39421|.91902||.41019).91200| 47 
"34584| 93829] | .36217|.93211||.37838].92565||.39448).91891||,41045].91188) 46 | 
34612) .93819]).36244|.93201||.37865| .92554||.39474].91879||.41072) 91176) 45 
"34639].93809]| 36271].93190||.37892| .92543]|.39501|.91868]|.4109S).91164) 44 
“34666| .93799]|:3¢298|.93180}|.37919] .92532|| 39528|.0185C||.41125}.91152) 43 
g |'34694).93789||.36325| 93169) |.37946] .92521||.39555|.91845)|.41151|.91140) 42 
"34721 _93779]|.36352|.93159||.37973] .92510||.3951|.91832)|.41178|.91128) 41 
"34748| .93769||.36379].93148| |.37999] .92499|| .39608).91822||.41204).91116) 40 


34775] .93759||-36406].93137||.38026].92488]|.39635].91810)|.41231}.91104) 39 
.34803} .9374S}|.36434].93127|| 38053). 561).91799}|.41257|.91092) 38 


.34830}.93733]|.36461].93116)|.38080) . 91787||.41284].91080) 37 
-34857|.93728]|.36488].93106]| 38107] . 91775||.41310).91068) 36 
.34884|.93718||.36515|.93095}| 38134) . .91764)|.41337].91056) 35 
.84912] .93708]|.36542|.93084)|.38161].9: .91752}|.41363}.91044) 34 
.34939] .93698]|.36569].93074]| 38188) .92 91741|| 41390] .91032| 33 
.34966].93683}|.36596).93063]| 38215 91729)|.41416}.91020) 32 
.34993].93677||.36623].93052|| 28241 .91718|| 41443) .91008) 31 


.35021!.93667||.86650}.93042)| 38268). Y 91706|].41469|.90996| 30 


35048] .93657||.36677|.93031|].38295] .92377|| 20902} .91694/|.41496/.90984) 29 
"35075|.93647||.36704| .93020]|.38322| .92366]|.39928].91683]| 41522) .90972| 28 
(35102) .93637||.36731|.93010}| 38349] .92355)|.39955) Q | 
"35130|.93626|| 36758|.92999]| 88376] .92343]|.30922|.91660)).41575}.90948) 26 
"35157|.93616}| 30785] .92988|| .38403] .02232||.40008| .91648}|.41602).90936] 25 
"35184| .93606||.36812|.92978||.38430| .92321]|.40035].91636)| .41628).90924] 24 
*35211|.93496|| 36839] .92967|| 88456) .92310||.40062] .91625)).41665}.90911) 23 
"35239| .93585||.36867| .92956)|.38483) .92299]| .40088].91613||.41681).90399) 29 
“352661 .93575|| 36894) .92945|| 38510) .92297||.40115|.91601||.41707| 90887) 24 
"35293|.93565||.35921|.92935||.88537|.92276]|.40141}.91590)| 41734) 90875) 20 


35320|.92555||.36948] .92924|| 38564] .92265].40168].91575|| 41760 -90868) 19 


: if 371241 .92838||_38778| .92175||,40381|.91484|| .41972).90760) 11 
*35565| 93462\| 37191| .92827||.38805|.92164|| 40403] .91472)|.41998) 90753) 10 


.35592\.93452||.37218] .92816]|.88832).92152||.40424).01461||.42024|.90741) 9 
"35619|.93441||.37245) .92805|| 88859] .92141||.40461| .91449||.42051|.90729) 
"35647|.93431||_37272) .92794|| .38886|.92130]| 4048S] .91437|/.42077),90717) 7 
“35674|.93420||.37299| .92784||.38912|.92119|| 40514) .91425]|.42104).90704) 6 
"35701|.93410|| 37326) .92773||.28939| .92107]| .40541|.91414/| .42130}.90692) 5 
"35728 .93400|| 37353) .92762\| 88966] .92096]| 40567] 91402) 42156) 90680) ; 
2 
1 
0 


"35755|.93389|| .37380|.92751\| .38993|.9285]| 40594) 91390)! 42183) 90668 
'35782|.93379||.37407| .92740]| .39020] .92973|| 40621} .91378)| 42209} .9055 
“35810|.93368||.37434|.92729|) 39046] .92062|| 40547] ,91366)|.42235).90643 
“35837| .93358||.37461| .92718||.39072| .92050|).40674}.01355|| .42262).90631 
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27°- 


28° 


29° 


Sine |Cosin 


900311]. 


90133]|. 


2} .89994)|. 
28}. 


90120 
90103 
90095 
90082 
90070) |. 
90057]! 
90045 
90032 
90019 
90007 


Sine jCosin 


43759].89918||.45321). 


Sine |Cosin 


89879). 
-89867}|. 
9} .89854/]. 
-89841)!, 


'89493||. 
89480]. 


188566]. 
83553]. 


88308 |] . 
188295]. 


jeesin Sine 


Sine |Cosin 


88205 


30].88020]| : 


-88006}) 49 
.87993}| 46 
.87979)| . 
562|.87965)| . 
8] ,87951)| . 

.87937]|. 
-87923}| . 
-87909}). 
.87896)| .4¢ 
.87882!|. 


-87868)). 


Sine |Cosin| ’ 
48481) .87462 Pe 
.48506].87448] 5 
.48532}.87434] £ 
48557]. 

48583]. 


{| 48608}. 


48634]. 
48659] 875 
A8684), é ( 
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32° 33° 34° | 
Sine |Cosin || Sine Cosin |) Sine Cosin 


52992|.84805)|.54464 (83867||.55919) 22004 
"53017|.84789||.54488 "93851 ||.55943] 82387 
“5304 1|.84774||.54513 "83835||.55968|(82871 
“53066| .84759||.54537 "83819||.55992|.82955) 
“53091|.84743||.5496) °83804||.56016}.82829 
“531 15|.$4728]|.04586 '83788||.56040) 82822 
°53140|.84712||.54610 “83772||.56064] 82806 
“53164|.84697||.54635 “83756||.56088] .82790 
“53189|.84681||.54659 "83740||.56112|.82773| « 
"53214|.84666)| 54683 "83724!|.56136|.82757 
“53238) .84650)|.54708 “837081 |.56160] 82741 


53263] .84635||.54732). 


*53484| 84495 || 4951). 


53509] .84480||.54975) . 
"53534| .84464||.5 1999) . 
“53558|.84448}| 55024). 
"53583| 84433] | 00048). 
"53607 .84417)| 55072). 
"52.692|.84402\|.55097 | . 
“53656 .84386]|.55121). 
"5 3681) .84370)| 551451. 
"53705| .84355|| 05169). 
"53730| .84330]| 50195). 


(53754|.84324\| 55218). 


ot479 "85732]|. 
"51504| .85717]| - 


Cosin Sine in| Sine |jCosin ‘Sine Cosin 
57° 
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35° || se° 37° 38°__ || 39° 2 
Sine |Cosin |] Sine |Cosin || Sine |Cosin || Sine |Cosin || Sine |Cosin 
0 |.57358} 81915] .58779].80902|!.60182|.79864||. 
1 | .57381|.81899]| 53802|-80885]!.60205|.79846]||. 
2 |.57405|.81882|1.58826|.80867||.602: 

3 |.57429] 81865]|.58849].80850 
$|.37 57453) .81848]|.58873| 80833 
6 
7 
8 
9 


.78801||.62932].77715| 60 
:78783]|.62955|.77696| 59 
°78755]|.62977|.77678| 58 
'78747|| .63000|.77660| 57 
:78729||.630221.77641| 56 
.57477|.81832]|.58896|.80815 ; 
-57501|.81815]|.58920| .80799 
575241 .81798)| 58943] 80782 
57548} .81782||-58967|_80765 
.57572| .81765||.58990].80748) 
10 |.57596|.81748}|.59014|.80730 


11 |.57619] 81731]! .59037|.80713 

12 |.57643}.81714||.59061!.80896 

13 |.57667).81698}| .59084|.80679 
| 14 |.57691| 81681]; .59108|.80662 
|| 15 |.57715).81664)).59131) 80644 
‘| 16 |.57738).81647]] 59154] .80627 
|| 17 }.57762].81631]|°59178|.80510 
|} 18 |.57786).81614/| 59201].80593 
|} 19 |.57810).81597}) 59225] 80576 
|| 20 |.57833|.81580)|.59248) 80558 


|] 21 |.57857}.81563}|.59272|.80541 
22 |.57881).81546)| 59295] 80524 
23 |.57904).81530}|.59318} 80507 
24 |.57928}.81513}|.59342|.80489 
25 |.57952|,81496]|.59365].80472 
26 |.57976).81479]| 59389] 80455 
27 |.57999) 81462) 59412! 80438 
28 |.58023}.81445]| 59436] .80420 
29 |.58047|.81428)| 59459] 80403 
30 |.58070} 81412}! 59482) 50386) 


31 |.58094) 81395]! 59506] .80368) 
32 |.58118].81378)| .59529).80351 
"| 33 |.58141).81361|| 59552) .80334 
'] 34 |.58165].81344)) 59576].80316 
35 |.58189} 813271] .59599}.80299 
86 |.58212].82310)!.59622} 80282 
87 }.58236].81293)|.59646].80264 
38. |.58260}.81276)| 59669] .80247 
39 |.58283].81259]| .59693].80230 
40 }.58307).81242)| 59716] .80212 


41 |.58330}.81225]|.59739].80195 


| °78640]|631351.77550| 51 
.78622||.63158).77531) 50 


-78604)|.63180}.77513} 49 
-78586}}.63203].77494) 48 
-78568]] 63225) .77476) 47 
-78550}' .63248].77458] 46 
-78532}|.63271).77439) 45 
-78514}|.63293].77421) 44 
55} .78496) | .63316].77402) 43 
-78478}| .63338).77384) 42 
-78460}|.63361].77366) 41] ' 
-78442}| .63383).77347| 40 


-78424]| 63406] .77329} 39 
-78405}| .63428}.77310| 38 
-78387||.63451|.77292) 37 
-78369)| .63473}.77273] 36 
-78351]| 63496) .77255) 35 
-78333}| 63518] .77236) 34 
-78315]|.63540).77218) 38 
-78297|| .63563].77199) 32 
-78279]|.63585).77181] 31 
-78261]| 63608] .77162| 30 


-78243]| 63630] .77144| 29 


§0437|.79671}!. 
60460}.79653}]. 
60483].79635}| . 
60506) .79618 | . 
60529} .79600)| . 
60553] .79583}| . 
60576} .79565]|.6 
60599) .79547]). 
60622).79530]| . 
0645) .79512)| | 


60668) .79494)| | 


60853].79353||. 
60876|.79335]| . 


60899] .79318}| . 


61107|.79158||-62479|-78079||.63832|.76977] 20 


61130) .79140}| . -78061]| .68854}.76959) 19 | 
61153} .79122/]. -78043}| 63877] .76940] 18 ; 
61176) .79105]}.6 f 6 -768 
61199) .79087}| . 
61222) .79069}1 . 
61245) .79051)] . 
-61268).79033}} .62 
-61291).79016]] 6266 
\ ‘ & 3}| .61314].78998}} . 
50 |.58543] (81072 -59949} .80038}) .61337].78980)| . 


51 |.58567}.81055)|.59972).80021]}.61360|.78962|| . 
52 |.58590) 810381} .59995],80003)|.61383].78944 ||. 

‘ 100 61406} .78926}|.62 
61429} .78908}|. 
61451}.78891 
61474).78973}].62 
1497}.78855]) 63 
61520}.78837 ||. 
.61543].78819]1 . 5 2 
.61566).78801)} . T7715) 64279 76604, 
Cosin | Sine ||Cosin| Sine |/Cosin| Sine | + 

52° 61° 60° 
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2\|,68093|.73234 
|,68136),73195 


“96801|. 
“66913} 74314 


: 40° 41° 42° 43° 44° 
Sine |Cosin || Sine Cosin || Sine |Cosin Gine Cosifi || Sine |Cosin 
0 |.64279|.76604 65606) .75471 6918 .74314 .68200) .73135 69466] .71934 
1 |.64301).76586 65628] .75452 66935) .74295 68221) .73116 69487|.71914 
2 |.64323).76557 65650) .75433||.66956 "74974\| 68242! .73096 69508] .71894 
3 |.64346|.70548 GAG672|.75414) 66978] .74256 “68264 .73076)|.69529 71873 
4 |,64368|.76530! 65694].75395 66999] .74287 68285] .73056 69549] .71953 
5 |.64390].76511 65716).75875 .67021|.74217 .68306| .73036]| 695) 0|.71833) 
6 |.64412|.76492 65738] .75856 67043}.74198 ,68327| .73016}| 69 1|.71813 
7 \.64435).76473 65759) 753387 -67064|.74178 “68349|.72996)| 69612 71792 
8 |.64457|.76455 65781|.75318||.57086 "7.4159||.68370| 7207! 69633] .71772 
9 |.64479].76436 65808) .75299 .67107|.74139 “68391).72957)| 69654 
10 |.64501)}.76417 65825] 75280) .67129|.74120 “68412).72937||.69675 
11 |.64524|.76898 65847|.75261||.67151 .74100}|.68434 .72917|| 69696 
12 |.64546].76380 “65869|.75241\|.67172 "74080)||.68455| .72897 69717 
13 |.64568).76361 65891) .75222 67194] .74061 68476) .72877|| 09737 
14 |.64590|.76342 65913) .7523||.67215 -74041)|.68 197 .72857|| 69758 
15 |.64612|.76823 65935] .75184||.67237 -74022||.G8518' ,72837||.69779 
16 |.64635|.76304 65956] .75165||.67258 .74002||.68589) .72817||.69800 
17 |.64657|, 70280 65978) .75146||.67280 73983) |.58561 72797|| 69821 
18 |.64670|.76267 66000] .75126||.67301 .73968}|.68582 72777\| 09842 
19 |.64701|.76248 66022|.75107||.67323 .73044||.68602 72757\| 69862 
20 |.4723].76229 66044) .75088||.67344 .73924||.68624 72737\| 69883 
21 |.64746|.76210 .64066| .75069 67366) .73904 68645] .72717|| 69904 
22 |.64768|.76192 .66088| .75050 (67387) .73885 68666) .72697]|| 69925 

93 |.64790|.76173 .66109| .75030 67409) .73865 6868S] .72677|| 60946: 
94 |.64812|.76154 66131|.75011 “67430 .73846 68709] .72657||.69966 
95 |.64834|.76135. 66153).74992||.67452 .73826)| 68730 .72637]|| 69987 
26 |.64856].70116 66175|.74978 (87473) .73806 “68751|.72617||.70008 7 
97 |.64878).76097 66197| .74958||.67495 .73787||.68772 -72597|| 70029 
28 |.64901].76078 662181.74904 (67516|.73707 68793) .72577||.70049 
29 |.64923] .76059 66240|.74915 (67538|.73747 68814] .72557|| 70070; 7 
30 |.64945].76041 66262) .74896]|.67559 .73728||.688385 72537||.70091 
31 |.64907|.76022 66284) .74876)|.67580 .73708)|.68857' 72517\|.70112 
540 ) €7602\.73688 68878) .72497||.701382 
40 |.65166),75851 66480] .74703||.67778 73631 ¢ 
41 |.65188].758382 69601) .74683) §7795|.73511 69067|.72317||.70319 
42 |.65210|.75813 §0523|.74064)|.67816 -73491|| 69088 .72297||.70339 
75794\||.00545|.74044 67837|.72472|| 69109 72277 ae 
45 |.65276|.75756 66588) .7 4606 67880}. 3 5 z 
4G |.65298).75738 66610) .74586||.67901 .73418|| 69172 .72216}|.70422 
592) .74507||.67923 .78398|| 69193 .72196]|.70443 
4648||.67944|.78373|| 00214 -72176\| 70463). 
74528||.67965 °73358|) 692385 .72156)| 70484). 
74509\|.67987|.73333\| .69256 .72136)|.70505}. 10 
74489||.68008).73314 (69277|.72116]|.70525). 
74470||.68029 -73294|| 69298 -72095|| 70546 


(68051) .73274 
.68072\.73254 


69319] .72075}|. 
.69340}.72055}|. 
.69361) .72085)|. 
69382] ,72015}|. 
.69403}.71995)) 
(69424) .71974|| . 
69445] .71954)| . 
69466] .71934)|. 


.G8115),73215 


'68157|.73175 
(68179) .73155 
'68200].73185 
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29. Natural Tangents and Cotangents 


hi oO o 


0° 
AS — 2 | 5 ee | eS | en ee 
Tang Cotang Tang Cotang || Tang | Cotang || Tang | Cotang 


£00000 Infinite. “01746 it 2900,}| .03492 ep any .05241 | 19.0811 | 60 


DHOIAC POH oO S o 


"002 } 02007 x 3 
00291 | 343.74 || .02036 | 49,1039 || “03788 26.4316 || .05532 | 18.0750 | 50 


00320 | 312.521 |} .02066 | 48.4121 |] .03812 | 26.2296 |) .05562| 17.9802 | 49 
-90849 | 286.478 || 02095} 47.7395 || .03842 | 26.0307 || .05591 | 17.8863 | 48 
00378 | 264.441 || .02124 | 47.0858 || .03871 | 25.8348 || .05520) 17.7984 | 47 
00407 | 245.552 || .02153 | 46.4489 || .03900 | 25.6418 |} .05649 | 17.7015 | 46 
*.00436 |, 229.182 || .02182 | 45.8294 || .04929 | 25.4517 || .05678 | 17.6106 | 45 
5 | 00465 | 214.858 || 02211 | 45.2261 || .03958 | 25.2644 || 05708 | 17.5205 | 44 
| 00495 | 202.219 |) 02240 | 44.6386 |} .08987 | 25.0798 || .05787 | 17.4314 | 43 
| 00524) 190.984 || 02269 | 44.0661 |} .04016 | 24.8978 || .05766 | 17.8482 | 42 
| 00553 | 180.932 || 02208 | 43.5081 || .04046 | 24.7155 || 05795 | 17.2558 | 41 
| 00582 | 171.885 || 02828 | 42.9641 || .04075 | 24.5418 || .05824] 17.1698 | 40 


00011} 163.700 || .02357 | 42.4335 || .04104 | 24.8675 |} .05854 | 17.0887 | 39 
mee 156.259 || 02886 | 41.9158 || .04133 | 24.1957 || .05883 | 16.9990 | 38 


10 


100344] 118. , “6177 || :04 F 0 16.4283 
{00873 | 114.589 || [02619 | 381885 || {04366 | 23.9038 |] .06116| 16.3499 | 30 


-00902 | 110,892 || 02648) 87.7686 |} .04395 | 22.7519 || .06145 | 16.2722 | 20 
600931) 107 425 || 02677 | 87.3579 || 04424 | 22.6020 |] .06175 | 16.1952 | 28 
.00960| 104.171 || 02706 | 36.9560 || .04454 | 22.4541 |) 06204] 16.1190 | 27 
00989 | 101.107 || .02735 | 36.5627 || .04483 | 22.3081 || .06238 | 16.0435 | 26 
85 | 0101S | 98.2179 || .02764| 36.1776 || .04512 | 22.1640 || 06262] 15.9687 | 25 
.01047 | 95.4895 || .02793 | 35.8006 || .04541 | 22.0217 || .06291 | 15.8945 | 24 
-01076 | 92.9085 |) 08822 | 35.4313 || 04570] 21.8813 || .063821| 15.8211 |.23 
.01105 | 90.4683 || 02851 | 35.0095 || 04599 | 21.7426 |} 08850) 15.7488 | 22 
01135 | 88.1436 |) 02881 | 34.7151 || 04628 | 21.6056 || 06279 | 15.6762 | 21 
40 | 01164 | 85.9398 || .02910| 34.3678 || .04658 | 21.4704 || .06408 | 15.6048 | 20 


83.8435 21.3368 


mae uv. . * ll 

01455 | 68. 17501 02201 | 31, 346 04949 | 20,2056 || .06700] 14,9244 | 10 

|} 01484 | 67.4019 |} 03230] 30.9599 |} 04978 | 20.0872 || .06730] 14.8596] 9 
01513 | 66.1055 || 03259 | 30.6833 19.9702 || .06759 | 14.7954] 8 
01542 | 64,8580 || .03288 | 30.4116 || .05037 | 19.8546 || .06788| 14.7317] 7 
01571} 63.6567 || .08317} 30.1446 || .0506G| 19.7403 || .06817 6 

" 2.4992 || .03346 | 29.8823 || .05005 | 19.4273 || .06847 | 14.6059] 5 
01629 i 03376 | 29.6245 || 05124] 19.6156 || 06878} 14.5438 | 4 
01658 5 08405 | 29.3711 || 05153 | 19.4051 |) 00905 | 14.4823] 38 
01687 oa 03434 | 29.1220 || .05182 | 19.2959 || 06034] 14.4212] 2 

Bs 58.2612 |} .03468 | 28.8771 || 052121 49.1879 || .06963| 14.3607] 1 
.01746 | 57.2900 || .03492 | 28.6363 || 05241] 19.0811 |) .06993] 14.3007] 0 

+ \Cotang! Tang |/Cotang! Tang Cotang Tang |/Cotang| Tang | - 
87° 86° 


A 
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13.7267 
13.6719 


13.1969 
13.1461 


12,7062 


12.6591 


12.2505 || « 10.0780 


12.2067 i 10.0483 
10.0187 


1015 A 7.28442 1 
11,8262 8.34496 7.26873 | 1 


11.7853 || . é 8.32446 
| - 8.30406 


712249 B 
9.51436 || .12278 |S. 14435 


Cotang Tang ||Cotang|_ Tang Cotang| Tang 
g4° 83° 82° 
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8° 9° 10° 11° 
Tang Cotang Cotang || Tang | Cotang || Tang | Cotang 
6.31375 || .17633 | 5.67128']} 19438 | 5.14455 
IS . 5.66165 |} .19468 | 5.13658 
5.65205 || 19498 | 5.12862 
5.64248 || .19529 | 5.12069 
5.63295 |] .19559 | 5.11279 
5.62344 || .19589 | 5.10490 
5.61397 || .19619 | 5.09704 
5.60452 || .19649 | 5.08921 
5.59511 || .19680 | 5.08139 
5.58573 || .19710| 5.07360 
6.96823 6.19703 117933 | 5.57638 || .19740| 5.06584 


6.95385 6.18559 |) .17963| 5.56706 |) .19770] 5.05809 
6.93952 |} . 5 -17993 | 5. -19801 | 5.0: 
6.92525 |} . i 18023 

6.91104 }] . 6} 6. 18053 

6.89088 || . is 18083 

6.88278 1288 18113 

6.86874 63: fs 18143 

6.85475 4 18173 

6.84082 |/,.164 095 18203 2 

6.82694 .08 718233 | 5.48451 || ; 4.98940 


-14678 | 6.81312 6.07340 || .18262 ats 4 Q Aree 
‘14707 | 6. 16495 | 6.06240 || .18293 
14737 | 6. 4 |) £16525 | 6.65143 || .18323 
14767 | 6. 6.04051 |} .18353 
14796 | 6. -16585 | 6.02962'|| .18384 
14826 | 6. 6.01878 |} .18414 
14856 | 6. i 6.00797 }} 18444 
14886 | 6. 5.99720 |} .18474 
14915 ‘ 5.9846 || £18504 . 
114945 | €.69116 5.97576 || 118534| 5.39552 || 20345 | 4.91516 


14975 | 6.67787 || . 5.96510 || .18564 | 5.88677 || .20376 4 peak 

-15005 | 6.66 5.95448 |] . 4) 5.37805 |} .20406 | 4.90056 
5.94390 || . 5.36936 || .20436 ri 89330. 
5.93335 || . 5.36070 || .20466 | 4.88605 
5.92283 ]| . 5.35206 || .20497 | 4.87882 
5.91236 || . 5.34345 || .20527| 4.87162 
5.90191 || . 5.33487 || .20557 | 4. 86444 
5.89151 |} . 5.32631 || .20588 | 4. 

. 4] 5.88114 || . 5.31778 |) .20618 

415243 | 6.56055 || ; 5.87080 || .18835 | 5.30928 |) .20648 


15272 | 6.54777 7 5.86051 ace 5.30080 soe 4.83590 
-18925 | 5. 30r39 
-18955 | 5.2 -20770 
-18986 | 5.26 -20800 
19016 | 5. -20830 | 4.80068 
-19046 | 5. -20861 
-19076 | 5. -20891 
. 19106 -20921 
115540 | 6.43484 |} ¢ 5.76937 || .19136 | 5.22566 || :20952] 4.77286 


-15570 | 6.42253 5.75941 || .19166 | 5.21744 || .20982 aioe 
15600 | 6.41026 |} . 5.74949 || .19197 | 5.209 21018 |. 
6.39804 || .. 5.73960 |} .19227 | 5. 21043 
6.38587 || . 3 | 5.72974 |] .19257 | 5. .21073 
6.37374 || . 5.71992 || .19287 | 5.184 21104 
6.36165 || . 5.71013 |} .19317 | 5, .21134 
6.34961 |} . 5.70037 || .19247 | 5. 21164 
6.33761 |} . 5.69064 |} 19378] 5. 21195 
| 15809 | 6.32566 |] . 5.68094 |} .19408 é 21225 
+15838 | 6.31375 || . 5.67128 |} .19438 | 5.14456 || .21256 | 4.70463 
¢ |Cotang| Tang ||Cotang| Tang ||Cotang nas Cotang| Tang 
81° 80° 79° 73° 


= 
a Seoxosaswne| bs 


Nerd ed heed badd dd 
| SHNWRAANTIHDO OHMNWRUAGNIWOO 
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fro 13° 15° 
Tang | Cotang || ‘Tange | Cotang Tang \Cotang - 


4.70463 3.78205 


4.63825 | 
4.63171 


4.21933 
4.21387 


3 

| 
P MW 3 
i A. 16530 || .25862 3. 36671 3 
y 4.15997 || .25893 | 3 86208 i ; 

a t : 
| . 
{ | 
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16° 17° 18° 19° 
Tang jCotang || Tang |Cotang Tang | Cotang || Tang | Cotang 


-23675 | 3.48741 || .30573 | 3.27085 || .82492 | 3.07768 || .34433 | 2.90421 
-28706 | 3.48359 |} .30005 | 3.26745 || 82524 | 3.07464 || .34465 | 2.90147 
-28738 | 3.47977 || .30087 | 2.26406 |) .32556 | 3.07160 || .84498 | 2.898738 
e 32588 | 3.06857 || .34530 | 2.89600 
+28800 | 3.47216 || .30700| 2.25729 || .82621 | 3.06554 || .34563 | 2.89327 
+2832 | 3.48837 || .30732 | 3.25392 |} .32653 | 3.06252 || .84596 | 2.89055 
+28864 | 3.46458 || .30764 | 3.25055 || 82685 | 3.05950 || .34628 | 2.88783 
-28895 | 3.46030 || .30796 | 3.24719 || .32717 | 3.05649 |] .24661 | 2.88511 
-28927 | 3.45702 |} .30528 | 3.24383 || .32749 | 3.05349 || .24693 | 2.88240 
3.45327 || «30360 } 3.24049 || 32782 | 3.05049 || .34726 | 2.87970 
+28990 | 3.44951 |} .20891 | 3.23714 || .32814 | 3.04749 || .34758 | 2.87700} 50 


aot eH 8.44576 |} .30923 | 3.22381 || 32846 | 3.04450 || 34791 | 2.87430 


AID ONIMS } 
= 
wy 
[os 
a 
fer} 
oO 

¢ aes 
c 
a 
oso 
oa 
= 
wo 
So 
e 
bord 
oO 
cw 
no 
S 
Oo 
oO 
wy 


Ht OOo 
~ 
Nw 
Pa 
or 
wo 


[2 | .2905% 202 || .30955 | 3.23048 || .32878 | 3.04152 || 84824 | 2.87161 
13 3.43829 || .30987 | 3.22715 || 82911 | 3.03854 || .34856 | 2.86892 
4} .29116 456 || 31019 | 3.22384 || 182943 | 3.03556 || .343889 | 2.86624 


(29274 | 3.41604 || .31178 | 3.20734 || .33104 | 3.02077 |} 135052 | 2.85299 | 41 
20 | (29305 | 3.41236 || :31210 | 3.20406 || :33136 | 3.01783 || ‘35085 | 2.35028 | 40 


21 | .29387 | 3.40869 || .81242 | 3.20079 || .33169 | 3.01489 || .35118 | 2.94758 | 30 
12 | .29368 | 3.40502 || .81274 | 3.19752 || .83201 | 3.01196 || .35150 ets 38 


46 | .29495 | 3.39042 || .31402 | 3.1845; || .83339 | 3.00028 281 | 2.83439 | 34 
27 | .29526 | 3.38679 || 81434 | 3.18127 || .83363 | 2.99738 || 35314 | 2.83176 | 33 


29 | {29590 | 3.37955 || 131498 | 3.17481 || .33427 | 2.99158 || 35379 | 2.92653 | 31 
30 | .29621 | 3.37594 || 31530] 3.17159 || 33460 | 2.98968 || 135412 | 2.82391 | 30 


31 | .29653 | 3.37234 || 81562 | 3.16838 |) .83492 | 2.98530 || .35445 | 2.82130 | 20% 
-29685 +3159: ‘ AL 


32 8.36875 |] .31594 | 3.16517 |} .83524 | 2.98292 || .35477 | 2.81870 | 28 
29716 65 31626 | 3.16197 || 83557 | 2.98004 || .85510 | 2.81610 | 27 
34 | (29748 | 3.36158 || 8165 | 3.15877 || .83589 | 2.97717 || 35543 | 2.81350 | 26 
-29780 | 3.35: 31690 | 3.15558 || .33621 | 2.97430 || .35576 | 2.81091 | 25 
36 1| 3.35443 || .31722 | 3.15240 || 83654 | 2.97144 || .85608 24 
37 | .29843 | 3.3508) 31754 | 3.14022 || 33686 | 2.96858 || .35641 | 2.80574 | 23 
-29875 | 3.84732 || .31786 | 2.14605 |) 83718 | 2.96573 || .35674 | 2.80316 | 22 
30) 877 || 31818.) 3.14288 }} .33751 | 2.96288 ||. 85707 21 


40 | (29938 | 3.34022 || (31850 | 3.13972 || .33783 | 2.90004 || .35740 | 2.79802 | 20 


41 | .29970 | 3.33670 || .81882 | 3.13656 || .83816 | 2.95721 || 85772 | 2.79545 | 19 
12 | .30001 | 3.83317 || .31914| 3.13341 || .33848 | 2.95437 || .35805 | 2.79289 | 18 
43 | .30033 | 3.32965 Bie 8.18027 || .83881 | 2.95155 || .35838 | 2.79038 | 17 
14 81978 | 3.12713 |} .33913 | 2:94872 || .35871 | 2.78778 | 16 
45 | .30097 | 3.32264 || .82010 | 3.12400 || .83945 | 2.94591 |! .35904 | 2.78523 | 15 
46 | 30128 | 3.31914 || .82042 | 3.12087 |] .83978 | 2.94309 || .85937 | 2.78269 | 14 
47 | 30160 | 3.31565 || .82074 | 3.11775 |] .84010 | 2.94028 || .35969 | 2.78014 | 12 


48 | 80192 | 3.31216 || .32106 | 3.11464 |) .34043:| 2.93748-)| .86002 | 2.77761 | 12 
49 | .30224 | 3.30868 || .82139 | 3.11153 || 84075 | 2.93468 || .36035 | 2.77507 | 11 
50 | .80255 | 3.30521 || .32171 | 3.10842 || 34108 | 2.93189 || .36068 | 2.77254 | 10 
51 | .20287 | 3.30174 || .82208 | 3.10532 || .24140 | 2.92910 || .36101 | 2.77002] 9 
52 | .30319 | 3.29829 |) .82235 | 3.10228 || .34173 | 2.92632 || .86134 | 2.76750] 8 
BS | .80351 | 3.29483 || .82267 | 3.09914 || .84205 | 2.92354 || .36167 | 2.76498 | 7 
4 | 30382 | 3.29139 || .82299 | 3.09506 |] .84228 | 2.92076 || .36199 | 2.76247} 6 
4 30414 | 2.28795 || .82331 | 3.09298 || .34279 | 2.91799 || .36282 | 2.75996 | 5 

‘ 8.28452 || 82363 | 2.08991 || .34: 2.91523 || 86265 | 2.75746 | 4 
i | 20478 +82296 | 3.08685 || .84335 | 2.91246 || 26298 | 2.75496 | 3 

lis 3.27707 || .32428 | 3.08379 || .34368 | 2.90971 || .36331 | 2.75246} 2 
59 | 30541 | 3.27426 || .22460 | 3.08073 |] .34400 | 2.90696 |} .36364 | 2.74997 | 1 
50 73 | 3.27085'|| .82492 34433 | 2.90421 36897 2.74748 | 0 


# \Cotang! Tang ||Cotang) Tang |/Cotang| Tang Cotang! Tang | + 
70° 


f 
l" 
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22° 
ee | rane 
Tang Cotang | Tang | Cotang 


.40403 | 2. 47509 
,40436 | 2.47302 


20° 
Tang | Cotang 


OWOUIRATRWONHO | 


9.45451 
2.45246 


9.58261 
2.58088 


9.72281 
2.72036 


Bas 


5 | 2.31826 
2.31641 


2.56046 
2.55827 


9.69853 
2.69612 


2.67462 
2.67225 


2.51715 
2.51502 


2. "49597 
2.49386 


9.62791 
2.62561 


44488 
44523 


Tang. ||Cotang Tang |\Cotang Tang 
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_ ‘ 
= Somactrmesrn | = 


12 


« |\Cotang| Tang 
65° 


. 


24° 25° 
Tang | Cotang || Tang | Cotang 
~44523 | 2.24604 || .46631 | 2.14451 
44558 | 2.24498 || .46666 | 2.14288 
#44593 | 2.24252 || .46702 | 2.14125 
«44627 | 2.24077 || .46737 | 2.13963 
44662 | 2:23902 || 46772 | 2.13801 
44697 | 2.23727 146308 2.13639 
44732 | 2.23553 || .46843 | 2.13477 
«44767 | 2.23378 || .46879 | 2.13316 
44802 | 2.23204 || 46914] 2.13154 
«44337 oes 46950 | 2.12993 
44872 | 2.22857 || 46985 | 2.12832 
44907 | 2.22683 || .47021 | 2.12671 
~44942 | 2.22510 || 47056 | 2.12511 
44977 | 2.22337 || .47092 | 2.12350 
«45012 | 2.22164 || .47128 | 2.12190 
~45047 | 2.21992 || .47163 |. 2.12030 
45082 | 2.21819 || .47199 | 2.11871 
45117 | 2.21647 || .47234 | 2.11711 
645152 see 47270 | 2.11552 
45187 | 2.21304 |} .47305 | 2.11292 
45222 Bo1132 47341 | 2.11233 
45257 | 2.20961 || .47377 | 2.11075 
45292 | 2.20790 |} .47412 | 2.10916 
-45327 | 2.20619 || .47448 | 2.10758 
45362 | 2.20449 || 47483 | 2.10600 
45397 | 2.20278 || .47519 | 2.10442 
45432 | 2.20108 || .47555 | 2.10284 
45467 | 2.19938 || .47590 | 2.10126 
45502 | 2.19769 || .47626 | 2.09969 
45538 | 2.19599 || .47652 | 2.09811 
«45573 | 2.19430 |] .47698 | 2.09654 
-45608 | 2.19261 || .47733 | 2.09498 
-45643 | 2.19092 }| .47769 | 2.09341 
45678 | 2.18923 }} .47805 | 2.09184 
-45713 | 2.18755 || .47840 | 2.09028 
45748 | 2.18587 || .47876 | 2.08872 
45784} 2.18419 || .47912 | 2.08716 
«45819 | 2.18251 || .47945 | 2.08560 
ie 2.18084 || .47984 | 2.08405 
4 2.17916 || .48019 | 2.08250 
45024 2.17749 || 48055 | 2.08094 
45960} 2.17582 8091 | 2207939 
45995 | 2.17416 || .48127 | 2.07785 
46030 | 2.17249 || 48163 | 2.07630 
46065 | 2.17083 |} .48198 | 2.07476 
46101 | 2.16917 || 48234 | 2.07321 
46136 | 2.16751 || .48270 | 2.07167 
~46171 | 2.16585 || 4: 2.07014 
46206 | 2.16420 || .48342 | 2.06860 
46242 | 2.16256 || .48378 | 2.06706 
46277 | 2.16090 || 48414 | 2.06553 
46312 | 2.15925 || .48450 | 2.06400 
46348 | 2.157 48486 | 2.06247 
A 2.15596 || .48521 | 2.06094 
46418 | 2.15432 || .48557| 2.05942 

2.15268 || .48593 | 2.05790 
46489 | 2.15104 || .48629 | 2.05637 
46525 | 2.14940 |} .48665 | 2.05485 
~46560 | 2.14777 || 48701 | 2.05333 
46595 | 2.14614 || 48737 2.05182 
46631 | 2.14451 || .48773 | 2.05030 


64° 


26° 


49008 


Tang | Cotang 


2.05030 


2.03526 


2.03276 
2.03227 


2.03078,| 


2.02929 
2.02780 
2.02631 
2.02483 
2.02335 
2.02187 
2.02039 


2.01891 
2.01743 
2.01596 
2.01449 
2.01302 
2.01155 
2.01008 
2.00862 
2.00715 
2.00569 


2.00423 
2.00277 
2.00131 


41 1.99986 


1.99841 
1.99695 
1.99550 
1.99406 
1.99261 
1.99116 


1.98972 
1.98828 
1.98684 
1.98540 
1.98396 
1.98253 
1.98110 
1.97966 
1.97823 
1.97681 


1.97538 


1.96261 


A H 
48198 | 2. 3 ‘9: {52575 | 1. 

‘ 5 : A 526 1.90069 
a “ 4) -52650 | 31.899 
8306 | 2. ; a 02 8 

5055 cs 5 89! 
60 || :48486 | 2. i 197395 || « ‘s 
; A 150769 | 1: ; ‘ 
2 4 “ cj .538922 | 1.88602 
: i A ae 53095 | 1, 
; -50916 mi} 2 
-0: " ‘ 
Cotang Tang ||Cotang) Tang ||Cotang| Tang 


eR? 62° j 


27? 


Tang | Cotang 


50953 | 1.96261 
-50989 | 1.96120 
-51026 | 1.95979 
-51063 | 1.95838 
-51099 | 1.95698 
51136 | 1.95557 
51178 | 1.95417 
51209 | 1.95277 
51246 | 1.9512) 
91288 | 1.94997 


51319 | 1.94858 | 50 


51356 | 1.94718 
51398 | 1.94579 
51430 | 1.94449 
51467 | 1.94301 
51503 | 1.94162 
51540 | 1.94023 
.51577 | 1.93885 
51614 | 1.93746 
51651 | 1.93608 
51688 | 1.93470 


51724 | 1.93332 
51761 | 1.93195 
51798 | 1.93057 
51935 | 1.92920 
51872 | 1.92782 
51909 | 1.92645 
51946 | 1.92508 
51983 | 1.92371 

52020 | 1.92235 

52057 | 1.92098 


52094 | 1.91962 
52131 | 1.91826 
52168 | 1.91690 
52205] 1.91552 
52242 | 1.91414 
02279) 1.91288 
52316 | 1.91142 
-52353 | 1.91017 
52390 | 1.90876 
52427 | 1.90741 


52464 | 1.90607 
52501 | 1.90472 
52538 | 1.90337 
52575 | 1.90203 
52613 00 
35 
52687 | 1.89801 
52724 | 1.89667 
52761 | 1.80533 
52798 | 1.89400 


52836 | 1.89266 


3134 | 1.88205 
53171 | 1.88073 


OHO Com OMIM 
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2B° 
Tang | Cotang 


1.86760 
1.86630 


Bee eS = 
Ne Sonn anraonro 


1.85462 
1.85333 


1.84177 
1.84049 


1.82780 
1,82654 
1.82528 
1,82402 
1.82270 
1.82150 
1.82025 
1.81899 
1.81774 
1.81649 


1.81524 


1.80529 


1.82906 ||. 


1. “65337 
9,| 1.65228 


29° 830° 

Tang | Cotang Tang | Cotang 
55431 | 1.80405 57735 | 1.73205 
55469 | 1.80281 || 57774 1.72089 
55507 | 1.80158 || .57813 1.72973 
55545 | 1.80034 57851 | 1.72857 
55583 | 1.79911 || 57890 1.72741 
55621 | 1.70788 || 57929 4.72625 
55659 | 1.79665 57968 | 1.72509 
55G97 | 1.79542 || 58007 173203 
55736 | 1,79419 58016 | 1.72278 
55774 | 1.79296 58085 | 1.72163 || - 
“55812 | 1.79174 || .58124 1.72047 || . 
55850 | 1.79051 || 58162 1.719382 
5Sg8e | 1.78929 53201 | 1.71817 

W 55926 1.78807 || 58240 1.71702 
“55964 | 1.78685 58279 | 1.71588 
56003 | 1.78563 59318 | 1.71473 
5G041 | 1.78441 58357 | 1.71358 
56079 | 1.78319 58396 | 1.71244 
56117 | 1.78198 58435 | 1.71129 
56156 | 1.78077 || "58474 | 1.71015 
5G194| 1.77955 || .58513 1.70901 
56232 | 1.77884 || 58552 1.70787 || - 
56270 | 1.77718 58591 | 1.70673 
56309 | 1.77592 58631 | 1.70560 || 
56347 | 1.77471 || 58670 1.70446 
56395 | 1.77301 || .58709 1.70332 
56424 | 1.77230 358748 | 1.70219 
56462 | 1.77110 || 58787 1.70106 
56501 | 1.76990 58826 | 1.69992 
5539 | 1.76869 58865 | 1.69879 
56577 | 1.76749 || 58905 1.69766 
6016 | 1.76629 || .58944 1.69653 
56654 | 1.76510 58983 | 1.69541 
56693 | 1.76390 59022 | 1.69428 
56731 | 1.7271 || 59061 1.69316 |} - 
56760 | 1.76151 || 50101 1.69208 |} .6 
56808 | 1.76032 || 59140 1.69091 
56846 | 1.75913 || 59179 1.68979 || - 
56885 | 1.75794 59218 | 1.68866 |} - 
56928 | 1.75675 || 59258 1.68754 || . 
56962 | 1.75556 || 59297 1.68643 
7000 | 1.75487 || .59336 1.68531 
57089 | 1.75319 |) 09876 1.68419 
57078 | 1.75200 §9415 | 1.68308 
57116| 1.75082 || 59454 1.68196 
57165 | 1.74964 59494 | 1.68085 
57192 | 1.74846 || 09538 1.67974 
57282 | 1.74728 50573 | 1.67863 
57271 | 1.74610 || .69612 1.67752 
"57309 | 1.74492 || 59951 1.67641 
"57348 | 1.74875 || 59691 1.67530 
57386 | 1.74257 || 59730 1.67419 
57425 | 1.74140 || .09770 1,67309 
57464 | 1.74022 |) .59809 1,67198 
57503 | 1.73905 || .59849 1,67088 
57541 | 1.73788 || 59888 1.66978 
57580 | 1.73671 || 59928 1.60867 
57619 | 1.73555 || 59967 1,66757 
57657 | 1.73438 || 60007 1,04647 
57696 | 1.73821 |} .60046 1,66538 
57735 | 1.73205 || .60086 1.66428 
Cotang| Tang ||Cotang! Tang ||Cotang| Tang 


60° 


59° 


58° 


I ee ea 


ee a ee 
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33° 34° 35° 
-| Cotang || Tang | Cotang Tang | Cotang 


~ 


1.53986 || . 1.48256 70021. ree 
1.53888 ‘ 
1.53791 
1.53693 
5106 | 1.53595 
1.53497 
1.52400 
1.53302 
1.53205 
1:53107 || .678% ; 
| (65358 | 1.53010 || . 1.47330 || :70455 | 1.41934 


65397 | 1.52913 || . Se -70499 | 1.41847 


CON CRwWNRO 


1.57981 || * 1.52043 || | 1.46411 


1.57879 || . ih aloes : 1.46320 
0} 1.57778 || .655 ‘ 1.46229 
1.57676 || . z -68429 | 1.49137 
1.57575 || . : i 1.46046 5 
1.57474 || . -51562 || . 1.45955 || « i - 
1.57372 || . : «68! 1.45864 5 
1.57271 || .66063 } 1. E 1.45773 || . is 
1,£7170 || « x 5 || 686 1.45682 || . é ? 
1,57069 |} . el 5) 1.45592 |] . 
1.56969 |] . Hy 1.45501 || .71329 | 1.40195 


1.56868 || . -509 ‘ 1.45410 |) .71273 | 1.40109 | 2¢ ; 
«G 314] 1.45320 || .71417} 1. ) 
1.45229 || .71461 | 1.39936 
1.45139 || .71505 | 1.39 
1.45049 || .71549 
1.44958 || .71593 
1.44868 || .71687 | 1. ; 
1.44778 || .71681 | 1. ; ] 
i ‘ d 1.44688 || .71725 7 
| 1.55966 |] « 1.50133 |] £69157 | 1.44598 |) (71769 | 1.39386 ; 


1.55866 || . 1.50038 || . 1.44508 |} .71813) 1.39250 
5 1.49944 || .593 1.44418 || .71857 

1.49849 |} .69% 1.44329 || .71901 

1.49755 |! .69329 | 1.44239 || .71946 

1.49661 |} . 1.44149 || .71990 

1.49566 |] . 1.44060 || .72034 

1,49472 || . 1.43970 |} .72078 

1,49378 || . 1.43881 || .72122 
; 66 1.49284 || . 1.43792 || .72167 | 1. 

1.54972 || | 1.49190 |} . 1.48703 |{ .72211 | 1.38484 


1.54873 || - 1,49097 |) 69631 | 1.43614 || .72255 | 1.38809 


SOM tO Wm Ora s100c0 


"67451 | 1.45 "70021 1.42815 172654 | 1.37638 
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36° 


ee 
Tang | Cotang 


1.35968 
1.35835 


4, 3238 
1.34242 


29. 


37° 


es eee 
Tang | Cotang 


1.32704 
1.32624 
1.32544 
1.32464 
1.32384 
1.32304 
1.32224 
1.32144 
1.32064 
1.31984 
1.31904 


1.31825 


1.31110 
1.31031 


1.20323 
1.30244 


1.29541 


1,29463 
1.29385 
1.29307 
1.29229 
1.29152 
1.29074 
1.28997 
1.28919 
1.28842 
1.28764 


1.28687 


dt 26471 
1.26395 


1.24969 


1.24895 
1.24820 
1.24746 


1.24672 || 


1.24597 
1.24523 
1.24449 
1.24375 
1.24301 
1.24227 


6 | 1.24152 


1.23490 || .8: 


||Cotang Tang 


51° 
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1.22031 
1.21959 


1.19882 
1.19811 


1.19175 
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50° 


Natural Trigonometric Functions 1071 
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41° 42° 
Cotang || Tang | Cotang|| Tang | Cotang 


1.19175 |} £86929 | 1.15037 
60 j -86980 | 1.14969 
-87031 | 1.14902 

87082 | 1.14834 

87133 | 1.14767 

87184 | 1.14699 

87236 | 1.14632 

87287 | 1.14565 

87838 | 1.14498 

87389 | 1.14430 || . 

7 | 1.18474 |] 187441 | 1.14363 |] 1.10414 


1.18404 || .§ 1.14296 || . 1.10349 

7 | 1.18334 : af 
1.18264 
1.18194 
1.18125 
1.18055 
1.17986 
1.17916 
1.17846 || . 7 

906 | 1.17777 || . 1.13694 


1.17708 || . 1.13627 

1.176388 || . 1.13561 

Sos ose ir 1.13404 

7500 || . 1.13428 

L T7490 “ 1.13361 

1.17361 || .88265 | 1.13295 

1.17292 || .88317 | 1.13228 

08 | 1.17223 || . 1.13162 

1.17154 || . 1.13096 
1.17085 || .88473 | 1.13029 || :91633| 1.09131 


1.17016 |} .88524 | 1.12963 || .91687} 1.09067 || . 1.05317 
576 | 1.12897 || : ‘ cs 1.05255 


1.12369 |] (92170| 1.08496 


5 | 1.12303 || .92224] 1.08432 
1.12228 || 05 
1,12172 
1.12106 
1.12041 
1.11975 
1.11909 
1.11844 
1.11778 

1.15715 |} .89515 | 1.11713 |] :92709| 1.07864 


1.15647 || .89567 | 1.11648 || 92763] 1.07801 
20 | 1.11582 : 
1.11517 
1.11452 
1.11387 
1.11321 
1.11256 
1.11191 
1.11126 
1.11061 eae 07237 


8° ; 47° 


Natural Trigonometric Functions a 
Natural Tangents and Cotangents 


1 ‘017! 61 
1.01702 
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PRINCIPLES OF HYDROMECHANICS = ~~ 
1. Definitions 


Hydromechanics deals with the equilibrium and motion of fluids and of 
bodies in.or surrounding them. Frurps are those bodies which offer very 
small resistance to deformation. Lioumps are those fluids whose particles 
tend to cling together. GASES are those fluids whose particles tend to sepa- 
rate from each other. 

Hydromechanics is divided into Hydrostatics, which tteats of fluids at rest, and Hydra- 
dynamics, which treats of fluids in motion. Hydraulics is that part of Hydrodynamics 
which treats of water in motion. 

Pressure is the force with which one body presses or acts upon another. 
The pressure acting on any surface is understood to be the sum ot all the 
normal pressures and normal components of pressures acting on that surface. 
INTENSITY OF PRESSURE at any point is the pressure exerted upon a unit area 
at that point: - 

Pressure Head, at any point in a fluid at rest, is the vertical distance of 
the point from the free surface cf the fluid. h=p/w, where h is the head, 
p is the pressure in pounds per-square foot, and w is the weight per cubic 
foot of the fluid. 

‘Velocity Head. If, thru a small area, the velocity of a fluid is v feet per 
second, the velocity head is v2/2 g, g being the acceleration due to gravity 
in feet per second per second. j 


Head of Elevation is the height of a point above any assumed datum. If i 


any point is z feet above any convenient datum level, the head of elevation 
at that point above the given datum is said to be z feet. 
Friction Head is the head absorbed in a fluid in motion, among its own 
particles and between itself and its bounding surfaces. 

Density is the number of units of mass in unit volume of a substance. 
RELATIVE DENSITY is the ratio of a given density to some density taken as a 
standard. When pure water at its maximum density is taken as a standard, 
the relative density becomes the specific gravity. 

One Atmosphere gives a pressure equal to 14.7 lb per sq in. This is equal _ 
to the pressure at'the base of'a column of water 34.0 ft high or of a column 
of mercury 30 inches high. Heio. 42 ukaie 2 ps «FF 


Me Re 


2. Properties of Water 


Compressibility of water is very slight and varies greatly with the temper- 
ature and amount of air in solution. M. Grassi obtained the following 
results with distilled water: 


Temp. | Max. pres., Mean compres- || Temp. Max. pres., | Mean compres- 
Fahr. | atmospheres | sibility per atmos. Fahr. | atmospheres | sibility per_atmos- 


32° 1-4 ©.0000502 ~ 56° 8.4 0.0000476 
35° |. 10.0 ©.0000515 79° 7.2 0.0000455 
Feed Bo ©.0000480 128° 6.3 0.0000444 


At a pressure of 65 000 pounds per “square inch, water is said to be comprest over 
: 10%. (Eng. News, Oct. 4, 1900.) ‘ 
Impurities in water slightly affect the specific gravity, as shown by the 
following values from various authorities: 
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Rivers: Garonne, France........-.------- oe: ae eS ssizseses ZeO00L49 
Thames, England........-.----< 120003, 
MUresrectasn. LU, 9. (OMCTED in nn an leew caw mem nicrn cine nee 1.00025 
oon lao une se 1.0003 to 1.006 

_ 1.0265 
I.172 


Air ordinarily dissolved in water varies with the temperature. The 
amounts of oxygen-and of air dissolved at different temperatures under a 
pressure of one atmosphere, as determined at the Lawrence Experimental 
‘Station, are as follows: , 


Oxygen and Air Dissolyed in Water under a Pressure of One Atmosphere 
In parts per 100 000 by weight. 


F 
B 


4 
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a : ry 
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Effect of Temperature. The following table gives relative density or spe- 
cific gravity and the weight of a cubic foot of water at various temperatures. 


Specific Gravity and Weight of Water 
Log of Log. of 


Temp.| Specific | Pounds Pere er Temp.| Specific | Pounds 
Fame | gravity (per cu't| “SER RS" || abe | gravity. foer cute NORE Re 


¥5°* | 0.99831 |esse sees] sse------e- 80° -99669 62.217 1.79391 
20 -99898 |... - 85 -99592 62.169 1.79357 
25 -99947 |.----- -|| 9° -99510 | 62.118 | 1.79322 


go 565979) |----5-- = 14> mE OS aeO 95 -99418 62.061'| 1.79282 
32 99987 | 62.416 1.79529 100 +99318 61.998 1.79238 
35° -99996 | 62.421 | 1.79533 Tx0° 299105 | 61.865 | 1.79144 


SO-S4 Ls 62.424 I.79535 120 .98870 61.719 1.79042 
40 9.99999 | 62.423 | 1.79534 130 -98608 | 61.555 | 1.78926 
tks -99992 | 62.419 I-79532 140 -98338 61.386 1.78807 
5° -99975 | 62.408 1.79524 150 «98043 61.203 1.78673 
55° +99946 | 62.300} 1.79511 160° -97729 } 6.006 | 1.78537 
Go .| .99907 | 62.366 | 1-79495 179 -97397 | 60.799 | 4.78390 
65 -99859 | 62.336 | 1-79474 180 -97056 | 60.586 | 1.78237 
7° ~99802 | 62.300 | 1.79449 200 +96333 | 60.135 | 1.77913 


75 -99739 | 62.261 | 1.79422 || 212 -95865 | 59-843 | 1.77702. 
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3. Hydrostatics 


Laws of Perfect Liquids. (x) At any point in a liquid at rest the hydro- 
static pressure is the same in all directions. (2) At all points in a horizontal 
plane in a liquid at rest the pressure is the same. (3) The pressure of water at 
rest, upon the surface of the vessel containing it, is normal to that surface at 
every point of it. (4) Ifa body be immersed in a liquid, the pressure upon 
it will be normal at every point of the surface of the body, (5) Every external 
pressure upon a liquid jn a vessel will be trans- 
mitted with equal intensity to all parts of the- 
liquid and of the containing surface. f 

The Hydrostatic Press, often called the 
hydraulic press, is used to exert heavy pressures 
Bast generated in accordance with law (5s), Let Pibe 

3 a force applied thru-the small area @; its in- 
tensity per unit of area is P;/a, and this acts with equal intensity upon all parts of © 
the area A of a large piston in a strong cylinder. Thus the total pressure Pe on 
the large piston is Pp=P1 A /a. If A =roooa, then P2=1000 P;.- The work of the 
resisting force Pa cannot, however, be greater than the work of the applied force Pi.” 


Head and Pressure. In still water the unit pressure at any point is 
directly proportional to its distance below the surface. One ft head gives & 
pressure of 0.4335 lb per sq in; one Ib per sq in pressure is produced by a head 
of 2.3068 ft. These values are for fresh water at its maximum density (39.°3 F.) 

The Center of Pressure for any plane surface acted upon by a fluid is 
the point of action of the resultant pressure acting upon the surface, The 
resultant pressure P on any sub- 
merged plane area = Az,-w, where 
A is the area, sp is the vertical 
distance from the free surface of 
the fluid to the center of gravity 
of the area, and w is the weight 
of unit volume of the fluid. — 

To find the location of the center of 
pressure of a plane area, extend the 
plane until it cuts the free surface of 
the liquid and call the trace OY then 

x =1yJAxg =1 gy) 
where x- is the perpendicular distance 
from the center of pressure to OY, Jy is 
the moment Of inertia of the area about 
OY,A is the area, x¢ is the perpendic- 
ular distance from the center of grav- ; 
_ ity of the area to OY, and rzy is the Fig. 2 

radius of gyration of the surface about ale 
the axis Y, and rgy=xg?+ 7g" Values of xg and rg? are found from Section 4, for 
common plane areas, xg being equal to the distance from the center of gravity to the 
upper edge plus the distance from that edge to the axis OY, and rg is radius of gyration 
corresponding to axis thru G. _ For example, let a triangle of base 4 and altitude d be 
immersed vertically in water with its vertex. at a distance 2d below the surface and its 
pase parallel to the surface; then xg = 24+ 764,and re? = Yasd?, whence xp = *°/s9d- 

Flotation. When a body floats in a fluid, the surface of the body in con- 
tact with the fluid is subject to hydrostatic pressures, the intensity of pressure 
on any element of the surface depending upon its depth below the surface. 
The resultant of the vertical components of these hydrostatic pressures is 
called buoyancy. * 7 oe 
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Archimedes’ Principle. The resultant pressure of a fluid on a body 
immersed in it acts vertically upward thru the center of gravity of the ae 
placed fluid and is equal to the weight of the fluid displaced. 

Center of Buoyancy is the center of gravity of the displaced fluid ane is 
the point of application of the resultant of all the upward forces acting on the 
body. 

Stability of Floating Bodies. lf the weight of the sclid is, not Auety to 
the weight of the displaced fluid, that is, to the buoyanéy effort, or if its center 
of gravity does not lie in the same vertical line with the center of buoyancy, 
the two forces form an unbalanced system and motion begins. Tf, when the 


forces are equal, the center of gravity of the solid lies in the same vertical 


line as the center of buoyancy and underneath the latter, the equilibrium is 
stable, while if above, the equilibrium is unstable, and if the two centers 
coincide, the equilibrium is indifferent. 


Viscosity is the evidence of cohesion between the peers of a fluid and is | 


that physical property of a fluid which causes it to offer a resistance, analogous 
to friction,'to-the relative sliding motion of two adjacent particles.; ‘This 
property, chiefly, noticeable when the fluid is in motion, is the cause of all 
so-called fluid friction, 

_ Surface Tension is caused by the ‘cohesion of the molecules oe a fluid act 
gives it the appearance of haying an elastic skin at its surface of separation 
from a gas or any other fluid, 

The Specific Gravity of a solid or liquid is the ratio of its weight to the 
weight of an equal volume of water. Thus, the specific gravity of a’ stone 
which weighs rso lb per.cuft is 150/62.5 = 2.4) Fora body,heavier than 


water the specific gravity is also the ratio of its weight to the loss of weight _ 


in water when entirely submerged. Thus, if W be the weight in air, and W’ 
the weight in water, then specific gravity = W/ (W —W’); for example, if 
a piece of lead weighing 6. 45 lb in air weighs 5.88 lb when submerged, then 
the specific gravity of lead is 6,45/o.57 = 11,3, For a body lighter than 
water, sink it by means of a heavier body and then deduct the weight of the 
latter.. ‘For porous substances and for liquids special methods are used; see 
P- 483 for cement, 


4, Hydrodynamic Laws 
Torricelli’s Theorem. The velocity of a jet of liquid discharging under 


a head # is the same as that acquired by a body falling thru the same height. . 


Bernoulli’s Theorem. In steady flow the sum of the velocity head, pres- 
sure head, and head of elevation at any point is.equal to the sum of the cor- 
responding heads at any other point + the losses of head due to friction; 
+ if the last point is downstream from the first point, — if upstream. This 
may be exprest by the following equation, known as Bernoulli's Theorem: 
Let two points be 1 and 2, 2 beitg dowrstream from~z; f, and 2 be the 
fluid pressures at 1 and‘2; v; and v» be the velocities at 1 and 2; he, and hes 
-be' the elevations of 1 and 2 above any ‘convenient datum level; w be the 
Weight of a cubic unit of the fluid; g be the acceleration due’ to gravity; shi 
the loss of head due to friction between x and 2." Then 

2 
; ; of ORR ae ge 

" 28 28 

Conservation of Energy. Inssteady flow the sum of Kinetic and potential 


+ hea Ay 


’ 


energies ; atany point in a stream is equal to the sum of the le mac and potential 
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energies at any other point in the stream + the loss of energy due to friction 
between the two points; + if the second point is downstream from the first 
point, — if upstream. If both sides of the equation of Bernoulli are multi- 


e is | 
i t 
te Crarde : i 


he, 


clades 


Tig. 3. Bernoulli’s Theorem 


plied by the mass passing either of the two points in’ unit time, the two sides. . 


can be reduced to the form of the summation of kinetic and potential energies. 

Charles’ or Gay-Lussac’s Law. The pressure remaining constant, the 
volume of a given mass of gas varies directly with the absolute temperature. 
If the pressure is constant, the heaviness (and therefore the specific gravity) 
varies inversely with the absolute temperature. The volume and heaviness 
remaining constant, the pressure of a given mass of gas varies directly with 
the absolute temperature. - P 

Boyle’s or Mariotte’s Law. The temperature. remaining constant, the 
_ pressure of a given mass of gas varies inversely with the volume and directly 
with the heaviness. 

Dalton’s Laws. Ina mixture of different gases when there is equilibrium, 
each gas behaves as a vacuum to all the rest. If one or more liquids are 
introduced into a space of given volume, the amount of vapor given off by 
each depends only upon the temperature and pressure and is independent 
of any other gas or vapor present, and therefore the total pressures of the gases 
and vapors contained in the space is the sum of the separate pressures, which 
each would exert if it were the only one present. The law does not hold 
good when the respective liquids and gases act chemically with one another. 


-Avogadro’s Law. In equal volumes of gases having the same temperature 
and pressure the numbers*of molecules ate the same. 


5. Jets and Vortices 


Impact and Reaction. When a stream of a fluid impinges on a solid 
surface, it presses on the surface with a force equal and opposite to that by 
which the velocity and direction of motion of the fluid are changed. Gener- 
ally in problems on, the impact of fluids it is necessary to neglect the effect of 
friction between the fluid and the surface on which it moves and.in the jet itself. 

Reaction of Jet upon a vessel from which it issues. Let A be the area 
of the orifice, be the head on the orifice, w be the weight of unit volume of 
the fluid. ‘Then the reaction of jet is P =2 Ahw. 

Tf the orifice is in a thin plate with a coefficient of velocity =0.96 and a 
coefficient of contraction 0.64, then P= 0.96 x0.64x2 Ahw, or P=1.23 Ahw. 

Impulse of a Jet on a Fixt Curved Vane with borders. Let § be the 
angle thru which the jet is turned, Q be the volume of discharge of the jet 
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per unit of time, U be the absolute mean velocity of the jet. Taking the 
X axis as the axis of the jet before deflection and the Y axis at right angles-to 
that in the plane of the jet, then 


Pr= Sey (cos 8 Py= S80 sin 6 
P= ey a = es 6) 


If wis the angle the force ve tales wich the X axis, 
tan y =sin 0/(1—cos 0). For a flat vane perpen- 
dicular to axis of jet, P = Px = QuU/g. 

Impulse of a Jet on a Fixt Solid of Revolution é a 
whose axis coincides with the axis of the jet is the Piz, 4:. Reaction of Jet 
same as in the preceding case except that Py =o. 

*Then P= Pz = QywU/g (1—cos‘@). ‘The direction of the force is along the axis 
of the jet. 

Impulse of a Jet upon a curved vane with borders moving with a uniform velocity i in the 
Birection ofthe jet. Let V be thé@absolute velocity y the vane, A the area of the jet; then 


Foree with which vane is moved is Pz = au V)*\1 — cos 6). 


z A 
Work done on the vane, W = ae — V)? V(1 — cos 6), 


Maximum efficiency is obtained when @ = 180° and V =U /3, and is 16/27, or 59.3%. 


Fig. 5 Impulse upon Curved Vane Fig. 6. Solid of Revolution 


Impulse of a Jet upon a solid of revolution,whose axis coincides with the axis of the . 
jet, moving with a uniform velocity in the direction of the jet, is the same as in above 
case of a moving curved vane. 

Impulse of a jet upon a series of curved vanes with borders, or upon a series of surfaces 
of revolution, whose axes coincide with the axis of the jet; moving in the direction of the 
jet. The force and work are 


p= uy w-V) (x— cos 6) w= “Sy UV) VG cos8) 


Maximum efficiency is obtained when 0= 180° and V=U /2, and is unity. 
Impulse of a Jet upon a flat vane without borders, moving 
in the direction of the jet. Force and work are 


p= 4” (y—yy?sin?d = a ib V)? V sin? 
g& 


In this case @ is the minimum angle between the vané and the 
jet, and is 90° when vane is normal to axis of jet. ‘The maxi- 
~ mum efficiency i is obtained when 6=90° and V=U/3, and is 
29.6%. 
Impulse of a Jet upon a series of flat vanes without borders _ 
Fig. 7. Flat Plate moving in the direction of the jet. . Force and work are 


pe 44 ws rae wee Su ayo 
g& & f 


The maximum efficiency is obtained when @ =9g0° and V =U /2, and is 50%. 
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Radiating Current. If water flows from a center outwardly betweett 
two parallel plates, and friction be neglected, the pressure head atany point 
distant R, from the center is : 

Py, H- R?V? 


A 2 gk; and RV; =R2V2 


where V; is the velocity at radius R, and V2 that at Re. If the discharge 
from between the plates is into air, the pressure at the outlet is atmospheric, 
and as the pressures decrease toward the center the pressure on the top of 
the upper plate is greater than that on the bottom of it. This explains ~ 
the phenomenon of the so-called ‘ball nozzle.” 3 ; 

Vortices. A Free Circular Vortex js a revolving mass of water in which 
the stream lines aré concentric circles and in which the total head for each 
stream life is the samé, or R,\V, = RoVq as in a radiating current. 

A Free Spiral Vortex is a revolving mass of water having a radiating flow, 
combined with a circular flow, in both of which f 

RiVy = R2Vo z 4 
and the same equation holds for the spiral motion in which the direction of 
- the current will make a constant angle with the radius to its axis, or when 
the path of the current is a logarithmic spiral. The centrifugal pump delivers 
water into its shell ina free vortex of this kind, the velocity diminishing and the 
pressure increasing as it flows outward. 

A Forced Vortex is 4 revolving mass of water in which, by the application 
of some fofce or forces, the law of velocity variation is caused to be different 
from the above. The simple case is that in which all the particles have 
equal angitlar velocity. Then if w = angular velocity and v =Rw, the pressure : 
head at any point is Pp Rw 


ot w 28 
and the relations at any two points, 1 and 2, in the same horizontal plane are 


Po-P, enue (Re Rg) = oe 
ee 28 


+ a constant 


w 


This is the equation of the surface assumed by the water in a revolving vessel, and 
indicates that radial planes will cut’ the surface in paraboias with vertices downward 
and at the center. The height 2x of the surface at any point x above a tangent to the 
parabola at its vertex o is i Pyro Py WR var - 


fxs 


w 28 28 : 

Rectilinear Translation and Acceleration. When a mass of water is 
enclosed in a vessel and moves in 4 straight line with uniform velocity, the 
pressure upon each surface along horizontal planes will be uniform, but if © 
the motion be uniformly accelerated, then the pressure varies from the front: 
to the rear of the vessel for positiy acceleration and vice versa. for negativ 
acceleration or retardation. 

If points 1 and 2 are distant « apart horizontally, and j is the acceleration, 


(Py —Ps) [w= 8; = 82 = xj] g 


and the surface has an angle of inclination ¢ whose tangent is j/g- 


6. Hydraulic Computations 


Units of Measure used in this Section aré the second, the foot, and the 
pound-weight. For some minor quantities such as pressures and diameters 
the inch is employed instead of the foot, but the latter is to be used in all 


"hydraulic formulas. “(Art. 9 employs metric units.) 


y ‘Hydraulic Computations 


Powers of Numbers, Velocities, Velocity Heads 


©.00T0 
{0.0028 
0.0052 
0.0080 
'O.O112 
{0.0147 
0.0185 
}o,0226 
0.0270 
0.0316 
0.0894 
0.1643 
0.2530 
9-3536 
0.4648 
0.5857 
9.7155 
0.8538 
1.000 
1.154 
2.305 
I,482 
1.657 
1.837 
2.624 
2.217 
2.415 
2.619 
2.828 
3-043 
13-263 
3-488 
3-718 
3-953 
4-192 
14-437° 
4-685 
4-939 
5-196 
5-458 
5-724 
45-995 
6.269 


are wi te Th Ve 
PG b H'O WO HOt 


i 
© O~ HUA 


ie) 


arte eer ass meet 
Ooms OM FW. 


+ 


RobHO 


° 
° 
° 
a 
IT 
I 
Tt 
I 
I 

ox 
I 
I 
I 
2 

2 
2. 
2 
2 
2 
2 
2 
2 
3 
x 
3 
3 
3 
3 


0.0464 
0-973 7. 
0.0965 
0.1170 


O. 1357 


O- $533 
0.1699 


0.1857 
0.2008 
0.2155, 
0.3420 
0.4481 
O- 5429 
0.6300 
O.7I14 
0.7884 
0.8618 
0.9322 
r.o00 
1.066 
1-129. 
I.19r 
T.251 
1.310 
1-368 
1.424 
1.480 
1-534 
1.587 
1.640 
1.692 
1-742 
T- 793 
1.842 
1.891 
1-939 
1.987 
2-034 
2.080 
2.126 
2.172 
2207, 
2.261 


ns 

0.0032 
0.0075 
0.0125 
0©,0179 


0.0236 
©,0297 
0.0360 
0.0425 
0.0493 
0.0562 
0.1338 
Or, 2220, 
0, 3181 
0.4205 
0.5281 
0, 6403 
0.7566 
0.8766 
1.000 
I.127 
1,256 
1.388 
16523 
1.660 
1-799 
I.941 
2,085 
2,231 
2.378 
2.528 
2,679 
2.832 
2.987 
3-144 
3.302 
3-461 
3+622 
3-784 
3-948 
44113 
4.280 
4.448 
4.617 


0.0251 
0.0437 
0.0605 
0.0761 
0.0910 
Paloss 
©.1191 
0.1326 
00-1457 
0.1585 
Pis2 759 
0.3817 
0.4804 
O53 
0.6645 
0.7518 
0.8365 
0.9192 
I.000 
72079 
BEANE 
4283 
1.309 
1.383 
1-456 
I-529 
I.600 
I.671 
1.74 
r.810 
1-879 
1-947 
2.015 
2.081 
2.148 
2.214 
2-279 
2-344 
2.408 
2.472 
2.536 
2-599 
2.662 
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0-535 
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0.0002 


0.0007 
0.0014 
0.0024. 


0.0037 
©.0052 
0.0069 
0.0089 
O.O1IL 
0.0135 
© -0493 
0.1052 
0.1802 
0.2736 
0.3847 
PSEA 
0.6588 
0.8212 
T.000 
T-195 
2.406 
1.633 
1.876 
2-135 
2.408 
2.697 
3-002 
3-321 
3-655 
4-005. 
4-369 
4-747 
5-149 
5-548 
5-970 
6.407 
6.858 
7-323 
7-802 
8.296 
8.803 
9-324 
9-860 


6.0851 
0.1233 
0.3532 
0.1787 
©.2013 
0.2219 
.2410 
9.2589 
89-2757 
0.2917 
0.4227 
Q.5255 
0.6125 
0.6902 
0.7609 
0.8263 
0.8875 
0.9452 
1.000 
T.052 
I.102 
I-15 
E-I97 
T.242 
T.286 
1.328 
1-370 
I.410 
T-449 
1.487 
E.524 
1-561 
E=597 
1-633 
1.667 
1.704 
1-734 
1.768 
1.800 
1.832 
1.863 
1.894 


T.924 


0.802 
1.134 
1.389 
1.604 
T-793 
1.965 
2.122 
2.269 
2.406 


22537: 


3-587 
4-393 
5+973 
5-671 
6,213 
6.710 
7-174 
7-609 
8.021 
8.412 
8.786 
9-145 
9-499 
9-823 
IO.15 
10.46. 
10.76 
Ir.06 
tr+34 
11.62 
II.9g0 
12.16 
12.43 
12.68 
12.93. 
13-18 
13-42 
13-66 
13-89 
14.32 
14-35 
14-57 
14-79 


"60,0188 


0.0224 
9.0263 
0.0305 
+9350}. 
+0398 | 
2.0449 | 
70504 
9.0562 
0.0622 | 


(00686 


20752 
°,0822 
0.0895 
0.0972 | 
0, 1051 
9.1133 
0.1219 
9.1307 


9.1399 
0.1494 
©,1592 
0.1693 


0, T797 


‘The last colar contains values of the velocity head n?/2g for the yalies of the 
_ Yelocity n and the last column but one gives values of the theoretic velocity due toa 
head #. The value of g used in these columns is 32.162 ft per sec per sec. 
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Powers of Numbers, Velocities, Velocity Heads (Continued) 


3 
3 


sf, n =e 
52 ns ni25 ni8 nh8T | 585 | 4/2 gn| m/2¢ 


5 | 6-548] 2-305 | 4-787 2.724 | 10-41 | 1-955 | 15-01 | 0.1904 
.6 | 6-831] 2-349 | 4-959 | 2-786 | 10-97 1.984 | 15.22 | 0.2015 
4 |-7-117| 2-392 | 5-132 2.848 | 11-55 | 2-014 | 15-43 | 0-2128. 
.8 | 7-408] 2-435 | 5-306 | 2-910 | 12-14 2.043 | 15-64 | 0.2245 
9 | 7-702| 2-478 | 5-481 | 2-971 12.74 | 2-071 | 15-84 | 0.2364 
o | 8-000] 2.520 | 5-657 | 3-931 13.36 | 2-099 | 16-04 | 0.2487 
1 | 8.302] 2.562 | 5-834 | 3-092 | 13-99 2.127 | 16.24 | 0.2613 
2 | 8.607| 2.603 | 6-013 | 3-152 | 14-64 | 2-155 | 16-44 | 0.2742 
3 | 8.916] 2.644 | 6.192 | 3-212 | 15-30 2.182 | 16.63 | 0.2874 
4 | 9-229] 2-685 | 6-373 | 3-272 | 15-97 | 2-209 16.82 | 0.3009 
4.5 | 9-546] 2-726 | 6-554 | 3-331" 16.65 | 2.236 | 17-0r 0.3148 
.6 | 9-866] 2.766 | 6-737 | 3-399 | 17-35 2.262 | 17.20 | 0.3289 


7 \r0.19 | 2-806 | 6.920 | 3-449 18.07 | 2.289 | 17-39 | 0-3434 
-8 |ro-51 | 2-846 | 7-105 | 3-597 18.79 | 2-315 | 17-57 | 0-3582 
-9 |r0-85 | 2-885 | 7-290 | 3-566 | 19-53 | 2-340 17-75 | 0-373? 
.o |rr.18 | 2.924 | 7-477 | 3-624 | 20-28 2:366 | 17-93 | 0-3886 

z |rr.52\ | 2.963 | 7-664 | 3-682 | 21-05 | 2-397 18.11 | 0.4043 
.2 \r1.86 | 3-001 | 7-852 | 3-739 21.82 | 2.416 | 18-29 | 0.4203 
3 \12.20 | 3-040 | 8.042 | 3-797 22.62 | 2-441 | 18.46 | 0-4367 
.4 |12-55 | 3-078 | 8-232 | 3-854 | 23-42 2.465 | 18.64 | 0.4523 

5 |12-90 | 3-116 | 8-423 | 3-911 | 24.24 2.489 | 18.81 | 0.4702 

6 |13-25 | 3-153 | 8-615 | 3-968 | 25-07 | 2-514 18.98 | 0.4875 
-7 |r3-6r | 3-191 | 8-807 | 4-024 | 25-91 | 2-537 Ig.15 | 0.5051 
8 
9 
° 


13-97 | 3-228 | 9-001 4.081 | 26.77 | 2.561 | 19-32 | 0-5231 
14-33 | 3-265 | 9-295 | 4-137 | 27-64 2.585 | 19-48 | 0.5411 
14-70 | 3-302 | 9-391 | 4-193 | 28-52 2.608 | 19-65 | 0.5596 


6-1 |t5.07 | 3-338 | 9-587 | 4-249 | 29-41 2.631 | 19-81 | 0.5784 
6.2 |rs-44 | 3-375 | 9-783 | 4-304 | 30-32 | 2-654 -] 19-97 | 0-5975 
6.3 |15-8r | 3-412 | 9-982 | 4-360 | 32-24 2.677 | 20.13 | 0-6270 


16.57 | 3-483 |r0-38 4-470 | 33-12 | 2-722 20-45 0.6568 
16.96 | 3-519 |10-58 4-525 | 34-08 | 2-744 | 20-61 | 0.6771 
7 \17-34 | 3-554 |20%78 4.580 | 35-06 | 2-767 | 20-76 o.6978, 
6.8 |17-73 | 3-589 |10-98 4.635 | 36-04 | 2.789 | 20-92 “0. 7188 
9 
° 


I 
2 
3 
6.4 |16-19 | 3-447 |10-18 4-415 | 32-18 | 2-700 | 20-29 0.6367 
5 
6 


18.13 | 3-624 |1r-18 4.689 | 37-04 | 2-811 | 21-07 | 0-740 


7 18.52 | 3-659 |II-39 4-743 | 38-05 | 2.832 | 27-22 | 0.7617 
7-1 |18.92 | 3-694 |21-59 | 4-797 | 39-07 | 2-854 | 21-37 0.7836 
7-2 |19-32 | 3-729 |II-79 4-851 | 40.10 | 2.875 | 21-52 0.8058 
-3 \19-72 | 3-763+|12-00 4-905 | 41-15 | 2.896 | 21-67 08284 
-4 |20-13 | 3-797 |12-21 4-959 | 42-21 | 2-918 | 21-82 0.8512 | 
3-832 |12-41 5-012 | 43-29 | 2-939 | 21-97 0.8744 
3-866 |12.62 5-066 | 44.37 | 2-960 | 22-11 0.8979 
2.980 | 22.26 | 0-9217 
3-001 | 22.40 | 0.9458 
22-54 | 0.9702 


powers of - 
numbers which are useful in weir corhputations, and also other powers which 
occur in exponential formulas for flow in pipes and channels. The last 
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‘Powers of Numbers, Velocities, Velocity Heads (Continucu/ 
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. column contains values of the velocity-head n®/2 g for various values of 7, 
. ‘and the last column but one gives values of the theoretic velocity V2 gn for ~ 
_ ahead x, The value of g used for these columns is 32.162 ft per sec per sec. 
| See Sect. 1, Art, 13, for a more extended table of three-halves powers. bab 
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FLOW IN PIPES AND CHANNELS 
7. Orifices and Short Pipes 


Small Orifice in a Thin Plate. When efflux takes place thru an orifice 
in a thin plate whose diameter is not greater than 1% the head, a contracted: 
vein, or “vena contracta,” is formed, the filaments of water hot becoming 


parallel until reaching a plane at right angles to the axis of the jet and about . | 


14 its diameter from the orifice; and not until reaching this plane does the 
internal fluid pressure become the same as the pressure. 
of the surrounding medium. If the vessel were large 
enough so that the velocity at the surface were zero, the 
theoretical velocity at the place of greatest contraction’ 


would be v = V2 gh, whete hi is the head at its center of 
pressure and g is the acceleration due to gravity. For 
orifices where the diameter is not greater than ¥% h, the 
center of pressure and center of gravity are assumed to” 
coincide, and, in the case of orifices in a vertical wall, 
the centers of gravity of the orifice and of the contracted 
vein are assumed at the same elevation. Practically, | 
however, the velocity v = CxV2 gh, where Cz, the coefficient of velocity, is 
determined experimentally. The discharge then would be Q = C-Av, where 
A is the area of the orifice, C- the coefficient of contraction,, and v the actual 
velocity at the place of greatest contraction. Then:: ' 


Q=C.CrAV 2 gh = CAV 2 gh 


Fig. 8. ~ Small Orifice 
in Thin Plate 


where C is the coefficient of discharge. 

For ordinary work very satisfactory results are obtained by using Cv=0.97 and Cc = 
0.62. C then=CcCv =0.61. The values of C generally range from 0.63 to 0.60, the 
lower values occurring with the higher heads. Square and rectangular orifices have 
slightly higher discharges than circular ones, the increases peing between 1% and 114%. 

Submerged Orifices: The theoretical discharge Q=AV 2 gh, where h- 
fs the difference in level of the freé surfaces on the two sides of the orifice. 
Coefficients in this case are, ac- . 
cording to Weisbach, 145 less 
than for free discharge into the 
air. E \ 
Short Tube. If an external 
tube of the same diameter as the 
orifice and at least 242 diameters 
long be attached ‘to it, the efflu- 
ent stréam, after forming a 
“vena contracta,” re-expands 


ahdtile thectule andsite dissin ot rer: cae 
: Fic.9. Submerged Orifice Fig. 10. Short Tub 
charge is increased. To attain 2 se i Onitce’ | Pgs eee ee 


unstopt, and must not be oily; nor must the head h be greater than about 40’ 
for efflux into the air, ‘Thé-coefficient of velocity is then the coefficient of dis- 
charge, since the coefficient of contraction is unity. C= 0.815 for tubes from 
214 to 3 diameters long. For other lengths the coefficients for tubes and short 
pipes are: ; ha 
Length in diameters-... 1 3 Biuairs ny 280 Eh TSephtoae 
Coefficient......-.---. 0-62 0.815 0.79 9.77 9.71 0.64 0.59 9.55 


a 7 
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‘Borda’s Tube is a short tube, of the same diameter as: the orifice, attached 
to the orifice on the inside of the wall. If this tube is short enough so that 
the water is discharged without filling the tube, the theoreti- , 
cal coefficient C is 0.5, which is very nearly that/obtained by 
experiment. 


Converging Mouthpieces... The discharge thru an orifice 

is increased as the filaments of water are made to approach it 
~in a more nearly normal direction. Hence, if walls. of an 
orifice be inclined downstream, the flow is increased until 
it reaches a maximum when the angle between two oppo- 


_.8ite sides is about 1314°, and C then is about 0.94. For Fig. 11. 
other angles the value of C is Borda’s Tube 
Hor Apis veer UPS gol sey °° FORM O9 IBS abM go. go? Gel 


Core Pee ELA PPLE IS BIL 50384) 0.85 8394 *'1OLH3 76,90! 10587.) 10182 


Rounded Mouthpiece. Routiding the entrance further rediices the con- 
traction and when the curve: approximates to the “vena contracta,” C3 


unity and Q = CyAV 2 gh. Experimentally C = Co varies from 0,96 to 0.99, 


Sue eee 


Tig. 12. Divergent, Convergent, Compound and Rounded Mouthpieces. 


Divergent Mouthpieces, if they flow full and are more than 5 diameters 
in length, will increase the value of C above that for the orifice at the inlet 
and in some cases to as much as 1.4. 


Compound Mouthpieces. If a divergent tube whose angle of divergence 
between opposite sides is about 10°, be attached to 4 ratinded mouthpiece 
and caused to flow full, the head at the throat becomes less than thé 
atmospheric pressure and may practically fall as low as +24 feet of watér. 
The total head producing flow thru the throat then is h +24 feet, and 
v=CV2 ath +24), where C is for the rounded orifice less a small allow- 
ance for friction in the diverging tlibé.” ‘Theo- 
retically it would he possible to have C as High 
as. 8.0 or 9,0 for heads less than x foot, but ex- 
perimentally 2.43 is the highest value obtained. 
Large Orifices. This case differs from thé 
discharge of ‘‘small orifices” in that the differ> 
encé of head between the top and bottom of 
the orificé is So great that it must be taken 
into account, Let h; be the distance from the 
free surface of the water to the top of the 
ee orifice; #s be the distance from the free surface 
Fig ; of the water to the bottom of the orifice; « be 
Pied $94), baru, Orin the width and d =its —h; the depth of the orifice; 
_ be the distance from the free surface of the water to any horizontal layer thru 
‘the orifice of dh depth and rahe %,. Then the velocity of water thru this thin 


a 


1086 Flow in Pipes and Channels Sect, 9 


layer is /2 gh, the small discharge dQ for this area is V 2 gh » xdh, and the 
total theoretical discharge is F 


ht 
(ON h V 2 gh.xdh 
o 


The width * may be either constant or variable, and if the latter, must be 
exprest in terms of / before integrating. 


For a rectangle with x =constant, 0 =%~V 2 g (he® - i) fs 
For a vertical triangle, base » at the top and horizontal, 


wV2g 
he — he 


These equations are not exact theoretically, because the head is completely changed 
into velocity head at the ‘‘vena contracta” and not at the orifice as was assumed; because 
the assumption is that the velocity is constant for any area # + dh, when it is known that 
at the edges the velocity is materially decreased; and because it is assumed that the water 
flows in plain layers at the orifice, which is not the casé. A correct tesult could be more 
nearly approached were a point taken at the ‘vena contracta” instead of at the orifice, 
‘but accurate measurement is there impossible. However, by the introduction of an 
experimental coefficient, which is tess variable than the C in the preceding articles, 
these equations answer every purpose when correction for the velocity vz with which the 
water approaches the orifice is made by adding to the observed head the head to which 
the velocity of approach is due,=vq?/2g=hy- For heads above two feet the value 
of C for square orifices varies from 0.60 to 0.62 and for circular orifices from 0.59 to 0.61. 

_ Submerged Rectangular Orifices. Let h,, be the depth of the top of the 
orifice on’ the incoming or upper side; hz be the depth of the top of the orifice 
on the discharge or lower side; A be the area of the orifice; hy =v,/2 g the 
equivalent head of the velocity of approach. : Then (Fig. 9): 


Q=CAV 2¢(hu+hv—hl) 


The value of C for a submergedeorifice may be taken as about 1 % less than 
its value for the same orifice under the same effective head when discharging 
freely into the air. 

Partially Submerged Orifices. Let #; and hs be as before, b the width 
of the crifice, 4 the difference in elevation of water on the two sides of the 
orifice, Then values of C are closely the same as for submerged orifices, and 


Q=CV 2¢ b [2%6(n% =n,"*) + (hs —h) | 


Incomplete Contraction. ‘The foregoing matter on orifices is based upon the assump- 
tion that the contraction is complete. Suppression of contraction is accomplished by 
adding an internal projection at the edge of the orifice extending over the entire perimeter. 
If the projection does not extend over the entire perimeter, or if it is a short. distance from 
the orifice, partial contraction results. Suppressing the contraction increases the discharge, 
- but decreases the energy of the jet. If & is the ratio of the periphery of the orifice with 
a border to the whole periphery, the coefficient of discharge for partial contraction is 


For rectangular orifices, Cs = C (1+0.152 k) 
For circular orifices, Cs= C (1 +0.128 k) 


Tf the sides of a vessel are less than 2.7 times the corresponding width of the orifice 
distant from any side of the orifice, their influence is felt in partially reducing the con- 
traction. p 

‘Two Orifices Adjacent, separated by a narrow bar, discharge more than the two con- 
sidered separately because of mutual velocity influences. When the width of baris less. 
than the least dimension of the orifices the discharge. will nearly equal that thru an 
orifice of area and form like orifices and bar combined Jess that of an orifice of area 
and-form eq: to the bar with contractions supprest next the orifices, 


Q = %s [oho — 5 hohe? + ghz] 
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8. Long Pipes 


Resistances. When water flows thru a pipe of such length that the particles 
come in contact with the wall, resistance is produced by what is commonly 
termed fluid friction. For short pipes this is inconsiderable and is provided 
for in the coefficients of discharge, but when a pipe is more than so diameters 
in length this element becomes important, and as the length increases it 
makes up the major part of the loss encountered. [ 


‘Hydraulic Grade Line. When water flows from rest into a channel of 
any sort, an amount of head #, equal to v2/2 g is absorbed in creating the 
velocity with which it discharges, and a small amount more is used up in 
frictional resistances. As the water passes thru the channel, an amount of | 
head is used up in overcoming the resistance to flow. - If the pipe expands 
the velocity is reduced and a part of the hz is returned and appears as pressure 
head hy. If the pipe contracts, some of the hy is converted into hy. The 
pressure head measures the height of a column of water which would exert 
the same pressure as °°: : 
does the water against 
the walls of the channel. 
The Hydraulic Grade 
Line, or Hydraulic Gra- 
dient, is the locus of the 
tops of all such columns 
of water that can be 
placed along the chan- 
nel, and the distance 
from the grade line to Fig. 14, Hydraulic Grade Line 
the center of the pipe at ; 
any point measures the pressure head at the latter, In an open channel the 
surface of the stream is the Hydraulic Grade Line. The total head pro- 
ducing flow is equal to the sum.of the velocity head v?/2 g at discharge and 
all losses of head along the line. 

Conditions of Flow. Normal flow is a flow such that the components 
of the yelocities in the direction of flow at any section vary in approximate 
accordance with the ordinates of a cylinder with an ellipsoidal end, such that 
the maximum ordinate is approximately 1.19 times the mean, the lengths of 
the cylinder being the component of the velocity in the direction of flow at 
the surface of contact and the lengths of the ellipsoidal end*being the differ- 
ence between the components of the velocities in the direction of flow at the 
axis of the pipe and at the surface of contact. This condition of flow is 
disturbed by contraction, expansion or ‘curyature of the stream, and the water 
requires a length of about 40 diameters of the pipe to readjust itself after 
passing a contraction, about 50 to 60 diameters after passing an expansion, 

_and from 100 to 300 diameters after passing a curve. In any region of abnor- 
mal flow the pressure indicated by an orifice in. the pipe wall will be different 
for the same mean velocity than that indicated in case of normal flow. In 

. the cases of contractions and expansions, the indication of pressure will usu- 
ally be greater than that for normal flow, and after-a curve, if the pressure 
be read on the concave side of the stream, the indication will be high, while 
if read on the opposite side it will be low, as also to a less degree if read at 
Tight angles to the direction of curvature. It is, therefore, essential, when 
making accurate measurements of loss of head, to take observations only at 


. points where the flow is known to be normal. Jn very rough pipes, on account 


of the retardation of velocity at the wall, the ratio between the mean and the 
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maximum is reduced and may possibly be as low as o.60. After a con- 
traction, on the other hand, the ratio may be increased to 0.95, and in the case 
of a jet from a tapering nozzle to 0.995. 

Under normal! flow the absorption of head in overcoming the resistances to the motion 
of the water, called the friction head, 44 varies as a power of the mean velocity between 
the 1.7 and the square. 5 , 

Low Velocity Flow. When water flows in capillary tubes or between 
plates close together, the friction head has been found to vary as the first 
power of the velocity, and at yery low yelocities in larger pipes the same- 
law holds. The velocity below which this form of flow occurs is called the 
CRITICAL VELOCITY. The critical velocity occupies a considerable range 

- depending upon whether the flow is changing from sub-critical velocity te 
super-critical yelocity flow, or vice yersa. In either case the existing con- 
dition of flow tends to continue itself, so that for an increasing velocity the 
critical velocity will be higher than for a decreasing one, Experiments by 
means of coloring matter in the water haye shown that as long as the friction” 
head varies as the first power of the velocity the flow is taking place in straight- 
line filaments, but as soon as the critical velocity is past the flow has become 
involved in eddies or vortices, and the exponent of v is at once increased to 
above 1.70. : 


9. Capillary Tubes and Soils 


For Capillary Tubes let J, = temperature centigrade, s = slope, D = digm’ 
_ eter of tube, v =velocity. The formula deduced by Poiseuille is 


v = §2.500 (I + 0.03368 Tc + 0.000221 T*) D*s 


which has been approximately confirmed by other experimenters, and may 
be assumed to apply to sub-critical velocity flow. ‘The critical velocity varies 
inversely as some power of the diameter. Experiments (Trans. Am. Soc. C. E., 
Dec., 1903, Vol. 51, p- 298) have given 


Critical Velocity = 0.088 /D.°* 


as an approximate formula, for a temperature of 70° Fahr. 

From the above it is evident that sub-critical velocity flow -will be encountered in 
practise only in small pipes, but it appears to extend considerabiy farther at low than at 
high temperatures. In a 2-inch pipe with a temperature of 40° Fahr. or 4.4 Centigrade, 
the critical velocity appeared to be about 0.35 foot per second. i 

Flow in Soils. For the flow of water thru soils, let 7 = temperature 
Fahrenheit, s = slope, ds = effective size of the sand in millimeters, V = velocity 
thru the soil in meters per day, considering the entire area of.the bed as effective 
in carrying water, and C = a coefficient depending upon the uniformity coefhi- 
cient of the sand, the shape of the grains, the chemical composition and the 
‘doseness and packing of the material, and ranging in value for sands from 370 
to 1200, varying inversely as the uniformity coefficients. The Lawrence Experi- 
ment Station has derived the formula 


o 
vn cae(7AE) 


This is seen to be similar to the formula for small pipes in that temperature 
plays an important part and that # or s varies as the first power of v. 

The Effective Size of a sand or gravel is the size of grain such that 10% 
of the particles by weight are smaller and go % greater. The size of a sand 
grain is determined by the diameter of a sphere of equal yolume, THE 


-4 
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Unirormity Corrricixnt ofa sand or gravel is the ratio of that.size of grain 
than which 60% of the sample is finer, to the effective size. . Men 

Eyidently a high uniformity coefficient indicates a large variation in size of grains, while 
@ coefficient of unity would indicate that substantially all the grains were of one size. 

Temperature. In small pipes and in the flow thru soils the temperature 
of the water is a very important factor. For smooth pipes 2 inches diameter 
and under, the loss of head has been found to increase about 4% for each 
10° fall of température from 70° to 40° Fahr. (Trans. Am. Soc. C. E,, 1903, 
vol. 51, p. 290.) Other experiments have shown that near the boiling point 
the loss of head increases with the temperature. “In large pipes the effect 
of temperature may be safely overlookt, except in cases where great refine- 
ment is necessarv, 

In some weir exveriments where the discharge was about 200 cubic feet. per second 
it has appeared that the effect of a change from 76° to 33° Fahr..was to decrease the 
discharge about 94 of 1 percent. With small weirs, laboratory experiments have shown 
that the influence of temperature between 32° and 45° Fahr; is greater per degree 
than higher up the scale; . Accurate data covering these points are, however, wanting. 
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The Chezy Formula. If v is the velocity in the pipe, C a coefficient 
dependent upon roughness, density, velocity, and diameter, the Hydraulic 
Radius, namely the cross-sectional area divided by the wetted perimeter, 17 the 
frictional loss of head in a length L, and if h,-/L be designated by s, the 
inclination or slope, then : 

v=CVrhgL or w=CVrs 


in which for new pipes C ranges from 95.to 152 and for old pipes from 60.to 
120, the value increasing both with the diameter and the velocity, as shown in 
the following tables. : 


~ Values of C in Chezy Formula for Cast-iron Pipes 


. Velocities in feet per second 

Diameter’ : 
of pipe, For new pipes For old pipes 
inehes ss) 


For steel riveted pipes see next page.. Chezy’s formula is also used for 
conduits and streams but the coefficient C for such cases is generally exprest 
in terms of r and s (see Art. 15 for formulas of Bazin and Kutter). 

Darcy’sFormula. The original form of Darcy’s equation was rs = av + bv’, 
where a and b were coefficients. This Darcy later reduced tors = Cv’, where 
C=c + o:/r, where c and c are constants, For new cast-iron and for 


lee 
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Values of C in Chezy Formula Values of C in Darcy’s 


for Steel Riveted Pipes Formula CV? = Ds 
eo Velocity in ft per second Lege Rough pipes | Smooth pipes 
inches 
3 0.00080 0.00040 
4 0.60076 0.00038 
6 0.00072 0.00036 
8 0.00068 0.00034 
10 0.00066 0.00033 
12 0.00066 ~ 0.00033 
14 0. 00065 0.000325 
16 0.00064 0.00032 
24 0.00064 0.00032. 
30 0.00063 0.000315 
36 0.00062 0.00031 
48 0.00062 0.00031 


wrought-iron pipes of the same roughness, Darcy’s values of these constants 
are ¢:=0.0000773 and Cz =o.00000162. The formula then reduces to 


ste, (12 D+3) PL ‘ \ D = 
v pacoosia? D r Pi aatie 394 WDE & 


where D is the diameter of the pipe jn feet. For rough pipe Darcy reduced 
the velocity one-half. Darcy’s formula may be transposed to CV? =Ds, in, =| 
which case C has an average value of 0.00032 for clean pipes of diameters , 
_ from 8 to 48 inches inclusive, the variation being only 3 % from the mean for 
all except the 8-inch. The preceding table gives more accurate values of C 
for Darcy’s formula in the last form, i 
‘Fanning’s formula for flow in pipes is 


2 
jet oes ee ee 
D 2g s AfL,* 
where f is a coefficient which ranges from 0.0071 to 0.0028 for new pipes and 
from 0.0152 to 0.0046 for old ones, the value decreasing as diameter and 
velocity increase.. The other notation is the same as that at the beginning 
of this article.” 


Values of fin Fanning’s Formula for Cast-iton Pipes 


s Velocity in feet per-second 
Diameter 
of pipe, For new pipes For old pipes 
inches 
I 3 6 10 I 3 6 Io 

3 0071 .0067 | .0064- .0062 | 0152 | -O139 0128 | .o122 

6 007 .0063 | .006 0057 | -O135 | -O1L7 ~o108 | -O103 

9 .0067 | -0058 | -0055 ~0051 | -O122 | -O105 | -OT° 0092 m 
12 .0064 | -0056 | -0o5r .0048 | .o108 0096 | 0089 | -0084 
15 .oo062 | -0053 | - 0048 | -0043 | -0099 | - 0087 | -co8x | - 0078 
18 .0058 | -0051 | -0045 | -004T 0087 | .0078 | -0073 -0069 
24 .0053 | -0045 | -0040°| -0037 | - 0076 | .0067 | - 0063 | -c060 
30 .0046 | -0040 | -0037 | -0035 {0067 | .0061 | -0057 | -0055 
36 .0042 | 0037 | -0035 | -0033 .o0061 |. .0056 | -0052 | -0050 
42 .0038 | -0035 | -0033 | -003T 0052 | -005° .0048° 
48 0036 | .0032 |= 0031 

0030 | -0029. | -0028 |---+---[+2222271 Maree: 
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Tables for Long Pipes are given on the three following pages. The friction 
factors 4f used in computing them differ slightly from those at the foot of the © 
preceding page and are the same as those given in Merriman’s “Treatise on 
Hydraulics.” These tables apply to new, clean, straight cast-iron and wrought- 
iron pipes, either smooth or coated with coal tar, and laid with close joints. 
A pipe is said to be long when its length is such that the error in computing v by 
the last formula does not exceed five percent; this will usually be the case when 
the length of the pipe is greater than 1000 diameters. 


The discharges given in the tables are accurate in the last figtite for the given 
velocities. Thus for a velocity of 3.4 ft per sec the discharges for pipes 6 and 16 
| inch in diameter are 40.1 and 285 cu ft per min. The friction head, given in 
_ the second column under each size of pipe, is however liable to an error of 
one or two units in the second figure; thus for 3.4 ft per sec, in the 6-inch pipe 
the head 0.88 per 100 ft may actually range from 0.86 to 0.90 for new, clean 
pipes. é 
. Velocities and Discharges for a given pipe may be found from the tables when the 
friction head is known. For example, let a pipe 3500 ft long and 6 in in diameter 
have a total head of 37.8 ft. Here the friction head per 100 ft is 100 X 3.78/3500 =1.08, 
- whence from the table, velocity =3.8 ft persec, and discharge = 44.8 cu ft per min. Again, 
let an 8-in pipe 6075 ft long be under a head of 112.5 ft, then friction head per roo ft is 
100 X112.5/6075 =1.85, whence velocity =6.,r ft per sec, and discharge = 128 cu ft per min 
These are for new, clean, straight iron pipes. Curves influence results but little unless 
they are very sharp. 
For Old Pipes the actual heads should be multiplied by the following numbers before 
using the table to obtain velocities and discharges: 


For diameter, 3 6 12 16 24 30 36 in 
Multiplier.... 0.50 0.55 0.60 0,62 0.64 0.65 0,66 


. For example, let an old pipe 3500 ft long and 6 in diameter be under an actual 

| head of 37.8 ft or 1.08 ft per roo ft; the true friction head is 0.55 X1.08 =0.59 ft per 
- 100 ft, whence from the table velocity =2.8 ft per sec and discharge =33 cuft per min. 
_ Similarly, for given velocities the true friction heads are found approximately by mul- 
“ tiplying the tabular values by the following numbers: 


For diameter, 3 6 12 16 24 30 36 in 
Wiuitiplier,.t, 2.00° 258x267 *1.6n “EN56 "E54 Tis2 


For example, for a velocity of 6.0 ft per sec the friction head in an old pipe of 12 
in diameter is 1.87 instead of 1.12 ft per roo ft. The term old pipe is a vague one, 
and refers to the amount of corrosion and incrustation rather than to the actual life in 
years. : 

The Required Diameter for a pipe to furnish a given discharge under a given head 

"may also be roughly found from the tables. For example, to find diameter to furnish roo 
cu ft per min under a head of 1.2 ft per too ft: for a new, clean pipe the tables give 
8 inches as required diameter, for an old pipe, assume multiplier as 0.5, then head be- 
comes 0.60 ft per too ft, and the table shows that a 10-in pipe is somewhat too large. 


| . The formula for computing the diameter of a long pipe is: D=0.479 (4flq?/i hy’, in which 
q=discharge in cu ft per sec, h=head in ft, /=length of pipe in ft, D=diameter of pipe 
in ft, and a rough mean value of f being taken as 0.005 for new pipe. After D is computed 
the palocity.a is found by »=q/ 47 D? and thus a better value of f may be obtained from 
the table at foot of page 1090. Thenanew diameter may be re-computed if the change 
in f seems to warrant it. 
__ For example, to find the diameter of a new pipe to deliver 67 cu ft per sec under a 
head of 24 ft, its length being 4500 ft. Using 4f as 0.020, the formula gives D =3.35 ft, 
whence v = 7.6 ft per sec. Then from the table at foot of page 1090, a closer value of f is 
found to be 0.0032, or 4f = 0.013. A second computation now gives D = 3.06 ft so that 
36-inch pipe should be used. With the same data the rough value of 4f for an old 
_ Pipe is 0.035 and D is about 42 inches, 


4 
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. Discharge and Friction Heads for New, Clean Iron Pipes 


Ve-.| x-inch Pipe | 1 34-inch Pipe | 2-inch Pipe 3-inch Pipe 4-inch Pipe 


Feet | Dis- Dis- | Head Dis-_ | Head Dis- | freaa| DS- 
per | charge charge charge charge |p, 
Sec: | Ca fe FL PS) Cu ft [rooee| Cu ft cat Lee 


ond |per min ~~ \per min per min iper min per min. 


Head 


1.0. | 0.327 0.7 | 0.736 | 9-45 1.31 | 9.33 2.95. | 0.26 5.24 
1.2 -393 .0 | - .884 64 1.57 .46 3-53 .28 6.28 
1.4 7458 1.4. | 1.03 83 1.83 .60 4.12 -37 4.33 
Perel Gaae, iy) 1.18 3.04°| 2.09 17 47% ‘47 | 3.38 
pats) 589 2.1) 1:33- ¥.25 2.36 93 5-30 57 9.42 - 
2.0 | 0.654 2.5 | 1.47 15 2.62) | 1-1 5.89 | 0.69 | 10.5 
ae -719 3.0 | 1.62 1.8 2.88 | 1.3 6.48 .82 | 12.5 
4.45 785 3-5) 1:77 2.2 3.14 °| 2-6 7.07 697 \0 22.6 
> 2.6 851 4:0 |- 1.9 2.5 3.40. | 138 7.66 | 1.12 | 23.6 
2.8 916 4.5 | 2:06 2:8 3.67 | 210 8.25 | 1.26 | 24.7 


3.0 | 0.982 Ce Mille Bre g.2-|- 3.93 | 23 oe ME eh Te Be 
3.2) | 2.05 §.9 | 2.36 34 4.459 |" 2.6 9.47 | oe 16.7 
BA tet 6.5 | 2.50 41 4.45 | 2-9 10.0 1.8 18.7 
3.6 | 1.18 71 | 72.65 44 awit | 3.2 10.6 2.0 18.8 
3:8 1.24 7.9 | 2.80 4.9. 4.97 | 3-6 11.2 2.3 19.9 


4.9 I.3I 8.7 | 2.95 5-5 5-24. | 4.0 11.8 2.5 20.9 
4.2 1.37 9.3 | 3-09 5.8 5.50 | 4.3 12.4 ay 22.0 
4-4 1.44 10.2 | 3.24 6.4 5-76 | 4-7 13-0 3-0. 23.0 


4.6 1.51 II.I-| 3-39 7.0 6.02 | 5-1 13-5 3-2 24.1 
4.8 1.57 12.0 | 3.53 7.6 6.28 | 5.6 14.1 Bes) 25.1 


5.0 |, 1.64 13 3.68 8.r 6.54 | 6.0 14-7 3.8 26.2 
5.2 | £70 I4 3.83 + 8.7 6:8r | 6:4. | 15-3 A.Gieilly Bee 
54) B77 | TS 3-98 |. 9-3 7.07) 68 | 15-9 | 44. | 283 
| 5.6 1.83 16 4.12 |10.5 7.33) 47-3. 16.5 47. 29.3 
5.8 | 1.90 17 4.27 |10.6 7.59 | 7.8 17-1 5.0 30.4 


6.0 | 1.96 18 4-42 |IL 7.85 | 8.4 17-7 5-4 31:4 

6.2 ,| 2:03 19 457 \t2 8.12 | 8.9 18.3 5-7 32.5 

6.4 } 2.09 20 ATE 23 8.38 | 9.5 18.8 6.1 33:5 

6.6 |. 2.26 22 4.86 \t4 8.64. |10.0 19.4 6.4 34.6 

6.8 | 2.23 23 g.or |I5 8.90 -|10.5 20.0 6.7 35.6 

7.0 2.29 24 5.15 |I5 9.16 |11.0 20.6 7. | 30:6 

qi2 6| 2.36 25 5.30 [16 g.42 |2r-6 212 | 74 37:7 
I a Va ay} 24 345 (|E7 9.69 [122 21.8 7-9 38.7 

7.6 2149 a8 $59  |8 9.95 |12.9 22.4 8.4 39:8 

4.8 | 2155 29 ki74 (19 10.2 13:4 23.9 8.3 4a.8 

8.0 | 2.62 31 5.89 20 10.5 |14.2. 23.6 9.2 41.9 

8.2 | 2.68 32 6.04 |20 10.7 |14.9 24.2 9.6 || 429° 
8.4 | 275 34 6.18 jaz ito 6[1g5 | 124.7 [20.0 44.0 

8.6 | 2:82 35 6:33 «122. 11.3 |16.4 451g) |10.4 45.0 

88 | 2.88 37 6:48 |23 rr.5) |) {16.7 a3.g |t0.8 | 46.2 

9.0 | 2.95 38 6.63 | |24 HS) TF 26.5  |1T.3 47-2 

9.2 | 3.01 40 6.77 |25 120 |18 | 27-1 11.8 48.2 

9.4 |, 3.08 4l 6:92 |26 12.3 | |19 27.7 \¥2.2 4.2 
96 | 3-14 43 7.07 \27 1216 | |20 28.3 |12:7 50.3 


9.8 | 3-2 48. 7.22) |28 12.8 |2 28.9 |13-2 51.3 


fo <<< eee 


To reduce discharge to million gallons per 24 hours, multiply by 0.01077195. : 


Art: 100 Long Pipes - 1093 


Discharges and Friction Heads for New; Clean Iron Pipes (Continued) 


Ve- | Ginch Pipe | 84inch Pipe | ro-inch Pipe | 12-inch Pipe | 16-inch Pipe 


cat Di D D 
F s+ is: is- Dis- Dis- : 
ig charge Head charge Head charge Head charge Head charge Head ; 
Ft per , |Ft per Ft per Ft per] G Fé per 
Sec. Cu ft | ft Cu. ft f Cui ft |** f Cu ft Cu ft ag 
ond’ |per niin T00 per min 100 it seni 160 t per min t00 ft} her min roo ft 
| Lo 1r.8 |-0.087; 20.9 | 0062} 32:7 | 0.047) 47.1 | 0,039] 83.8 | 0.027 
i.2° 4. 13 25.1 .088] 39.3 .068} 56.5 .056| Lor -039 
i4 16.5 17 2913 119} 45.8 .091| 66.0 .075| 117 2053 
1.6 18:8 “ar 33:5 15 52.4 «12 75.4. -I00] 134 068 
ER | ane 271° 37:7 a) 58:9 a5 84.8 -r2 | X5r 085 | - 
2.0 23:6 | 0.34 AT.Q | 0:23 65:4 | 028 |~ 94.2 | ors | 168 0,10 
2.2 259 39 46.1 28 72.0 «22 | 104 “| .18 | 184 13 
24 28.3 46 50.3 34 78:5 326 | 113 +21 | 205 5 
2.6 30:6 53 54.5 38 85.5 «30.| 123 -25 | 218 - “17 
28 33.0 60 58.6 +43 91.6 +84 | 132 -28 | 235 +20 
3.0 3513 | 0.70 62:8 | 0.50 g8i2 | o40 | r4I 0.32 | 255 0.23 
3:2 Evins 79 67.0 «57 | EOS -45 | Isr .36 | 268 +26 
3:4 40.5 88 71.2 63 | IEE +50 | I60 +41 | 285 -28 
3.6 424 97 7534 69 | 218 +55 | 170 45 | 308 3t 
3.8 | 448 | 1.08.) 79.6 77 | 324 61 | 179 +50 | 318 35 


| 40° | ay. | 22 83.8 | 6.85 | x32 0.66 | 188 oss | 335 038 | - . 
4.2 | 49:5 | 1.3 88.0 -QI | 137 +7i | 198 -60 | 352 41 . 


“hg 51.8 | £.4 92.0 | I.00 | r44 -79 | 207 -65 | 369. 45 
4.6 54.2 | 1-5 96.3 | 1.09 | 152 86 | 217 -70 | 385 49 
4.8 56.5 | 1.6 ror 1.8 | 157 93 | 226 -76 | 402 52 
5.0 58.9 | £8 105 L:3 164 t.00 | 236 0.82 | 419 | 0.56 
5:2 6r3 | 1-9 rog 4 170 ¥.08 | 245 87 | 436, -6r 

| 5-4 63.6 | 2.0 153 LS 177 rs | 254 -93 | 452 -65 
5:6 65.9 | 2.2 117 1.6 183 1.23 | 264 -99.| 469 jo 
$8 | 8a, | 23 rat L7 190 1.go | 273 1.05 | 486 74 


6.0° 70:7 | 24° -| 126 .| 1.8 196 3.38 | 283 I.12 | 503 0.79 
62 73.0 | 2.6 130 1.9 203 1.47 | 292 IQ | 519 : 

6.4 ¥5\4 | 28° | 134 2.0 209 2:56 | 302 1.26 |. 536 88 
6.6 47.8 | 29 138 EP 4 216 1:65 ] 311 1.33 | 553 93 
6.8 Bet. || gx |, 24s 22 | 223 1i74 | 320 1.4 | 579 98 


7.0 B25 | 3:2 147 2:3 229 1.82 | 330 bat 586 1.03 
9.2 84.8 | 3:4 | 5x. | 24 | 236 T.gr | 339 1.6 | 603 1.06 
74 B72 | 316 155 2 242 2.02 | 349 17 620 1.12 
476 | 86.5 | 3.8 | 159 27 | 249 2:13 | 358 18 | 637 1,18 
78 97.9 | 3.9 163 28 255 2:23 | 367 Lg 653 1.25 


8.0 94.2 | 4iz 168 3:0 262 a4 | 377 1.9 670 1.32 
Bi2 96.7 | 4.3 172 giz 268 25 386 2.0 | 687 1.37 
8.4 99.0 | 415 176 12 275 2.6 396 2.1 704 As 
8.6 | ror 47 180 3.4 281 “217 405 2.1 720 5 

8.8 | 104 4.9 184 35 288 28 | 415 2.2 737 1.54 


9.0. | 106 5x 188 37 298 2.9 424 2.3 754 1,60 
9.2 108 5-3 | 193 3.8 301 3.0 434 2.4 771 1.66 
9.4 | Itt 5.5 | 197 39 | 308 | 3x | 443 2.5 | 788 1.71 
| 9:6.) 223 57 201 4.1 314 3.2 452 2.6 804. 1.77 
98 | 115 - | 6.0 | 205 4.2 g2t 3:3 462 2.7 Sar 1.84 


To reduce dischatge to million gallons per 24 hours, rhultiply by 0.01077195. 
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Discharges and Friction Heads for New, Clean Iron Pipes (Continued) 
Ve- | 20-inch Pipe 24-inch Pipe | 30-inch Pipe 36-inch Pipe | 42-inch Pipe 

locity : < a - 
Feet | Dis- is- is- Dis- Dis- 
per | charge tea charge hapa charge hea charge ee ie charge ce 
Sec- | Cu ft [oP] Cu ft | Cu ft vE| Curt L ve Cu ft e 
ond |per min Toot |per min Too tt |per ‘min Toort |her min Toot per min TOO Tt 
1.0 131 0.021 188 0.016 295 0.013 424 0.010 577 0.008 
1.2 157 .030| 226 .024| 353 .018| 509 .014| 693 .O12 
r.4 183 o4o| 264 .031; 412 2024) 594 .019 808 .O15 
1.6 209 sO51 302 -O4I 471 .031 679 .024 924 .020 
1.8 236 .063| 339 s050| 530 .038| 763 .030} 1039 1025 
2.0 262 | 0.077| 377 | 0.062 589 | 0.047| 848 | 0.037} 1155 0.030 
2.2 288 .093| 415 074), 648 .056| 933 044) 1270 036 
2.4 314 .Ito| 452 .086| 707 .066| rors .05t| 1385 1042 
2.6 349 -13 490 .099| 766 .076| L103 .059| I50r .048 
2.8 367 14 528 -tr2| 825 .086| 1188 .066| 1616 .055 
3.0 393 0.16 565 0.13 884 | 0.098] 1272 0.076| 1732 0,062 
3.2 419 -19 603 -I5 942 -I117| 1357 .086| 1847 .070 
3.4 445 21 641 -16 | Toor «12 | 1442 .096| 1963 .078 
3.6 471 +23 679 218 | 1060 | .13 1527 -I104| 2078 086 
3:8 497 27 716 .20 | IIIg as | 1612 -II5| 2194 .095 | 
4.0 524 | 0.28 754 | 0.22 1178 | 0.16 1696 | 0.12 2309. | 0.104. 
4.2 550+| 31 792 .24 | 1237 8 | 1782 -I4'| 2425 i753} 
44 576 33 829 .26 | 1296 .20 | 1866 1g | 2540 .I2" 
4.6 602 35 867 28 | 1355 221 | - 195 16 | 2655 13 
4.8 628. 38 905 130 | 1454 .23 | 2036 a8! |) 2770 “14 
5.0 654 | 0.41 g42 | 0.33 | 1472 | 0-24 | 2725 0.19 | 2886 | 0.15 
5.2 681 44 980 Ke | 1532 -26 | 2205 20 | 3002 .16 
5.4 707 47 | r0r8 -37 | 1590 .28 | 2290 .2r | 3II7 17 
5.6 733 “50 | 1056 40 | 1649 330 | 2375 -23 | 3233 «19 
5.8 759 53 1093 +42 1708 Br. 2460 24 | 3348 220 

| 6.0 785. | 0.57 | I13I | O45 1767, | 0.34 | 2545 0.26 | 3464 | 0.21 
6.2 812 .60 | 1169 47 | 1826 35 | 2630 28 | 3579 22 
6.4 838 64 | 1206 150 | 1885 «38 |. 2714 .29 | 3695 23 
6.6 864 168 | 1244 “52 | 1944 40 | 2799 «31 | 38r0 «25 
6.8 890 t72 | 1282 +535 | 2003 .42 | 2884 +33 | 3925 .26 
7.0 916 | 0.75 1319 “| 0.57 2062 | o.44 | 2969 | 034 | 404% | 9:27 
7.2 942 “79 1357 60 | 2121 246 | 3054 36 | 4156 +429 
7-4 969 +83 | 1395 63 | 2179 49 | 3138 38 | 4272 +30 
7.6 995 87 1433 66 | 2238 252 | 3223 140 | 4387 AGe 
78 102T 192 | 1470 .69 | 2297 54 | 3308 42 | 4503) -34 
8.0 1047 | 0.96 | 1508 | 0.73 | 23 56 | 056 | 3393 | 0-44 4618 | 0.35 
8.2 1073 | 1.00 | 1546 176 | 2415 258 | 3478 47 | 4733 37 
8.4 rroo | 1.04 | 1583 79 | 2474 60 | 3563 49 | 4849 | 39 
8.6 1126 | 1.08 1621 82 2533 62 | 3647 .5t | 4965 40 
8.8 I152 r.12 | 1659 85 | 2592 365 | 3752 +53 | 5080 41 
9.0 1178 | 1.17 -| 1696 0.88 | 26sr | 0.68 | 3817 | O55 | 5195 0.43 
9.2 1204 | 1.20 | 1734 92 | 2720 72 | 3902 +58 | 5312 45 
9.4 1230 | 1.24 | 1772 96 | 2769 173 | 398% 60 |. 5426 47 
9.6 1257 | 1.28 | 1810 | 1-00 2827 76 | 4072 62 | 5542 

9.8 1283 | 1.34 | 1847 r.04 | 2886 79 | 4756 65 | 5657 


To reduce discharge to million gallons per 24. hours, multiply by 0,o1077195. 


« 
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Kutter. The Kutter formula was designed for open channels and will 
be treated under that head. It is sometimes used for pipes, but the results 
from it, since the coefficients, like those of the Chezy and Fanning formulas, 
change with the velocity in the same pipe, are usually erroneous, except fora 
very small range of velocity. For this reason it is not to be recommended 
for general use in computations for pipes. 


11. Exponential Formula for Pipes 
One form of an exponential formula for flow of water in pipes is 
. — hp= KeN LID 


where the notation is the same as that at beginning of Art. 10, but where 
the coefficient K and exponent N may vary with the kind and condition of the 
pipe. To avoid zeros in the coefficient a unit length of 1000 feet may be taken, 
when the formula becomes 
Ku ib 
hyr= Biot oo 
D 1000 

in which NV has a mean value of 1.87 and K ranges from 0.28 to 0.48 with 
an average value of 0.38 for ordinarily clean pipes. For rough or, tubercu- 
lated pipes K may become as high as\o.7o.. The advantage of the exponential 
formula is that the coefficient for the same pipe is nearly constant and, if the 
exponent, its range being from 1.70 to 2.00, be properly selected, absolutely 
so, and the variation in all cases is much less than with other formulas, so 
that with a few average coefficients for different classes of channels, all hy- 
draulic flow problems may be-solved with reasonable accuracy without refer- 
ence to any tables of coefficients. ‘The foregoing formula with the coefficient 
0.38 may be expected to give results within 20% of accuracy for any’ pipes 
likely to be encountered which have diameters from one inch to fifteen feet, 
except those extremely tuberculated, and with velocities from 1 foot to 20 
feet per second. For ordinary cast-iron or riveted pipe with any diameter 
and velocity, the results may be expected to be within 6 % of accuracy. 


The exponential formula is derived from experiment in the following manner: Any 
plane curve passing thru the origin of coordinates can be represented by an equation of 
the form y=m-xV, in which m and N may be either constant or variable. If the curve be 
one of single curvature such that thé change of inclination of its tangents either contin- 
uously increases or continuously decreases, both m and N become constants.. All curves 
which are loci of equations expressing the relation betweeen velocity and loss of head in 
flowing water are of this latter class, and consequently h rpp=mv is a general expression 
for the loss of head in either a pipe or an ofen channel. If for any pire line the values 
of m and WN be determined, the equation of flow in that line is established. Expressing 
the above equation for logarithmic computation, it becomes 


log hy = log m+ WN log v 


and considering the logarithms as mere quantities, this is at once seen to be the equation 
of a straight line in which log m is the intercept on the Af axis. and N is the tangent of the 
angle which the line makes with the v axis. Both m and N may be found by determining 
two points in the line representing the plottings of the logarithms. If it be desired to 

aw the straight line which most nearly coincides with a number of points, it must pass 
thru their center of gravity and also thru the centers of gravity of the two groups into which 
the center of gravity of the whole divides them. Having the last two points, the equa- 
tion of the line is readily determined. 

The following example will serve to illustrate the process (Fig. 15). The data are 
from observations on a 12-inch cast-iron water main very carefully jaid i in a tangent some 
3500 feet long, the loss in 1000 feet of which was measured. 


ee 
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¢ =center of gravity or mean point of the whole group 
A =center of gravity of part of group above (e 
B = center of gravity of part of group below C 


C,=h, coordinate ot C, Cy= vu coordinate of C 
Aj,= hi coordinate ot A, Ay=v coordinate of A 
B;, = hf coordinate oi B, By= vcoordinate of B 
Observed Data 
v Af Logarithms. 
No.. Ft persec Ft of water log v log hy. 
I 4-794 6.515 0.6807 0.8139 
2 4-667 5-577 6690 | Sum =3-1667 »7464 | Sum =3.464 
3 4-155 5-100 26186 ¢ mean=o 63334. «7076 mean =o. 69283 
4 3-998 4.002 -6018 | =Av -6023] =Ax 
5 3-950 3-926 25966 =5939 
6 3-519 3-566 25404 33522 , 
7 3-252 2.888 o5122 | Sum =—2.3715 .4606 | Sum =2.0046 
8 3.208 . 2.942 95062 ¢ mean=0,47430 +4686 ¢ mean =0, 40092 
a) 2.943 2.374 -4688 | =Bo -3755| =Ba 
10 2-177 T.405 23379 21477 
Sum =5.5382 Sum =5. 4687 
mean =o. 55382 =Cy mean =0.54687=Cy, 


Ad— Cv=0.63334 = 0.55382 =0.07952 An Ch =0.69282 — 0.54687 =9,14595 
Cu— Bu =0.55382 — 0.47430 =0.07952 Ci — Bi =0.54687 — 0.49092 =0,14595 


Since Av -— Cv=Cv— Buand Az— Cx=Ci— Bn, the three points A, C, and Bare ing 
’ straight line, which fact checks the accuracy of the work. : 


N =tangent of inclination of line ACB 
‘ = Ab=Ch _ChaBh Ah=Bh _ 2.44595 
Av-Cv Co-Bv Av-—Bv 0.07952 


=1.835 


Since log m=log hy —N log 9, using the coordinates of C 
log m=0.54087 — 1-835 X 0.55382 
= 0.54687 ~ 1.91626 =9.53061 =log 0.3393, and m=0.3393 


The equation for this s2-inch pipe is therefore hy =0.3393 y-$35 T [10004 


Remark: Evidently the v coordinates must be divided between the same pair of obser- 
vations as the Ay coordinates. The mathematical determination of what group should 
include a point whose v coordinate is on one side of C and whose /i/ coordinate is on the 
other; depends on whether the point itself is above or below a normal to the line ACB 
thru C. This can usually be established by plotting the logarithms on ordinary cross- 
section paper, or the observations on logarithmic paper, 

To introduce the diameter into the equation, a series of values of m and WN for pipes 
of different diameters must b2 obtained. ‘The range of NN is relatively small, the limits 
for all reliable pipe experiments on record being from 1.70 to 2.08, and if the pipes are 
of the same character of surface and alinement the value of N will be constant. It is, 
therefore, only necessary to consider the variation of m, which depends upon the area of 


the cross-section or upon D and upon the roughness. Evidently m varies inversely as - 


some power of the diameter, and for 1/D=0, m=o for any velocity, so the curve represent- 


ing the relation between m and D will be m=KD—*. Proceeding in the same manner as ~ 


before, an average value of x» =1.25 will be obtained, and the formula for pipe of the same 
character as that in the above experiment is : ; : 


h (Kal SB sy Ty ; k 93 . Bie 
Co DPS “Joos ue ee 


for average conditions, and this may be transposed to 
V= 76.54 D2.88 5.5 or v= 18s 2°88 5 


. 
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12. Variations ii Diameter, Material and Conditions 


Relation of Diameter of Pipe to Quantity Discharged. In terms of C 
for Chezy’s formula . re 


y = 7/8 CVsDé 
in terms of Fanning’s coefficient f, Q = 1/4 Ne & hy Ds 


Approximately for tough pipe Q = todo D/2 or 
and for smooth pipe Q =2 X 1000 D'/2 51/2 


Material. Most pipes experimented upon previous to 1906 were of cast 
iron. Experiments since that date and others previous thereto indicate that 
theexponentialformulas (p. 
1095) may be safely used 
for wooden stave pipe, and 
that for riveted steel pipe 
the effect of rivets and 
joints is to reduce the dis- 
charge from “10 to 12 per- 
cent below that of cast iton 
when pipes are new. 


Roughness, The effect 
-of roughness in a water 
pipe is in general to retard 
the flow or increase the 
loss in head. This is ac- 
_complished by reducing 
the velocity of the water 
at the surface of contact, 
thus producing a general 
reduction in velocity and FE 
also causing cross currents 2 : a 3 
or eddies which use up the : Plil ea 
energy in the . stream. 
Roughness decreases C and 
increases f and K in the 
foregoing formulas. It also 
increases VN somewhat in 
the exponential formula. 

Curvature.| The effect 
of curvature is to increase - 
the loss of head. This in- Fig. 15. . Logarithmic Plotting 
creased loss is partly due 
to'the cross currents and eddies set up in the bend, but also to the changes of 
velocity along the stream lines and increased friction along the walls of the 
‘channels due to increased velocities over part of the circumfetence. The loss 
of head due to a curve may be stated in terms of the velocity head Hy or, bet- 

_ ter, in terms of the equivalent length of straight pipe which would give the 
‘same loss as the curve. E 
The loss in a curye should he measured_as the excess over that in an equal 
Jetigth of straight pipe. An examination of the experiments upon curve resist- 
ance by W. E, Fuller, Mem. Am. Soc. CE. (eur: NE. 1g A. bi 1913) 

has led to the following conclusions: 


—s 
p oe of VD | 
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1. The excess loss of head due to bends is greater for large than for small 
pipes. 

2. For large pipes a 6-ft radius has given the minimum excess resistance except 
where very long radii are used. i ‘ 

3. If the radius can be made very long, the least-excess resistance will be from 
the curve of longest radius. 

4. For small pipes, with long radii, the total loss of head may be less than that 
in a straight pipe of length equal to the sum of the two tangents to the curve. 


5. Approximate formulas: 
For 90° bends of a radius between 1.5 ft and ro ft the excess loss of head due 
2 7 


to the curve hy = 4 {— 
28 


v2 
For tees = bends of zero radii, hy =1% (X) 


2 
For go° bends of 6-in radius eS (£) 


For loss in 45° bends use 4 of loss in similar 90° bends. 
For loss in 223° bends use 3 of loss in similar 90° bends. 
For loss in a Y-branch use $ of loss in similar tee. 


Expansions when sudden always produce eddies which increase the loss of 
head. Consider two sections of a pipe, 1 and 2; 1 to be taken at a point ' 
where normal condition of flow exists before expansion and 2 after expansion. ; 
Tf 2, and x are the velocities and A; and A» the areas at the two sections 
then the loss of head due to this sudden enlargement 


h ree or -|# afr 
lee 2g hl Ai 26g 


According to St. Venant, this quantity should be increased by 02/18 g, but this correc- 


tion is so small as a rule that it can be neglected, and more recent experiments indicate 
that the formula is as likely to give results in excess as otherwise. 


Contraction when sudden produces an effect upon a stream very similar 
to a sharp orifice; that is, just beyond the contraction occurs the point of 
minimum cross-section of the stream or the ‘vena contrata.” There result 
not only the loss of head due to the contraction of the stream, but also that 
due to the reenlargement ‘of it after passing the “ vena contracta.” Tf v is 
the velocity under conditions of normal flow in the pipe after passing the 
contraction and C is the coefficient of contraction, the same in this case as 
for a sharp orifice, then the loss of head due to the contraction is : 


my v]r a 
«Flt : 


According to St. Venant this quantity should be increased by 22/18 g. Also 
itemay be written hye = Cev2/2 g, where Ce varies from 0.42 to 0.53. A fair 
assumption to make is Cc =0.5. This may also be taken as the loss of head ~ 
due to sharp-edged entrance into a pipe. The value of C is probably .too 
high for small pipes and too low for large pipes. 


Obstructions. If the sectional area of a pipe be gradually decreased and 
then gradually increased as in the case of a Venturi meter, the loss of head 
for moderate velocities is not much increased over that due to normal flow. 


ay 
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When the obstruction causes a sudden contraction or expansion of the stream 
or there is discontinuity of the pipe wall, the loss of head is increased. 


Valves. The losses due to valves in pipe lines have been investigated with 
accuracy in only a few instances. From these experiments it appears that 
a fully open gate valve in a pipe causes a loss of head corresponding to about 
six diameters of length of the pipe. 


Siphons. A siphon is a pipe whose center line rises abcve the hydraulic 
grade line at some portion of its course and hence’ operates thru a partial 
vacuum. . 

The laws governing flow thru siphons are the same as those for other 
pipes, but if the siphon be short; allowance must be made for losses at entry 
and due to curvature. Unless the velocity is maintained at about or above 2 ft 
per second air will accumulate at the summit and may materially retard or . 
absolutely check the flow. On this account the siphon should be carefully 
graded up to a high point at which air can be conveniently removed by an 
ejector or thru a filling chamber from which point the drop should be quite 
abrupt to the outlet. On account of the tendency of air to expand and separate 
from the water at low pressure the lift of the siphon should be as low as cir- 
cumstances will permit, and not above 20 ft unless an ejector or a_ high velocity 
is used. 

A siphon installed by Geo. S. Pierson, M. Am. Soc. C. E., of 24-in diameter 
cast-iron pipe about 2900 ft long with a 2o-ft lift has been in use for many years 
connecting a distant well with one near the pumping station at Kalamazoo, 
Michigan. 

A 24-in diameter spiral riveted pipe siphon installed by the writer at Taughan- 
nock Falls, N. Y., in 1904, has an initial lift of 9 ft, a run of qr ft with a rise of 
6 in and a drop of 88 ft to a water wheel which is supplied thru it, and drives 
a lighting plant furnishing current to the village of Trumansburg. The wheel 
has a draught tube giving a further drop of 14 ft and no difficulty has been 
encountered from accumulation of air when running, the operation head 
being from 90 to 93 ft. 


13. Oil, Sand, and Air 


Oil Pipe. Lines. With heavy viscous oils the loss of- head becomes so 
large that transportation by pipe lines is difficult. Raising the temperature 
of the oil increases its fluidity, but this is satisfactory only for short ‘lines, 
because to maintain a sufficient fluidity thruout a long line the initial temper- 
‘ature must be raised to such a point that disintegration is likely to result. 
Experiments have been tried with oil mixt with water, but cross currents and ° 
eddies in-the pipe line produce at the discharge an emulsion, from which it 
is very difficult to separate the water. It is, however, possible by mixing 
about ro % of water with the oil and forcing it thru a pipe line having 
rifling grooves or guides along its walls, to facilitate the transportation. The 
rotation of the liquid by the rifling causes the water to form a thin film or 
sheet between the-oil and the pipe. Emulsification does not take place, and 
practically all the water can be separated by allowing the mixture to stand 
for a short time in a tank. 


The rifling of an 8-inch line used by the Southern Pacific Railway Company consists 
of six helical grooves in the circumference, making a complete revolution every ten feet 
of axial length. ‘This line was laid witha valley every 400 feet of length, the depth being - 
equal to the diameter of the pipe, in order to facilitate starting the flow after the line had 
been out of service and the expedient seems to have served its purpose. 


a 
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_ The results of tests made by the Southern Pacific Railroad Company gure the following 
values of K for the formula li = Ky’L/1000 D. (Engr. News, June 7,. 1906, and Eng: 
* Record, May 23, 1908.) : 


8-inch plain pipe carrying oil QUIS). Syeciet -- aves hae = jogs nated RES 
8-inch plain pipe carrying 90% oil and 10% water..---+-- brie K= 79 
8-inch rifled pipe carrying 90% oil and 10% water...--- .. K= 0.95 
3-inch plain pipe carrying oilenly, ¢.2-----es>>- = 5 .-- K=284 
3-inch rifled pipe carrying yo% oil and 10% water. ..-------+-- K= "0.64 
Mean of above pipes for water only. -.-:-:---+--+---r+55t 0° K= 0.35 


Transportation of Solids. The percentage of solid matter that can be 
. transported in flowing water in a pipe after a velocity has been attained 
sufficient to cause the suspension of the solids, is independent of the velocity. 
At the lower velocities the solids are rolled or dragged along the bottom with 
a relatively large loss of head; as the velocity increases they are picked up by 
the water and retained in suspension. The velocity, at which the material 
becomes suspended is dependent upon the size of the grains and their weight. 
The velocity at which the maternal becomes approximately all suspended 
is the one at which the minimum loss of head will occur, and when the cost 
of pressure is great compared with the cost of the channel, this will be the 
most economical velocity’ to use. If the material varies in the size of its 
grains the condition of minimum resistance may occur before. the heavier 
particles are in suspension. Ordinarily, however, pressure is of less-impor- ~ 
tance than the line cost, and hence higher velocities will be used in order that 
the delivery per unit of time may be as great as possible. ‘ 
The accurate experiments bearing on the subject have been made with sands having ' 
an effective size varying from 0.16 mm, t0 0.75 mm. For a one-inch pipe the velocity 
of suspension for such material is about 3-5 feet per second, for a three-inch pipe about 
4 feet, and for a 32-inch pipe about 9 feet. -The loss of head due to the transportation 
of these sands may be taken as about 25% of the loss due to water alone at the velocity 
of suspension, for each 1% of sand added to the water. | For the higher yelocities with 
fine sands, the resistance appears to increase somewhat more rapidly _than with water 
_ alone, while with the coarser material the increase is slightly less rdpid. For average 
results the loss of head for the mixture may be taken to vary fromthe velocity of suspen- 
sion as v, until more complete investigations shall discover the true law. As much as 
52% of sand has been transported thru a 4-inch pipe. (Trans. Am. Soc. C. E., 1906, 
vol. 57, P- 400-) b $ er y 
Sand Ejectors.. The success of sand transportation im pipes depends 
largely upon the ejector used to load the sand. This apparatus is situated 
at the bottom of a hopper into which ; 
the sand is delivered and in which its 
fluidity is best maintained by jets di- 
rected upwards, and is~similar’ to the \ 
- water ejector, but a gradual taper be- ges 
yond the throat is of more importance. : 
A slope of 1 in 32 is desirable, The 
pressure in the discharge and the per- 
cent of mixture are both largely con- 
frolled by the diameter of the throat and its distance from the nozzle; the 
former decreasing and. the latter increasing: as the throat is enlarged and 
moved away from the nozzle. The throat of sand ejectors wears away very 
rapidly and hence should be designed to facilitate removal and replacement. 
(Trans. Am. Soc. C. E., 1906, vol. 57, D: 339:) . : e 
Flow of Compressible Fluids in Pipes. When air flows along ‘a pipe 
there is necessarily a fall of pressure due to ‘the resistance of the pipe, and,- 
consequently, the density of the air decreases and its velocity increases along 


Fig. 16. Portable Sand Ejector 
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the pipe in the direction of motion, The effect of the resistance is to create 
sddying motions, which, as they subside, give back to the air the heat equivalent 
of the work expended in producing them; ‘The result is that, apart’ from 
sonduction thru the walls of the pipe, the flow is isothermal. 

Flow of Gas in Pipes under Small Differences of Pressure. Let* 
pb; and fe be the absolute unit pressures at the inlet and outlet of the pipe, 
by the weight of the gas in pounds'per cubic foot, 47 = head lost in feet of the 
gas, y= head lost in feet of water, and f= coefficient. If p; —p2 be small so 
that the change in density may be neglected, then 


— Py = Weltre = why 
The law of flow may be exprest by the Fanning formula 


d fh lue of 0.0044 4 =e 
ind f has an average value of 0.0044 Be (+75 


. Head Lost in an Inclined Gas Main. Let beh and hye be the heights of 
water columns at points t and 2, z; and 22 be the elevations of the points,” 
Wa the unit weight of air and let the flow be fram 1 to.2, then 
I 
life = hg {ws = hay) — wa (% ~2)} +2, — 2g 


We 
(2, —2.) 


or hy = (ha, — hep) = = 


When Variation in Density is taken into account, the flow of air in a 
long uniform’pipe is modified. Let 2; be the initial velocity in the pipe whose 
diameter remains uniform; then an approximate formula for ordinary temper- 


ae aa! (1 2-0 262) \) 222 Pant, 
ie is 2b Py] i flw 


The distribution of yelocity in an air main is very similar to that in a water 
main; that is, it approximates to a cylinder surmounted by an ellipsoid. 
The ratio of the mean to the velocity at the center is given as 0.843. 


14. Flow over Weirs 


, 


Miepeizes Weirs. When an obstruction is placed in an open channel, 
so that water is caused to flow over it, it is called a dam or weir. Tf the top 
of the weir be a thin straight edge, the 
conditions of flow are similar to those _ 
that would exist in an orifice in a thin 
wall if the side:contractions were sup- 
prest and the head fell so low that the - 
water did not fill the orifice to ifs top. 
If the portions of the dam near the 
walls of the channel are raised above 
the level of the rest so that water does 

A . not flow over them, the overflowing 
eg. Dberp- cogs Weir jet is contracted atthe sides as in the 
case of an orifice, The general expression for the discharge of water over a 


weir is Gis % CLH V2 gH 
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wherein H is the height above the crest of the weir to the level of still water 
and L is the length of the crest over which the water flows. Practically it 
is not possible to measure H, but-a head # may be observed to the surface 
of the stream above the curve of depression caused by the weir, and to this 
_the velocity head J due to the velocity v2 with which the water approaches 
the weir, may be added when the result is approximately equal to H. Tithe 
velocity of approach be small, # as observed may be treated as equal to H. 
Cis a coefficient which depends upon the height and form of the weir, whether 
or not there be end contractions, the character of the weir surface and the: 
condition of the water on the downstream side. In weir formulas it is custom- 
ary to combine one or more of the factors %, C, and 2g into a single 
coefficient. ; 

Four Recognized Formulas for the discharge of weirs are as follows, 
but the first and the fourth are the most important. ; 


The Francis Formula 
Q= 3.33 LH or Q= 3.33 L[(b+he)% ho”) 
The Fteley and Stearns Formula 2 
Q = 3-31 LH” +0.007L or Q=3.31 L(h+1.5 ha)” +0.007 L 
The Hamilton Smith Formula 


Q = 3.29(L+H/7) H” or Q = 3.29 (x+ ) co sey 
The Bazin Formula 


Q=mLhV 2 gh, where m-(0.405 + oseeee || ross(—2)] : 


{n which c is the height of the crest of the weir above the bottom of the channel 
of approach. For weirs with end contractions, Francis concluded that L 
in the above formulas should be replaced by L — 0.1 nH, where m is the 
number of full end contractions. This correction has been generally accepted 
but it is by no means accurate, and for exact work in measuring water a weil 
without end contractions is to be preferred. These formulas all apply t 
a weir with a vertical upstream face, a sharp edge and with free access of ai 
to the under side of the overfalling sheet of water. 


Hazen’s Formula for sharp-edged weirs without end contraction (Trans 
American Society of Civil Engineers, Vol. LX XVII, p. 1289 et.seq.) is: 


h +1 hy 
7 


(Op (s21 +0.5 *) 7/2, and for heads above 0.3 ft gives results within 17 


of those obtained by Francis and Fteley and Stearns. : 
Triangular or V-shaped Weir. “This form of weir, suggested by Pro: 
“Thomson of Dublin, possesses the peculiarity that, whatever the heads, th 
. sections of the stream are similar, and hence it may be expected to have a coe! 
ficient more nearly constant than the ordinary weir and be particulanly we 
adapted to the measurement of water where the flow varies thru a considerabl 
range. The coefficient will vary for different inclinations of the sides of th 
notch. For a sharp-edged weir in which the sides make an angle of go° wit 
each other, since L = 2h, the discharge is OQ = 26 h*/2, 
Prof. H. W. King (Michigan Technic, October, 1916), gives Q = 2.52 hh. 
deduced from a series of experiments covering a range of h from 0.15 ft to 1.8 f 


Trapezoidal or Cippoletti Weir. By combining the rectangular notcl 
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or weir with end contractions, with the two halves of’a triangular weir, it is { 
possible to so proportion the triangular portions that they shall compensate 
for the effect of. contraction and the result is ap- i 
proximately obtained when the inclination of the 
ends is one horizontal to four vertical. The for- 
mula Q = 3.367 Lh’/2 is commonly used for such a 
weir without. velocity of approach. Professor H. 
W. King recommends 


h 2 
~— 1,47 
Q =3.34 Lh [: +016, (45 m= | 


which takes account of velocity approach. 


No exveriments have been made upon weirs of this 
‘ype when other thar sharp edged with vertical faces, but 
the effects of inclinatin and rounding may be expected Fig. 18. Triangular Weir 
0 affect them similarly to rectangular weirs. 

Rounding the Upstream Corner of the crest of a weir increases the discharge. 
With flat-crested weirs Bazin found this effect to amount to as much: as 13% 
where the radius of the rounding was 4 inches and the breadth of crest 6.56 
feet. Fteley and Stearns, with weirs up to one inch in breadth, found the 
rounding to be equivalent’ to increasing the head by hr =o0.7 R, where R is 
the radius of the rounding. 4 

Inclining the Upstream Face away from the current decreases the contrac- 
ion and increases the discharge as much as 10% when the slope is one of 
45°, If the inclination be in the opposite direction, the contraction is increased 
and the discharge decreased. With a 45° slope, the decrease may be as much 
as 7%. Inclining the DOWNSTREAM FACE does not materially alter the dis- 
charge until the slope becomes at least 3 horizontal to 1 vertical, when the 
discharge is reduced. 


Rounding the Entire Crest reduces the discharge for low heads, but in- 
creases it for those wherein the curve. of the crest approaches the curve of the 
natural under side of the sheet. By a combination of a rounded crest and an 
inclined upstream slope, the discharge may be ria ah 20% above that of 
the sharp-edged weir. 


Flat Crests decrease the discharge until the head becomes so high that the 
sheet jumps clear of the downstream corner, when they have no effect.. A 
broad flat crest may reduce the discharge 25 % below that of the sharp edge. 


The Sheet of Water adhering to the downstream face of a vertical sharp- 
edged weir has increased the discharge about 28%. The sheet being wetted, 
that is deprest and the space between it and the weir filled with water, due 
(0 the formation there of a partial vacuum, has increased the discharge about 
15%. The sheet being deprest, but the space only partially filled with water, 
has increased the discharge about 6%. 

Submerged Weirs. When water on the downstream side of the weir rises 
above the level of the crest, the weir is said to be submerged. If hy is the 
head observed on the upstream side and h is the 
difference of head on the two sides, the usual 
formula for the discharge of a submerged weir is 


Q=CL V2 gh (hu—-h/3) 


zara a where C for a sharp edge varies from 0.58 to 0.63. 
Fig. figs Sehiccced Weir | Onaccount of the difficulty of measuring /, the 
head in the lower pool, because of the turbulence 


See a ee ee roa! 
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there, accurate results with this formula ate impossible. Experiment show 
that so long as the water flowing over the weir plunges to the bottom of th 
channel below or dives under that in the lower pool, the discharge of the we 
is not decreased more than 10% by the submergence. In rounded weirs it; 
possible to submerge the crests to fully 30% of hu without varying the di: 
charge from that for a free weir under the head #, more than the above pe 
cent; and for submergencés of less than 10% of hy the discharge is likely 1 
be increased by the exclusion of air behind the sheet. 


15. Open Channels 


Hydraulic Radius or Hydraulic Mean Depth. The Hydraulic Radiu 
also called the Hydraulic Mean Depth because it is the depth of a rectang 
whose area is the same as that of the section under consideration and who 
width is equal to the wetted perimeter of the latter, is equal to the area divide 
by the wetted perimeter and is represented by r. In open channels it tak 
the place of D in the pipe formulas, and for a circular pipe flowing full 
half full is equal to D/4.. The cross-sections of natural channels, partic 
larly in soft materials, approximate to one or to two parabolic segmen’ 
It may therefore be useful to utilize the relation of the area to the arc of # 
parabola in approximating the hydraulic. radius. Let 44 = semi-width | 
channel if symmetrical about a vertical, or the 
distance from the bank to the yertical of great- 


est depth, d=the greatest depth, S, length NX mae 
of the arc from the surface to the foot of the es i aligse: 
deepest vertical. The area of the semiparabola 


A, =38y,d, and the Jength of the arc when ; 
d< 0.25 is approximately S, =9, +78 & /y,. Fie 20 


if the other part be made up of a different parabola, then a similar expressi 
may be written for A, and S, and =(4, +4.) /(S, +52)- = 
Long Channels. In the term “open channel” are included all rive 


the depth. The actual curve then follows an ellipse halfway to the surfe 
where it leaves the ellipse and becomes somewhat flattened; giving a maxim 
yelocity in the upper two-tenths of the depth. The mean velocity on + 
yertical is normally. about ’o.9 the maximum and occurs about 0.577 d@ fi 
the surface, where d is the depth of the stream. ‘The loss of head in o 
‘channels, probably on account of their greater irregularity, varies as a SO’ 
“what higher power of v than in pipes. It, therefore, is possible to use 
mulas involving 7 with a less variation in the coefficient than in pipes, the 
exponent of 1.9 gives more constant coefficients. mes 

The Chezy Formula is v =C Vrs, where v is the velocity, C a coeffici 
s the slope and r the hydraulic radius = area + wetted perimeter. ; 
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The Bazin Formula is probably one-of the best yet devised for the flow of 
ter in open Channels, altho the same careful scrutiny has not been given to 
roughness factors as to those of Kutter. It is 


pa Vs Wes 
oss2 t= 


ere 7 is the Iedtaulic radius in ft and v is the veleeity { in ft per sec. Values 
the roughness factor m are as follows: 


Very smooth surfaces of cane and planed boards.......s+eseeeseees 0.06 

Smooth surfaces of boards, bricks, concrete......... RCAOOS 
For brick sewers and dirty concrete.......... ‘ 
meManor noble mMAsOUry.. Faves. t rece eteeeec cee cc ctereecwenet ates» 
Earthen channels, very regular or pitched with Sebi tunnels and canals 


Earthen channels in ordinary condition. .........20.seceeeseecsecees 1.30 
Earthen channels presenting an exceptional resistance, the wetted sure 
face being covered with detritus, stones, or weeds .........,+00006 E295 


Bazin’s Formula. Values of Cin v = C V rs 


. B Cc D E 
m=o.06. |m=0.16|m =0.28|m=0.46|m =0.85 


96 


108 


A. For very smooth cement and planed boards. 

B. For smooth boards, brick, concrete, glazed earthenware pipes. 

€, For smooth but dirty brick or concrete. 

D. For ashlar masonry. 

E, For earth canals in very. good condition and canals pitched with stones. 
F. For earth canals in ordinary condition. 

G. For earth canals exceptionally rough. 


The Kutter Formula, tho largely used, is probably not entirely satisfactory 


large streams with slight slopes. It depends for its accuracy almost entirely 
m the experimental determination of its coefficient of roughness », which 
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changes for different velocities in the same channel, and great care must there 
fore be exercised in extending computations beyond the limits of actual experi 
ment. Letr= hydraulic radius, s= slope, andv=mean velocity; then th 
formula is, for the English system of measures, 


1.81I 0.00281 
(es 


41.6 + 
Os ee eS Vrs =C Vrs 
r+{41.6+ pha Nad 
aes Ss VT, 
where the coefficient of roughness 7 has the following values: 

Rectangular wooden flume (very smooth). ..+---------- aanccene keep 
Neat cement, glazed pipes and very smooth iron pipes...- awn Sore 
Plaster, x : 3 mixture, iron pipes in best OLder..c.aas6-90 - Sn eee 
Unplaned timber. ordinary iron pipe. - ---------------++++---- onan eee 
Brick washt with cement, basket-shaped sewer, F 

6 by 6.7 ft, nearly new. .--.--------------- aaaetane Pea 5 _ 20130 

6 by 6.7 ft, one year old. .-. -0148 

6 by 6.7 tt, four years old..... 20152 
Brick washt with cement, 9 ft diameter 

Nearly new... .---------+-- 2-02 20eerestccre rece * 0116 

Four years old.....---------- 2 0133 
Old Croton aqueduct, brick lined - - a -015 
Sudbury aqueduct.......------- a ara <0 
Glasgow aqueduct, cement lined... - Saxe 0124 
Steel pipe, riveted, clean. 1897 (mean)...-- 0144 
Steel pipe, riveted, clean, 1899 (mean)....... -O155 
Rough brickwork, incrusted or tuberculated iron -O15 


Brickwork or ashlar in bad condition, rubble in cement in good order -or7 
Rough rubble in cement, stone pitching, very firm gravel. .<-25--s-es 020 
Earth of tolerably uniform cross-section, s!ope and direction, in moder- 

ately good order and regimen, and free from stones and weeds; or 


stone pitching in bad condition .....------ Pee ee .. 2025 
Earth, having stones and weeds occasionally .....--------+-------=- 930 
Gravel in bad condition, earth in bad order and regimen, overgrown ~ 

with vegetation, and strewn with stones and detritus.......----- -035 


Biel’s Formula, for the mean velocity in pipes and channels was publish 
in 1907. For English measures it iso = —M ++/N + M°, in which 
rick ek k v= 1891 r 3/25 ; 
(0.0661 Wy +f) (100 f+ 2) 0.0661 Vr +f 


where f is a viscosity factor, which for water is 0.0179 at 32° F, 0.0135 at 50° 

and 0.01 at 68° F, while fis a roughness factor having the following values: 
For planed boards and wrought-iron pipes. ....--++++-++++++++20" f = 0.018 
For new cast-iron pipes and smooth cement pipes....-.-.---- ~ 0.036 


For rough boards and smooth brickwork. ...-..-----++++--- 3 0.054 
For regular masonry and common brick channels.......-.- 0.072 
For rough masonry and earth canals with brick walls. ... 0.29 
For canals in earth and regular streams. .....--.-.---++ 0.50 
For canals and rivers with stones and weeds. . - x 0.75 
For canals and rivers in bad condition. ........--+-++++++-++00+ 1.06 
Biel gives the following as showing the relation between his f and Kutter’s # 
Kutters.... 2% =0.010 0.012 0.013 0.020 0.025 0.030 0.035 
Biel's. 2. f =0.018 0.054 0.072 0.29 0.50 0.75 1.06 


He also asserts that his formula applies to oil, gases, and air, k being the ra 
of the viscosity factor of the liquid or gas to its specific gravity, while the val 
of f are the same as given above; for air at 50°F, the value of & is 0.2 
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Kutter’s Formula.. Values of Coefficient C 


evar: Coefficient n Coefficient » 


rad. 7, | .o10| -ors 
t 


+020 | 025 | .030| .040| .o10} .or5 | .020| .025 | .03¢ | .o40 


Slope =0.000025 Slope =0.0c0005 . 


33 23 17 14 1c | 67 39 26 20 16 Ir 
45 | $3i {ag jrzorpe x4") 87 | st | 35 | 26) ar} 15 
59 | 42] 32]°26] 19] 109 | 66] 46} 35 28 | 20 
$9} 49] 38] 3r | 22] 122] 76] 53] 41] 33 | 24 
83 Go 47 38 28 | 140} 89} 64 49 40 | 29 
05} 69 | ss | 45] 33] 154] 99] 72] 57] 47] 34 | 
104} 77] 61] 50) 37 | 164 | 107 | 79 | 62] 5x] 38 
121 go 42 60 45 | 181 | 121 90 72 60 45 
142 | 108 | 88 74 57 | 199 | 137 | r05 85 72 56 
159 | 124 | 102 87 68 | 212 | 149 | 116 96 82 64 
174 | 138 | 115 | 100.] 79 | 223 | 160 | 126 | 106 QI 73 
193 | 157 | 133 | 117 95 | 236 | 172 | 139 | 118 | 103 84 
207 | 170 | 147 | 130 | 107 | 245 | 181 | 148 | 127 | 112 93 


eety 2h) WSlope =o.c0082)) ert | =0.0001 Slope = 0.0002 
24 18 12 


o.t Dieta gall gol) leaf 27 poua | 44 30 | 22 17 12 85 48 32 
0.2 98 | 57} 39| 29 | 23 16] 105 | 61 | 42 31 25 17 


Wai} 50>] 38 F ax") aa" 125 |) YO sail: SAonl 9-33) laa 
8r | sz] 44] 35 | 25°) 138 | 85 | 60] 46] 37] 26 
98 67 52 42 gir | Ist 96 69 54 44 32 
to3 | 75 | 59 | 48) 35 | 162 | 105 | 77] 60] ‘49 | 36 
top} 81 | 64] 53] 39] 170] 1x11 | 82] 64] 54|°40 
12t } -9o 72 60] 45 | 18r | 121 90 72 60] 45 
134 | 102 84 71 54 | 193 | 132 | 100 82 69 53 
143 | 111 92 78 | 62 | 20x | 140 | 108 | 89 76 |. 60 
150 | 118 | 98] 85] 68] 207 | 145 | 113. | 95 | 82] 65 


160 | 128 | 108 | 95 477 | 215 
166 | 134 | 114 | 100 | 83 | 220 


154 | 122 | 103 | 89} 73 
158 | 126 | 108 94 78 


.  Slope=o0.0004 Slope = 0.001 


so] 34| 25| 19 | 13] 94] 54] 36[ 27] 2x] 14 
65 | 44] 32] 25] 18] 113} 66) 45] 34] 27] 18 
79 | 55] 42| 33| 23] 131] 80} 56] 43] 34] 24 
87 | 62| 47] 38] 27] 142} 88} 63] 48] 39| 27 
98} 70] 55] 45] 32] 355] °99] 72] 56] 45] 33 
106 | 78 | 61 50 | 37 | 165 | 108 78 62 50] 37 
112 83 | 65 54} 40] 171 | 112 83 66 54 | 40 
124] 94| 76| 63| 48] 184 | 124] 93| 75 | 63} 48 
130 99 81 69 53 | 190 | 130 99 81 68 | "52 
138 | 107 | 88] 75 | 59 | 197 | 136 | x05 | 87 | 74] 58 
146 | 115 96} 83 | 66 | 205 | 144 | 113 | 94] 81] 65 
-2rs | 154 | 123 | tog | or! 75 | 212 | 15 | 120! tor 89 92 


For slopes steeper than 1 foot per 
Tos] s4] 36] 27] 2x] x4 100 feet, the coefficient C remains 
67 | 46) 34] 27] 19 practically constant for a given # 
82 | 57] 44|- 35) 24 | andr and has the values given in the 
90} 64] '49| 39] 28 | adjacent columns for S=o.o1. 


When ¢ =3.28 feet the value of C 
is independent of the slope and its 


2.0 | 171 value is 1.811/n. 


3-28 | 181 


h26.0: 190 
‘ 10.0 196 
20.0 |.204 
50.0 210 
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According to Biel’s formula a rise in temperature increases the mean ve 


locity. } 
© In the formula on p. 1106 M is usually small; so that its square may be ofter 
neglected, and then » = —M +V WN. For river channels » = VN is closes 
An Exponential Formula for velocity in open channels is 
For very smooth channels C=205 to 185 
For ordinary unplaned plank C=165 to 155 
67.0°54 For ordinary sewer crock C=155 to 125 
v= OPPs For ordinary brick sewers C=155 to 120 
For ordinary earth channels C=105 to 75 


(English measures) : 
‘ For rough natural channels C= 75 to 45 


Prof. S. T. Harding, Assoc.. M. Am. Soe. C. E. has adapted this formul 
to the introduction of Kutter’s #, as a factor of roughness by transposing to tk 
form: 

y = Le — 7 0.07 5 0.54 
1 — 0.002 : 


. the reduction being based on the experiments recorded in the paper by M 
George Henry Ellis, Assoc. M. Am. Soc. C. E. (Trans. Am. Soe. C: E., Ve 
| LXXX) ? ; 
16. Variations in Sections 


| _Roughness. In general, the effects of roughness in a stream bed haye bet 
. taken care of by coefficients. The action in streams is similar to that | 
pipes, causing eddies and cross currents which absorb head and so redu 
: velocity: 
; Curvature disarranges the distribution of velocities and prevents the co! 
tinuance of normal conditions of flow. In general, the tendency is for tl 
velocity on the concave side of the stream to decrease, thus causing some of. tl 
material in suspension to be deposited. This decrease in velocity on the co: 
cave side is accompanied by an increase in velocity on the convex side, givil 
\ rise to erosion. In general terms, the conditions of scour will prevail whe 
i the hydraulic axis is convergent to the bank, fill where it diverges from tl 
i bank, and no action where the axis and bank are parallel; the hydraulic a3 
being taken as the locus of the center of gravity of the section of the stream 


Principles which govern a stream freely forming its. own channel in : 
alluvial plane, are: (1), A plastic mass moving in a resisting medium w 
; assume the form in which it encounters least resistance. (2) The transver 

é section of a body adjusted to the form of least resistance will have the rai 

of area to perimeter a maximum. (3) The form of a fluid mass will ya 
whenever the direction of movement is changed, by virtue of the unequ 
inertia of particles in different parts of the mass. (4) The form being v 
; symmetrical and the direction of movement not a Straight line, if the mass 
variable the path described by the center of gravity, or the hydraulic a3 
will be variable also in position and length. (5) With given limits of mi 
variation, the vagation of the paths will jie within a zone of certain width: 
Thus a river traversing a homogeneous soil will form a bed whose width and de 
Will be largely determined by the variations in volume, being wider and shoaler as 
vagation of the hydraulic axis is greater; narrower and deeper as the volunie becor 
constant and the vagation of the hydraulic axis becomes less. 


Obstructions. The lcss in velotity, due to obstructions, arises mai 
in the loss in expansion from the contracted section to the normal section 
the stream. Wherever an obstruction occurs, the velocity is increased and 


’ “ 
at 
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tface level generally lowered. After the obstruction is past, the velocity . 
‘creases and the surface rises to normal. 


Change of Section. (See also General Laws under Curvature.) In gent 
al a change of section is accompanied by a change in the distribution of 
locity. In a stream thru a homogeneous alluvial soil change in the dis- 
(bution of velocity is accompanied by either erosion or deposition of material. 


17.. Transportation of Sediment 


Sediment can be transported by a stream in two ways, by being dragged 
tolled along the bottom or by being carried along in suspension. The 
sight of particles which will be dragged or rolled along by a stream is 
pposed to vary as the sixth power of the velocity. The experimental data 
ually quoted to determine the velocity at which different materials are 
oved were made before the beginning of the last century. These with some 
ore added by various observers since give a limiting bottom velocity for 
ability of material as follows: 


Material Roto velocity, 
it per sec 


Soft CAGE eelslaviconsccce-'s'<2 Tease nips ore wee cue eelaseere 0.25, 


2.20 


2.75 to 3.00 


bservations made in India show that for any section of channel and character 
' silt there is a certain critical velocity vs at which silt is neither picked up nor 
sposited. If the velocity be iricrédased, scour results; and if it be decreased, 
lting occurs. This critical velocity is found to depend upon the depth 
id to be given by the equation v; = md “*4, where d is the depth of the channel 
id m is a coefficient whose values are given as follows; 


For fine light sandy silt of northern India, m = 0.82 
For somewhat coarser light sandy silt, — m = 0.90 
For a sandy loam, m =0.99 


For a rather coarse silt, as débris of hard soils, m = 1.07 


he silt-transporting power of a stream is said to vary as v7 °° 


roc. Inst. C: E., 1894-5, vol]. 119:) 
Velocities of Descent of certain fine materials thru:still water are: 


. (Kennedy, 


: e Velocity, 
Materials ? ft’per sec 
Brick clay (mixt with water and allowed to settle half an hour) 


epskowater sane & 6)./JITE 1. Os nates easeuls sth Ussagels das 0.166 
Ho Olu ae ea ERR ae SSCS CR? Bee es 0.106 
Rounded pebbles (size of peas) ..... oe. nes-oencecerccecsscscccccves 1.000 


he heads corresponding to these velocities, hv, may be taken to measure the _ 
mount of pressure head hy acting upward that is necessary to keep them in 
ispension. If the change of velocity in any vertical is such as to cause the 
ccess of ig at the lower level over that, next above to be equal to or greater 
an the iy obtained above for the particular material, there will be no deposi- 
on. As the rate of change of velocity is greatest near the bottom, the greatest 


rr 
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-amount of suspended matter will be found in that region, because material 


which may-settle thru the upper layers will have its descent stopt by the more 


rapidly increasing pressures. 


The flow of ground water into.a river thru its bed aids in suspension by giving an up- 


~ ward velocity to the water near the bottom; and obstructions in the bottom which direct 


the current upward aid in suspension temporarily ; put the main factor in the transmission 
of suspended matter is the increase of pressure from point to ¢cint on a vertical as the 
velocity decreases. Whenever due to a disturbance of any sort the velocities in a vertical 
are equalized, the pressures become equalized also and the material deposits. 


The Phenomena of Scour, ‘n the case of beds along which the water passes 
tangentially, are also due to differences of pressure caused by variations of 
velocity. The velocity in the semi-fluid layers of sediment next the bottom 
is relatively very low, while that in the water just above may be considerable. 
The pressure in the water js then less than that in the saturated material, 
and the excess in the latter lifts the particles of it up into the current until the 
velocity of the latter is reduced to a point where equilibrium is established, or 
else all the loose materials carried away, and in either case the scour ceases. 

The proportion of silt in various waters, in parts per 100 000 by weight, is as follows, 
the amounts for the Rhine, Vistula, and Rhone being very exceptional. 


Mississippi, near mouth, in flood .. r75 
Mississippi, near mouth, ordinary - -- 67 
Mississippi, above Ohio, ordinary. - - 20 to 30 
Ohio, at Louisville, ordinary.------ . 35 : 
Ohio, at Cincinnati, ordinary. -----+------+- “ 23 ‘ 
Allegheny, at Pittsburgh, ordinary. -------- e Sted o stocteete ' 
Interior rivers in Winois, ordinary. c En See eiee cee rto8 
Rhine, Germany, in flood. ..--- S «- 1000 
Vistula, Germany, in flood. ---- s+ 2000 
Maas, Holland, ordinary to flood. aes 1 to 30 
Danube, Austria, ordinary.-----+---+2sreerrrtsrstn etre “33 
Rhone, France, in flood..--.----+-----2rr- tert 2000 
Parltaly it dood 2 peta-ommine a ooanes anon Nan alae ae anil 330 
Nile, Egypt, in flood. .-------+--------- s 150 
Ganges, India, in flood. - Soa Te SS 130 to 800 

_ Indus, India, in flood. . -- 3 420 
Sutlej, India, in flodd....aels<s- =" .. 300 to 900 
Roorkee canal, India, in flood. ..--------+------* : 3000 
Indian rivers, average for year. ------ noone ccs edi he to eee Bs 61 


Bank Slopes. The angle p at which materials stand when submerge 
varies considerably. Very light material, as might be expected, assum: 
the steepest slope when the current impinges against the bank in flowir 
past. The following afe given as results of observations in-India. 


Alluvial soil, soft rock, and very firm gravel; slope 14 hor. to t vert., or p= 63° 207. 

Stiff earth or clay, or alluvial banks with stone pitching; slope, 1 to 1, oF $= 45° 

Ordinary earth; slope 1144 hor. to 1 vert., or $=33° 40'. 

Loose earth and soft slippery clay; slopes, 2 hor. to x vert. to 3 hor. to z vert, or ¢ 
26° 30! to 18° 20’. . 


18. Backwater 


Formulas are frequently given for computing the extent and rise 
backwater caused by an obstruction in a stream, but in order _ that 
formula may be applicable to such cases as occur in practise it must 
extremely complicated. Those usually given only consider a change in dep 
without the necessarily corresponding change in width. For practical appli 
tion, except in the extremely rare case .of backwater in, an artificial chan 
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vith vertical sides, such formulas are valueless. The practical method of 

olving the problem is to divide the channel in which the, backwater occurs 

nto reaches such that both the velocity and the hydraulic radius will be 

ubstantially constant thruout each reach, and to compute for each reach, 

eginning with that next the obstruction, fora mean v andr, the ht This 

iy when added to elevation of the surface at the downstream end gives the 

levation at the beginning of thenext reach. By making the several sections - 
ufficiently short, any desired degree of accuracy may be obtained within the 

imits of the formula used for loss of head. : 


Bridge Piers. An experimental investigation on models of bridge piers 
laving widths of 6 in and lengths from 18 to 33 in in a flume 26 in wide, the depth 
f water being about 2 ft, by Floyd A. Nagler, Jun. Am. Soc. C. E. (Trans. 
im. Soc. C. E., Vol. LX XXII), has developed the following formula for back-' 
vater due to such piers: 

Let C =a coefficient; 

d, = depth of water at point of measurement of velocity of approach 
above piers in feet; 

d= depth of water at point of measurement of velocity of retreat below 
piers in feet; 

h = observed difference of head between water surfaces above and below 
piers = backwater effect of piers in feet; 

“  K =a coefficient; 

Q = flow in channel in cubic feet per pasture 

Vi = velocity of approach above piers in feet per second; 
V2 = velocity of retreat below piers in feet per second; 
W = unobstructed width of channel at piers in feet. 


Then assuming the slope of the channel thruout the area considered to be zero: 
Oz Viz 


Veit ie = 
2g| CW ge_2st®) 
e[ cw (a9) | 


n which C varies from 0.86 for a rectangular pier to 0.94 for a pier with boat- 
jhaped: nose and fish-shaped tail. 

If there be a perceptible fall in the channel from the point of measurement 
of dy to that of dp the value of dz must, be decreased by this fall, and if there be 
| rise the value of dg must be increased by the rise. 

The coefficient K varies with the percentage of the original channel that is 
ybstructed, approximately as foliows: 


sabe 


Percent obstructed....... ° 5 Io say 20 30 
BOEHICIENt KG... wee ee 1.00 1.04 1.27 1.50 I.70 1.93 
Percent obstructed. ...... 40 50 60. 70 80 go 
POemiclent Keo... snes 2.00 2.03 2.04 2.05 2,06 2.07 
Example. Let Q =109 500 c-f.s. 
Area of unobstructed stream = 3680 sq ft 
Area of obstruction = 351sqit =9'5% 
Area of clear waterway = 3329 sq ft 
Depth of channel dz = 16.4 ft_ 
Vi= TDG OP 5.3 ft per sec 
3680 
Vi? 


V22 ‘ V2? 
Sys oa es 0.4362 ft and 0.3 —— 0.131 ft 
28 28 
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€ = :894 from shape of obstruction 


Assume 
K = 1.25 from area of obstruction. 


Substituting in formula there results: 
re 19 500” 
64.4 X 0.8947 X 2032 (16.4 — 0.13)” 
= 0.677 — 0.545 ff = 0.132 ft 
Jump. When an obstruction is present in a stream, and the slope is so 
steep that the velocity Vy before the obstruction is greater than WV edi, where 


d, is the depth before the obstruction, a jump is likely to occur, producing 4 
depth d, and if the velocity head w?/2g be called 4, the value of dp is slightly 


‘less than that given by 


— 1.25 % 0.4362 


dh = Yoh + Vi (hh + Mh) 
and the height of the jump is then d2 — dh. 


Investigations by Prof. S. M. Woodward of the State University of Iowa 
(Miami Conservancy District Technical Reports, Part III, Dayton, Ohio, 
1917) have developed the following formula for the hydraulic jump which is 
in close accord with the experimental results: “ 

Let d, = depth of water above jump; 
dy = depth of water below jump; 


Vi = velocity of stream before jump occurs; 
d id,” Vid 

dy — ek + \/ ex + ZabnueL 
2 4 g 


Waves. When the water in a stream passes under some obstruction an 
is then thrown upward, a standing wave is produced. When a stream © 
high velocity discharges into a large body of water moving with a slowe 
velocity, the curve of heading up does not always extend back till it reache 
the free surface of the water, but ends abruptly at the point of change ¢ 
velocity and a standing wave may be there produced. Under these cond 
tions very little of the velocity head is converted into head of elevation, br 
is absorbed in impact and wave formation. 

Whirlpools, eddies, and waves all indicate a useless expenditure of force and are like 
to cause damage to banks and bed. Where a minimum of loss of head is desired the 
should be as far as possible eliminated, which may usually be accomplished by smoot! 
ing the channel and removing abrupt changes of section, 


MEASUREMENT OF WATER 
- 49. Weight and Volume 


The methods of measuring water may be classed as absolute and inferenti 
The absolute methods are two, by weight and by volume. The inferent 
methods embrace the nozzle, the Venturi meter, the orifice, the weir, t 
float, the current meter, the water wheel, the hydrometric pendulum, colori 
matter and chemicals, as well as variations of these methods. In some ca‘ 
the method may appear to occupy an intermediate position between the t 
classes, but generally will fall in one or the other. 

By Weight. The most accurate method of measuring water is by weig 

and when the weight of a quantity of water and its temperature are kno} 


-t 
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s volume can be readily computed. This method is necessdrily limited by 
1e ‘capacity of weighing apparatus to moderate or small quantities. The 
slowing table gives the volume of 100 pounds of water at various temperatures, 


Volume in Cubic Feet of roo Pounds of Water 


Temperature Temperature | Volume 


32° Fahr. : 
35 - i 7 
39-3 
45 
50 
60. 
70 

. 80 


By Volume. The method ranking second in accuracy is by volume. 
‘he volume that can be so handled is limited by the capacity of the measuring 
essel or tank, which may vary from a pipette to a reservoir or a natural 
ske. The accuracy of the observation depends upon the accuracy with which 
he areas and change of level of the surface are determined. If V = the 
olume; Z=its length, A,, A,,; and A: =the areas respectively of the two 
rids and the mid-séction of the body, and A,j= the mean area, then the volume 
; givefi by the prismoidal formula V=14L(A; +4 Ac + As), and the mean 
rea perpendicular to L is Am = % (A,+4 Ac+Am). These formulas apply 
9 the sphere, the hemisphere; any segment of a sphere, a ring or torus, a cone, 
-pytamid, a wedge; a frustum; 4 paraboloid, an ellipsoid or any segment of 
ne, and to practically all solids having parallel ends and bounded by plane 
urfaces. 

When measurements are made in tanks with irregular bottoms, the bottom should be 
svered with water aid the difference of elevation of the Water stirfaces, before and after 
ling, be measured. by meansof a hook gage, a point gage, a tube gage, or 4 scale, depending 
n the accuracy desired; the devices being here enumerated in the order of their accuracy. 

Approximate Volumetric Measurements. The methods under this head 
iclude the various water meters in which 4 liquid fills a spate and is then 
xpelled thru ports or valves by a piston, as in the water cylinder of a pumping 
ngine, which latter falls in this class. On account of leakage thru the valves 
nd past the piston aid the possibility of the space not being completely filled 
fhen operating at high speeds; the volume of the liquid does not exactly 
oincide with that of the chamber; and where exactness is required the relation 
tween the two must be experimentally determined. The amount of liquid 
ischarged may vary from the volume of the chamber by from one to twenty 
ércent of the latter: A device used for measuring water at Lowell early in 
he last century belongs in this class; it consisted of a large paddle wheel 
rranged with its paddles closely fitting a specially prepared channel thru 
fhich the water to be measured was caused to flow. The paddle, completely 
strutting the channel; was driven ahead by the water. The wheel therefore 
ssumed the Velocity of the water, and so long as the paddle was in close con- 
ict with the sides and bottom of the channel the volume swept thru by it 
low the plane of the water surface measured the quantity of water passing 
n that time, subject to a correction for leakage past the paddle, which rela- 
ively Beta total volume could be made very small. A modification of this 

as been utilized in Europe at some of the turbine-testing plants, 
ae a very easy-running car, traveling on a track over a channel, carries 
‘scteen Bich can be lowered into the water and which fills the cross-section, 


rr 
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of the channel. ‘The car is then driven forward at practically the velocity 


of the current, and the volume swept 


thru by the screen below the water 


surface measures the water discharged, with a small correction for leakage 


around the edges. With a sufficiently long channel, the 


possibilities of 


accuracy in the apparatus considerably exceed those of any of the inferential 


or of the other semi-inferential devices. 


To this class belong the various automatic flush tanks which are designed to discharge 
their contents when the water reaches a certain elevation, either by causing the tank to 
turn on its axis, or by bringing a siphon into action, or by operating valves with the aid | 
of a float. These are sometimes designated as low-pressure meters, because they use up 
or dissipate the major part of the pressure energy of the stream. ‘This class also includes 
those of the pressure water meters in which there is a definite space filled by the water, 
whether it be that formed by the displacement of a reciprocating piston, a vibrating disk, 


or a revolving chamber, in all of which the moving part is essentially a 


piston. Al} such 


apparatus must be calibrated before its indications can be relied upon in cases where 


exact determinations are essential. 


20. Nozzles and Venturi Meters 


By the Nozzle. The measurement of water by means of a 


nozzle requires 


first an accurate determination of the area of the outlet and of the section at 


which the pressure is read, and thereafter the observation of 
some point as close as possible to the inlet of thenozzle. ‘This 


the pressure at 
pressure should 


be observed as communicated thru at least four orifices situated go° apart 
in a plane perpendicular to the axis of the nozzle. The orifices should be, 
cut with their walls normal to the axis of the pipe where the elements of , 


the interior surface are parallel, or at least the tangents to the 


elements at the 


plane of the orifice should be parallel to each other and to the axis of the 


channel. The edges of the orifices should be smooth without projecting 
slivers or burs, and the several orifices should be united to a common equalizing 
chamber to which the pressure gage is connected. Frequently this chamber 


is an annular space surrounding the pipe, being made in a 


special casting 


designed for the purpose, Fairly good results may be obtained by: connect 
ing the gage to a single orifice at the base of the nozzle, but in this case it is 


important to remoye to a considerable distance upstream, 
of the pipe at least, any curvature or obstruction causing an 


ten diameters 
unsymmetrical 


disturbance of the velocities. In any event a curve should not be within 
five diameters of the place where the pressure is read, unless a screen Or 
baffle is used to equalize the velocity distribution before the gage is reached, 
Let A, =area at the gage section, A,, = area at the nozzle outlet, pg = pressure 
head at gage section, hg =velscity head at gage section, a» =velocity head at 
nozzle outlet, Q = quantity of water discharged, vg = velocity at gage section, 
vm = velocity at nozzle outlet, GC =coefficient of discharge. When the nozzle 


is horizontal, hy 
hun = pe (An/Ag)? 
When the center at the gage section is a vertical distance 2 bi 


elow the center 


of the nozzle outlet, 4s in the above equation must be decreased by the distance 


z, and if the gage section be above the outlet by the distanc 


e 2, i» must be 


increased by z. Then hp ee 
Q =CAntn = CAnV 2 ghan = CAN 2g 57 7B 


With a smooth tapering nozzle, 2 inches or more in diamete 


r at outlet,. the 


angle of convergence between the two sides being from 10° to 15°, and a 
waterway leading to it of such form as to prevent swirls and eddies, and a 
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arefully made piezometer connection having at least four orifices as above 
lescribed, connected to an accurate gage for measuring the head, the coeffi- 
ient C may be taken at 0.995 and the resulting measurement may be within 
4 of x percent of the actual discharge. In ordinary work, however, a 
coefficient of 0.98 is as high as it is safe to rely upon, and the discharges so 
omputed, with careful observation, should be within 1 percent of correctness, 
H smaller nozzles the coefficient will be somewhat lower than in large ones, 
nd’ may be expected to increase for very large sizes. 

If the nozzle outlet be submerged, hs in the foregoing expressions must be decreased 
y the depth of water over the center of the nozzle outlet, and in the event of discharge 
ito a vacuum, /f must be increased by the height of water column equivalent to the’meas- 
te of the vacuum. (Trans. Am. Soc. C. E., 1891, Vol. 23. p. 492.) 

By the Venturi Meter. This device consists of a short truncated con- 
erging cone united by a short cylindrical or gorge section, called the throat, 
o a diverging truncated cone, the latter being much longer than the former 
and having, therefore, a more 
gradual taper. The pressure 
head is read thru piezometer 
connections at the inlet of the 
upstream cone and at the throat, — 
the difference of pressure head at 
the two points representing the 
2 increase in velocity head at the 

‘ . smaller section over that at 

Fig. eS the larger and the frictional loss 

yetween the two. As the upper cone is short, usually not over two diam- 

ters in length, and may be made quite smooth, the latter element is ordinarily 

egligible. ‘The discharge is computed by. the same formula as that of the 

lozzle when hy is replaced by the difference of the pressures read at the inlet 

nd the throat. Let A;=area at inlet to meter, A, =area at throat, hg: = 
ressure head at inlet and hz: =pressure head at throat. Then 


“ h pi — hoe 
ncaa 1—(Aj/Ai)® 


[he coefficient C has an average value of 0.96 to 0.98 and is increased when’ 
he inlet is near a curve over the condition when following a straight pipe. 
Irdinarily the accuracy of measurement should be within 3 percent. The 
oss of head in passing thru the meter is usually from ro to 14 percent of the 
lifference of pressure head between inlet and throat. A special recording 
Jevice is furnished with the meter castings by the manufacturets. The 
commercial size of the meter is that of the inlet, or the same as that of the 
pipe in which it is to be set. (Trans. Am. Soc. C. E. ” 1887, vol, 17, p. 228.) 
Let d and D be diameters of the throat and inlet pipe in inches, and / the 


so-called ‘‘ head on the meter,” or hpt — hpt, in feet. Then the discharge, in ~ , 


U. S. gallons per 24 hours, is 
avn 


L Vir — (d/D)* 


In Engr. News, July 31, 1913, Allen Hazen concludes that 0.99 is the usual 
value of C, and J. W. Ledoux gives 0.97 as derived from tests on 2- and 8-in 
throats for high velocities. In Engr. News, Oct. 2, 1913, A. T. Safford gives 
9.97 for small discharges and nearly 1.00 for large ones. Tests at Cornell Univ. 
by E. W. Schoder in 1915 on a 12 by 5-in meter gave about 0.99 for C when the 
discharge was 8 about gooo gals per minute, 


Q = 28276:C 
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Fire Streams 


Required hydrant pressure for 2}-in — 
best rubber-lined fire hose of lengths 
as indicated 


Feet 


Best fire 
Pres- 
Size | sure at. Sica 
of base Gallons: 
nozzle | of play Height | Reach per 
DIpE of jet | of jet Boe al 
In Lb Ft Ft 
Io E75 19 52 
20 33 29 73 
30 48 37 go 
4o 60 44 Io4 
4 50 67 590 116 
60 72 54 127 
70 76 58 137 
80 79 62 147 
100 83 68 164 
Io 18 2X 41 
20 34 33 100 
30 49 42 123 
4° 62 49 142 
% 50 7z 55 159 
60 77 6r 174 
7O 8r 66 188 
80 85 7° 201 
100 go 76 224 
10 18 21 93 
20 35 37 132 
3° §t 47 161 
40 64 55 186 
I 50 73 61 208 
60 79 67 228 
7° 85 72 246 
80 8&9 76 263 
100 96 83 295 
10 18 22 119 
20 36 38 168 
30 52 50 206 
40 65 59 238 
114 50 75 66 266 
60 83 72 291 
7K 88 77 314 
80. g2 81 336 
Too 99 89 376 
10 19 22 148 
20 37 40 209 
30 53 54 250 
yo | 67 | 63 | 296 
14 50 77 7O | 331 
= fo 85 76 363 
7° gr 8x 392 
80 95 85 419 
B cele) IoI 93 468 
10 20 23 182 
20 38 42 257 
30 55 56 315 
40 69 66 363 
1% 50 79 73 40 
60 87 79 445 
nee ic) g2 84 480 
80 97 88 514 
100 103 96 574 
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‘Fire Streams. The preceding table gives the characteristics of fire stream 
from smooth conical nozzles, as established by the experiments of John R.. Free- 
man, Mem. Am. Soc. C. E. (Trans. A\S.C.E., Vol. XXI). The pressures indi- 
cated are those existing while the stream is flowing. For ring nozzles the 
characteristics correspond to those of the next size smaller smooth nozzle. 


21. Orifices 


For Small Orifices one inch in height or less, the coefficient 0.61 for the 
discharge from circular orifices and 0.62 for square and rectangular ones, 
if the head be more than eight times the vertical dimension, will give results 
sufficiently accurate for ordinary cases, If more accurate gagings are re- 
quired, the orifices should be calibrated in place by weighing or volumetri- 
cally measuring the water discharged under different heads. When the 
vertical dimension of the orifice is more than one-sixth the head over the top, 
the variation of pressure between the top and the bottom causes the center 
of pressure on the orifice to be appreciably below the center of gravity, and 
the center of pressure at the vena contracta is below that at the plane of the 
orifice. Let the notation be 


A =area of orifice, A, = area of jet at vena contracta, 
Cy = coefficient of velocity, C,, = coefficient of contraction, 
C or GuCc = coefficient of discharge, 

hes = head above bottom of orifice, igc= head ahoye bottom of yena contracta, 

ty = head above center of grayity of orifice, h, = head aboye top of orifice, 
hz = head aboye top of vena contracta, hy = head due to velocity of approach, 
B = length of sill of rectangular orifice, v = velocity thru orifice, 
v- = velocity thru vena contracta, Q =quantity discharged, 

R=radius of a sae orifice, 

* =width of orifice at any point, = width of vena contracta at any point, 


2 =height of water surface above oa point of the orifice, 
2-=height of water surface above any point in the vena contracta. 


The General Formula for discharge per second is 
—— phocthy % 
(x) @Q=Av=Aan-= C2 ef x2"*dz 
‘ ‘ hicthy 


in which, if x be not constant, it must be exprest as a function of z. -The 
application of this formula requires the determination of the dimensions 
of the vena contracta, which is a difficult operation, and, therefore, the dimen- 
sions of the orifices mey be substituted for those of the vena contracta and the 
coefficient of contraction C, be introduced, when the above equation becomes, 


since CoC, = C, bathe 
(2) Q=Au=CV2¢ if weds 
lithe ‘ 


Tf the orifice be herizontal ho =h, and z is constant. For a rectangular orifice 
in which « =L, after integrating, 

@) Q-Av= CLV 2g (hs + he °8 = Gay + he)"*) . 
The best experiments show the value of the coefficient with full contraction 
on all sides to be practically constant and for square orifices C =0.604, for . 
circular orifices C =0.597. 

If contraction be supprest on one side by bringing the wall of the channel of approach 
into coincidence with the plane of the side of the orifice, the contraction on the opposite 
the is increased somewhat, but not by an amount equal to the original contraction on 


side supprest. 
‘or a rectangular aa 0.656 foot high and 2.624 feet wide with end contractions 


SS ee 


1118 Measurement of Water Sect. 9 


supprest, Bazin's experiments give the coefficient C in equation (3) as 0,624, showing 
about 3 per cent increase of discharge above that for full contraction on all sides. 

For square orifices the experiments of Lebros give: Contraction supprest on one side, 
C is increased 2.9%. Contraction supprest on two sides, C is increased 5.25%. Con- 
traction supprest on bottom, C is increased 3.25%. Contraction supprest on bottom 
and one side, C is increased 7.25%. Contraction supprest on bottom and two sides, C 
is increased 11.5%. 

For circular orifices Bidone deduced the effect of full suppression as increasing C or 
the discharge 12.8 percent and partial suppression correspondingly. It is to be noted ~ 
that suppression at the top would have less effect than at the bottom, and may be taken 
as increasing the discharge of a square 2.6%. From this it may be expected that the 
suppression of contraction over the lower half of a circular orifice would increase the 
discharge about 8%, over the upper half about 5%, and over one side half about 6%. 

For the discharge of sluice gates where the bottom and sides coincide with those of 
the channel, the coefficient for the corresponding orifice may be used provided there is 
no apron beyond the gate and the discharge is allowed to fall away freely. If there be 
an apron or shoot or continuation of the channel, ‘the friction along it will reduce the 

- coefficient, particularly at low heads. When hg was about 2% times the height of the 
opening, the discharge has been found to be as much as 12 percent less than for the 
orifice with full contraction, > 


22. Weirs 


The Weir affords the most commonly used method of measuring water 
in moderately large quantities. The standard weir, or sharp-edged weir, 
consists of a vertical partition across a channel with its top edge horizontal, 
sharp cornered and narrow enough so that at the heads used the overflowing ~ 
sheet jumps from the upstream edge clear of the downstream corner. Such 
weirs may be either with or without end contractions. A weir with end 
contractions is one whose crest extends only part way across the channel 
and is terminated by partitions in its plane, with their vertical edges rising 
above the level of the water on the upstream side. Such a weir may be 
compared to a rectangular orifice upon which the head has fallen below the 
top. A weir without end contractions is one which extends entirely across 
the channel. If a= height of crest of weir above bottom of channel of 
approach, A, = area of stream in the plane of the weir, H = height above the 
crest of the surface of still water upstream from the weir, h = head above 
crest as observed, vz =velocity in and perpendicular to the plane of the weir, 
then the formula for the discharge is similar to that for the orifice and is 


OQ = Any = % CLV 2g +H =%CLV 2 gh + ho)”. 
Since LH = L (h +hz) = area of the stream above the crest level at the plane 
of still water and CLH is the area in the plane of the crest, the total head 


producing flow is % V/2g(h + hv). (hv = head due to velocity of approach.) 


The Francis Formula. The coefficient C in this formula was determined 
experimentally by. James B: Francis as about 0.62, and by combining this with 


2/2 g, the well-known coefficient of the Francis Formula 3.33 is obtained. 
This formula was considered by its inventor to be reliable between heads of 
0.5 foot and 2.00 feet. Later investigators have modified it into the form: 


O=3.33Lb+14 ho) 


In applying this formula the process is as follows: Having measured the 
head / at a point above the surface curve to the weir, compute an approxi- 
mate value of the discharge by the equation Q, =3.33 Lh, Find the 
approximate velocity at the plane where the head is observed by the equation — 


Art. 22 Weirs — Se 
v = Q; + L(h+a) and the velocity head by hy = 2/2 g. Then Q is obtained 
by substitution in formula on p. 1118, and should be within 3 to 4 percent of 
correctness if the head is not more than 30 percent of @ and has beeen properly 
measured, and the sheet is fully aerated underneath. 


For weirs with end contractions Francis recommended reducing the length L in the 
above formula by 0.1 H tor each full end contraction. This correction is only an ap- 
proximation and, for accurate gagings, weirs with end contractions should not be used. 


The Machinery Builders Society in October, 1917, in connection with the Testing 
Code for Hydraulic Turbines, adopted the following coefficients for use with the Francis 


formula in the form V0 = CLk'/2 which include the effect of velocity of approach. 


Table of Values of C for Various Heads and Heights of Crest a 


Head y Height of crest a, in feet 

Ne | 4 5 6 7 8 9 Io 12 14 16 20 
— ed 

I.0 |3.376/3.356) 3.344] 3.335] 3.329] 3.325] 3-322) 3.317] 3.314] 3-311] 3.308) 
1.2 |3.391|3.366] 3.350] 3.339] 3.332] 3.326) 3.322) 3.316! 3.311) 3.308] 3.305 
1.4 |3.409|3.378] 3.359] 3.346) 3.336| 3.330] 3.324] 3.316} 3.311| 3.307] 3.303 
1.6 |3.429]3.392] 3.370] 3-354] 3-343] 3.334] 3-328] 3.319] 3.312] 3.308] 3.302 
1.8 |3.450\3.408} 3.382) 3.363) 3.350] 3.340) 3.333] 3.322] 3.315] 3.309] 3.303 
2.0 |...:.|3.425|:3-394| 3.373] 3-358] 3.347) 3-338) 3.325] 3.327) 3.311| 3.304 

_ | 


The above coefficients are the averages of values computed by the following 
three formulas (on p. 1102): 


(1) Bazin, 


ad 0.00984 jh? Veen 
Q= (c.10s + i ) [: +0.55 G+h? *l 2g Lhi/2 


(2) Rehbock, 
Q= [60s + pak os |? V2 g LhP/2 Z 
; 320h-3 a\3 


_ (3) Fteley-Stearns, 
Q@ = 3.31 L (h + 1.5hv)*/2 +.0.007 L, in which 
hy = head due to velocity of approach. 
‘The formula of Rehbock is based upon rather small scale Ibarktors experiments, 
and in the writer’s opinion is given undue weight in this connection. 


The Bazin Formula is the most accurate one for wide ranges of head, and 
it may be safely applied between heads of 0.2 foot and 6 feet, and does not 
require a correction for velocity of approach, as it is based upon the observed 
head #. It applies only to weirs without end contractions and is 


i 0,00984\ h | a aaah 
Q= (2.405 camer JE +0.55 (5 7) Lh 2 gh 


and the following tables give values of Q for a weir one foot long and for 
various values of h and a, The value of g used in computing these tables 
is 32.17 feet per second per second. : 


| 


, 
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Discharge in Cubic Feet per Second per Foot of Length over 
Sharp-edged Vertical Weirs without End Contractions 


Computed by Bazih’s Formula. 


Head Height in feet of crest of weit above bottom of 
h J channel of approach 
feet % 
a=2 a=3 a=4 a=5 a=6 a=7 a=8 
0.2 0.33 | 0-33 |. 0-33] ©-33-] 0-33 | 0-33 4 0<33 
CH 0.58 0.58 0.58 0.58 0.58 0.58 0.58 
0.4 Oras | 0688 | o288 | O57] O-07 | 0.57 | Osne 
On ees mean 1.21 I-2t I-21 Tak I-21 
0.6 1.62 1.59 1.59 158 1.58 1.58 1.58 
0.7 2.04 2,01 I-99 1.98 1.98 1-98 1-98 
0.8 2.50 2-45 2-43 2-42 2.41 2.41 2.41 
0.9 3-00 2.93 2.90 2.88 2.88 2.87 2.86 
- I.0 3.53 | 3-44 | 3-40.| 3-38 | 3-36 | 3-36) 3-35 . 
1.2 4-68 | 4-55 | 4-48 | 4-47 | 4-42 | 4-42 | 4-40 
1.4 s.99 | 5-78 | 3-68) 5-62] 5-58] 5-56] 5-54 
Ie5 6.68 6.44 6.30 6.23 6.20 6.18 6.16 
1.6 7.40 eee] 6.97 6.89 6.84 6.80 6.78 
1.8 8.93 8.56 8.337 8.25 8.18 8.13 8.09 
2.0 10.58 | 10-12 9.87 9.72 9:62 9-55 9-51 
2.2 12.34 | 11-77 | 11-46 | 19-27 | 11-14 11.06 | 10.99 
2.4 | 14-20 | 13-53 | 13:15 | 12-91 | 12:75 | 12.64 | 12-56 
2.5 | 15.17 | 14-45 | 14.03 | 13-76 | 13-59 | 13-47 | 13-38 
2.6 16.16 | 15.38 | 14.92 | 14-63 | 14-44 | 14.30 | 14-20 
2.8 | 18.23 | 17-32 | 16.79 | 16.44 | 16.21 16.04 | 15-92 
3.0 | 20.39 | 19-36 | 18-74 | 18-33 18.06.] 17-86 | 17-72 
3-2 22.64 | 21.48 | 20.77 | 20.31 39-98 | 19.75 | 19-58 
3-4 24.98 | 23.70 | 22 89 | 22.36 | 21-99 | 21.72 | 21-52 
3-5 26.20 | 24.83 | 24.00 | 23.43 | 23-01 | 22.73 | 22.48 
3-6 | 27.41 | 25.99 | 25:09 | 24-49 | 24-06 | 23-75°| 23-52 
3-8 | 29.94 | 28.38 | 27-38 | 26.70 26.22 | 25.87 | 25.60 
4-0 | 32.54 | 30-84 | 29-74 | 28-99 | 28.45 | 28-05 | 27-74 
4.2 | 35.22 | 33-39 | 32-18°| ar-35 | 30-75 | 30-30 | 29-96 
4-4 | 37-99 | 36.01 | 34.70'| 33-78 | 33:12 | 32-62 | 32-24 
4-6 | 40.83 | 38.71 | 37-20 | 36.29 | 38:56 | 35-01 | 34-58 
4-8 | 43.75 | 41-49 | 39-96 | -38-87 | 38-07 | 37-46 | 37.00 
5.0 : 39:44 
eu 42.01 
5-4 44.60 
5-6 47-28 
5-8 49-99 
6.0. 52.78 


When the weir is so high that the velocity of the approaching water is practically zero 


baxin’s formula reduces. to ' 
Q=( 0.405 + 2-20084 ) 24 2gh 
. jt. 


io 


At low heads, less than 0.2 of a foot, Bazin’s Formula gives discharges somewhat too 
high and the formula proposed by Fteley and Stearns is recommended, which is; 
Q= 3.312 LH? + 0.007 L. 


The resuuts by this formula are within 4 to 6 percent of the experimental values for heads - 
ranging from 0.2 to 0.007 ft, and the actual discharges were generally in excess of thos 


aS 2k 
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Discharge in Cubic Feet per Second per Foot of Length over Sharp-edged 
Vertical Weirs without End Contractions— Continued - * 


Computed by Bazin’s Formula. 


Height in feet of crest of weir above bottom of 
channel of approach 


a=9 | a=10 | a=12 | a=16 | a~20 | a=25 | 4=30 


0.33 | 0-33 | 0-33 | 0-33 | 0-33 | °-33 | 9-33 
0.58 °. 58 0.58 0.58 0.58 0.58 0.58 
0.87 0.87 0:87 0.87 0.87 0.87 0.87 
1.20 1.20 


I-57 1.57 
1.97 1.97 1.97 1-97 1-97 1.97 1-97 
2:40 |, 2.40 | 2-40 | 2:40 | 2.40 | 2.40 | 2-40 
2.86 2.86 2.86 2.86 2.85 2.85 2.85 
3-35 3-34 3-34 3-33 3-33 3-33 3-33 
4-39 | 4-38 | 4-38 | 4-37) 4-36 4-36 | 4.36 
5.53 | 5-52] 5-51 | 5-49 | 5-49] 5-48] 5-48 
6.14 6.13 6.12 berry 6.10 6:09 6.09 
6.73 | 6.71 | 6-69 | 6.69 | 6.69 
8.02 | 7-99 | 7-98 | 7-97] 7-96 
9-40 | 9-36 | 9-34] 9-33 | 9-32 
10.86 } 10:81 | 10.78 | 10.76 | 10.75 
12.39 | 12.32 | 12.28 | 12.25 | 12:24 
13.18 | 13-10 | 13.06 | 13.03 | 13-01 
13.99 | 13-90 | 13-85 | 13.82 | 13.80 
15.66 | 15.54 | 15.48 | 15-44 | 15.42. 
27:39 | 17225 | 17-78 |°17.13 | 17-10 
ig.19 | 19-02 | 18.93 | 18.87 | 18.83 
21.06 | 20.86 | 20.75 | 20.68 |. 20.63 
22.00 | 21.83 | 21-69 | 21.62 | 21.60 


. 


3 


. 


ri 


22.99 | 22.75 | 22.62 | 22.53 | 22.48 
24.99 | 24.7% | 24-56 | 24.45 | 24:39 
27.05 | 26.72 | 26.55 | 26.42 | 26.35 
29.17 | 28:79 | 28.59 | 28.45 | 28.36 
31-34 | 30-92 | 30-66 | 36.52 | 30.42 


33-58 \| 33-10 | 32-84 | 32.65 | 32.53, 
35-88 | 35-35 | 35-05 | 34:83 | 34.70 
g8.21 | 37-61 | 37.28.| 37.03 | 36.88 
40.65 | 39-99 | 39-61 | 39.33 | 39-17 
43-12 | 42.38 | 41-96 | 41.66 | 41.47 
44-84 | 44.38 | 44:04 | 43-83 
46.83 46.22 
49-34 48.67 


: ce ri 
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given by the formula. It holds only sd long as the sheet jumps free of the crest and 
the space behind it is fully aerated. - 

The Flow over Irregular Crests may be computed by multiplying the 
discharge of a standard weir of the same height and length and at the same 
head by a factor depending on the form of the crests. The following tables 
give the multipliers for various forms of weirs (Fig. 22) as determined from 
experiments upon full-size models at the Hydraulic Laboratory of Cornell 
University; ; ead 
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Multipliers for Flat-topped Weirs. Fig. 22A 


Width of flat crest in feet 


Head 

h, 

feet |b = 0.48|b = 0.93| 6 = 1.65| b = 3.17| b = 5.84| b = 8.98|/b = 12.24 |b = 16.30 
0.5 | 0.902 0,830 0.795 0.790 0.785 0.783 0.783 0. 783 
1.0 | 0.972 0.904. 0.810 °.797 0,800 0.798 0.795 0.792 
1.5 | 1.000 0.957 0.875 0.797 0.807 0.803 0.802 0.793 
2.0 | 1.000 0.989 0.930 0.815 0.805 o.800 0.798 0.791 
2.5 | 1.000 I .000 0.970 0.842 0.800 0.795 0.792 0.790 
3.0 | 1.000 I ,000 1.000 0.870 | 0.796 0.791 0.787 0.789 
3.5 | 1.000 1.000 1.000 0.896 0.793 0.787 0.783 0.787 
4.0 I .000 1.000 1.000 0.925 0.790 0.783 0.780 0.785 


| 


Multipliers (m) for Triangular Weirs. Fig. 22B 


Head h in feet, 0.5 I.0 Ts 2.0 2.5 3.0 3.5 4.0 
For b= 6.65 ft, m=1.060 1.079 1.091 1.086 1.076 1.067 1.060 1.054 
For 6 = 11.25 ft, m= 1.060 1.079 1.092 1.097 1,096 1.095 1.094 1.093 


Multipliers for Compound Weirs. Fig. 22 


Head 

h, Type F | Type G | Type H | TypelI | Type J | Type K | TypeL 
feet es: 3 . 
0.5 0.964 0.932 0.934 0.968 0.971 0.971 0.971 . 
r.c 1.026 0.982 I.000 1.008 T.040 1.040 © 983 

1.5 1.064 I.O15 1.040 1.030 1.083 I.0g2 1,022 

2.0 I of6 I.03r 1.061 1.034 1.113 1.126 1.040 

2.5 I 025 1.038 1.073 1.038 1.118 | 2.146 1.057 

3.0 0.992 1.044 1.082 1.042 1.120 1.163 1.072 

3-5 0.966 4.049 1.090 1.046 1.122 G77: 1,085 

4.0 0.944 1.053 1.097 1/050 1.125 I.190 1.097 


Fig. 22. Types of Weirs and Dams . 
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Measurement of Head. When the head on a weir exceeds x ft the means 
used for observing the head may cause an appreciable variation in the computed 
discharge. : ’ 

The following table givés the percentage variation of heads observed in various 
ways, from those indicated by a device A similar to that used by Bazin: 


Variations of Head Observations’ on Weirs 
(Experimental) 
A. Head observed by hook gage in pit connected at bottom of channel of approach by 
4-in diameter pipe flush with wall, 29.88 ft upstream from weir 6.55 ft high. 
B. Head observed by tape and bob over center of 16 ft wide channel 14 ft upstream from 
weir 6.55 ft high. 


Head observed by r-in glass tube gage connected to 14-in diameter orifice 6 ft up- 
stream from weir 6.55 ft high: 

C. In brass plate flush with channel wall 214 in below level of crest. 

D. Tn iron cap flush with timber channel wall x ft above bottom of channel. 

E. In brass plug flush with face of 2 in by 12 in by 18 ft plank on center line of channel, 
3 in above bottom. 

F. Head observed by r-in glass tube gage connected to 1-in pipe with 14-in orifices, 2 in 
apart on under side, set transversely across channel 1 ft above bottom and 10.2 ft 
upstream from weir 5.85 ft high. 

G. Head observed by hook gage in barrel connected to five 54-in orifices in weir bulkhead 
934 in below crest of weir 6 ft high and 65 ft long. 

H, Head observed by 1-in glass tube gage connected to 1-in pipe with 14-in orifices, 6 in 
apart on underside set transversely across channel 8 in above bottom and 37 ft up- 
stream from weir 5.2 ft high. 


VaRIATION OF OBSERVED HEAD ™ PERCENT oF A 


Head A_ B Cc D E ac} 
Feet % 
0.0 ° 
O.5 ° 
I.0 ° 
I.5 ° 
2.0 ° 
2.5 ° 
3.0 0. 
3-5 2. 
7 ae ce en eee) 
4.5 
5.0 
a MN Poe athe ara1s] >'scais cis. eyuil i= om sietefeselllareiese less aicll eke orate are iroeen 


23. Current Observations 


By Floats. In shallow streams approximate discharges may be obtained 

by surface floats, the mean of whose velocity when multiplied by 0.80 will 

_ give the average velocity probably within ro percent. For more accurate 
gagings the ROD FLOAT may be used, and when the conditions of the channel 

_ are ideal the accuracy of this method places it next to the weir. Rod floats 
_™may consist of tin tubes or bamboo poles loaded with shot, or of woodén 
rods wrapt at their bottom with sheet lead or otherwise weighted. They 

_ should be so loaded as to stand vertically in the water, and the point to which 
_ they sink should be marked by a ring of paint. Wooden floats, if to be used 
_ in accurate work for more than a very few minutes at a time, should be thoroly 


q 


- . \\ 
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oiled, or coated with a waterproof varnish, to prevent absorption of water and 
the consequent change of buoyancy. In starting the floats they should be 
immersed to the submergence mark with the bottom inclined slightly against 
the current and allowed to swing to a vertical position under the influence 
of the current while held with the thumb and finger as trunnions whose axis 
is perpendicular to the current and parallel to the surface. As soon-as the 
float comes to a vertical position it should be released without disturbing 
its submergence or its motion, and allowed to float far enough to take up the 
yelocity of the stream before passing the point at which the upstream obser-, 
vation is taken, ‘The course selected should be in a straight reach of as 
néarly uniform depth and section as possible, free from weeds and having 
a straight channel leading to it. 

The cross-section should be accurately determined and a length for the course laid off 
on the bank parallel to the axis of the current. If the stream be narrow, two cords or 
wires situated in a vertical plane a foot or more apart should be stretched across at the 
upper and lower ends of the course, and either one of the wires or a separate line shoul 
be tagged at intervals to assist in locating the float. The observer should take the time 
as the float passes the plane of the wires and the recorder or the starter its location along 
the tagged line. If the stream be wide, the floats should be obseryed with a transit 
whose telescope is at right angles to the course and the position determined by means of 
the vertical angle to the water surface, the elevation of the telescope axis above the water 
being measured. Where less accurate results are required a single line or a pair of ranges 
may be used to locate the upper and lower ends of the course and the position may be 
estimated. If but a single observer and one or-two floats are employed, the time may 
be best taken by means of a stop watch, but forrapid work a large number of floats may be 
used and with an observer using an ordinary watch and a recorder, at each end of the 
course, fully as accurate work may he done. The two watches must be set together and’ 
frequently compared during the observations. The floats should be so started as to 
cover as far as possible the entire cross-section of the channel thruout the course, and where 
he depth of the cross-seclion varies, floats of different lengths should be used. It is 
customary to consider the course of the float as that indicated by the mean of its positions 
at the upper and lower wires and that its velocity is uniform thruout the run and that the 
area of the stream is the mean area thruout the course. 

The floats should be made to pass as close to the bottom as possible without 
dragging or striking on obstructions, but it is neyer possible to have them run 
closer than several inches in ordinary streams. The velocity of the float 
will therefore be greater than the mean velocity of the water in the whole 
yertical in which the float travels. ‘The float gives practically the mean velo- 
city in that part of the vertical thru which its submergence extends, and may 
be taken to represent the velocities horizontally for half the distance each 
way to the next float. When d=depth of water, i=immersion of float, 
w = mean velocity of water, ur= velocity of float, then 

d-i 
u=us 1.0 — 0.116 ig ea 0 | and Q=Au 
In a rectangular channel 10 feet deep and 16 feet wide it was found that 
float discharges agreed with weir discharges within 2 percent for ranges of 
immersion from 60 to 98 percent of the depth. Double floats and subsurface 
floats, are of little value for measuring water. ; 

By Screen or Diaphragm. This is a special form of float and is mounted 
on a truck running on rails along a straight and uniform section of the channel 
and is so devised that it can be quickly lowered into the water and made to 
occupy nearly the whole area of the channel during the run and be lifted out 
at the end. A proper distance being allowed for starting and stopping and the 
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screen occupying idee eseatiy the whole cross-section of the channel, its velocity 
‘corresponds very nearly to that of the water. If, however, the screen does not 
approximately fill the: cross-section of the channel the Francis Float Formula 

_ of the preceding paragraph may be applied. As the screen is usually run in a 
rectangular channel of considerable depth it may be desirable to make a second 
further application of the formula to cover the spaces between the screen and 
the side walls by considering the distance from the center of the channel to the 
edge of the screen as i, half the width of the channel as d and the first computed 
u as vy for each half of the channel. The depth of water then becomes the 

- width. The sum of the discharge as computed for each half then will be the 
true discharge. 

By Current Meter. The current meter consists siege of a revolving 

‘device driven by the current, whose revclutions bear some relation to the 
velocity of the water, and which are transmitted to some form of a recording 
or sounding apparatus whereby the number occurring in a given time may 
be observed. 

Two types of meters may be distinguished, the screw or direct acting-meter, 
and cup or differential meter. The Haskell, Fteley-Stearns and Ott meters are 
examples of screw or direct acting meters. The Price meter is the best example of 
a cup meter, and has been adopted as a standard by the U. S. Geological Survey. 


The meter should be rated to determine the ratio between its revolutions 
and the velocity of the passing water which rating is usually accomplished by 
drawing the meter at known speeds thru still water, either attached to a truck 
running on rails over a channel or to a boat. propelled at a uniform speed, 
usually by a person walking along the shore. In gaging, the meter is attached 
to a line and sunk by a weight, or in shallow water attached to a rod, and held 
at various points in a vertical until sufficient observations are obtained to give 
the mean velocity in the vertical with the required degree of precision. hee 
meter is then moved to another vertical and the mean velocity determined 
there. Since it is not possible to operate the meter close to the bottom, the mean 
of the velocities indicated by it in any vertical will be greater than ‘the mean 
velocity of the water in that vertical, as in the case of the float, and the same 
formula may be used for reducing the observations, where vp becomes the mean 
yelocity determined by the meter; or the yertical curve may be drawn from the 
observations and extended to the bottom by the eye, when the mean velocity 
of the water can be found directly with the aid of a planimeter or any inte- 
‘grating or area-measuring process. 

As the meter wheel may easily become clogged by weeds attaching themselves to it 
or by floating matter getting into the bearings, it should be examined from time to time 
during a gaging. As soon as a meter is rated, what is known as the hand test should be 
applied. That is, the instrument is held firmly i in the position in which it stands’when in 

ration and the wheel is spun by a single effort of the hand, the length of time that 
sti s before it ceases its revolutions being observed and recorded. This should be 
Fives several.times, and thereafter before starting a gaging and whenever the meter 
‘is taken from the water the hand test should be applied and the result recorded. In this 
way it will be possible to detect both the existence and time of a change in the rating of - 
the instrument. ; 

Comparisons between meter and weir gagings show them to agree under most favor- 
able conditions for the former within from 3 to 4 percent. It is to be noted that during 
an observation the meter should be stationary in the current or only moving as impelled 
thereby. The method of gaging sometimes used in which the meter is moved continu- 
ously about the cross-section is entirely untrustworthy. : 

Cup meters may oyer-register in considerably perturbed water 25 percent. 

- Screw meters may under-register in considerably perturbed water ro percent. 
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Resistance of Meters, Cables and Rads to Dragging Thru Still Water 
* (Experiments made for Author at Univ. of Mich. Naval Tank) 


Meters only. No weights 


efeabied taeluded Cables per foot Rods per foot 
ad 
vel Ritchie- 
1". 7| Haskell Haskell 344 Ya 
ft direction current - cians 4 sabes 34-in steel | 14-in steel 
current meter Sree | peas Rod Rod 
meter 8-in wheel 4 204 | d = 0.382 | d = 0.267 


8-in wheel, |weight 10.3 lb LOIN CEB E) in in 


weight 24.7 lb 


Resistancé, | Resistance, | Resistance, | Resistance, | Resistance, | Resistance, 


Ib Ib lb lb Ib Ib 

3.0 1.70 0.45 0.40 0.26 0.36 0.29 
AiO | ei 3075 2.40 0.72 0.47 0.64 0.52 
5-0 5-75 4.15 1.12 0.75 0.99 0.78 
6.0 8.40 6.00 1.52 1.04 I. 40 1.07 

| 7.0 11.60 8.05 = 1.9I Legis 1.88 1.38 


The 3%-in cable used, 10 ft 4 in long weighed x Ib 7! oz in air and 1 lb 2 oz in water 
and had a 3-strand rope center 5 in diameter, covered by 6 strands o.121 in diameter, 
each composed of 6 strands of 0.037 in diameter wires on a ys-in rope center. 

The 14-in cable used, 11 ft long weighed lb 2 oz in air and 15 oz in water, and had an 
insulated electric wire 0.038 in diameter for a center covered by 6 strands 0,086 in diameter 
composed of 7 wires 0.030 in diameter. 


By 4 Water Wheel. Since practically all submerged water wheels are 

’ composed of a series of orifices or nozzles, they may be used for measuring 
water whenever the discharge thru them for any head and number of revo- 
lutions is‘known, as the velocity, and hence the discharge for constant gate, 


increases as V “2 gh, and the speed of the wheel for similar relative discharges 
must vary as that of the water. t 


By the Hydrometric Pendulum. This apparatus consists of a metal 
ball suspended upon a cord. When the ball is lowered into a current the 
cord is inclined away from the vertical in some relation to the force of the 
current. With a suitable scale for measuring the inclination, this becomes 
a cheap and crude current meter. : 


‘A method somewhat akin to the hydrometric pendulum is that of the torsion disk, 
A disk or plate is attached by its vertical edge rigidly to a small rod which is supported 
in a vertical position by guides and carries a pointer at the top which travels over a gradu- 
ated arc. A zero reading is taken with the disk out of the water and at right angles to 
the direction of the current. The disk is then immersed parallel to the current and 
revolved by means of an arm on the rod above the pointer until the disk is again perpen- © 
dicular to the current. The variation of the pointer from its first position measures the 
torsion of the rod, which is itself a measure of the moment of the force of the current on 
the disk: : 


By Coloring Matter, Bran, Sawdust, and Chemicals. These materials 
are deposited in the water and partake of the nature of floats which disperse’ 
themselves thruout the whole body of the stream. The various anilines 
or even ordinary bluing may be used as colors, and are available not only in 
open channels and pipes but also in subterranean streams. The observa- 
tions are ocular. In the case of chemicals, as lithium of common salt, the 
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observations depend usually upon chemical analyses. The latter method 
is often valuable in determining the amount of water from a particular source 
that occurs in a mixt stream, as knowing the dilution at inlet and: at outlet 
the added untreated water can be estimated. The use of chemicals for the 
measurement of water passing thru turbine wheels -has been very fully 
developed by B. F. Groat, M. Am. Soc. C. E. (Trans. Am. Soc. C. E., Vol. 
LXXX). The essentials for accuracy in this. process. are the thoro mixing 
of a known solution with the influent water and a sufficiently distributed sam- 
pling of the effluent, care being taken that eddy and back currents do not dis- 
sipate the chemical into portions of the water that is not utilizedin the measure- 
ment. . : 


By a Cord. The measurement of surface velocities by the curve formed by a loose 
cord attached to the two banks and floating in the stream is possible. 


By Ripple Formation. -Surface velocities may be measured-by the ripples formed by 
two pins allowed to scratch the surface at known distances.apart in a line at right angles 
to its axis. The distance from this line to the intersection of the ripples varies with the 
velocity. ' 


24. The Pitot Tube 


The Pitot Tube is an instrument having two orifices or two sets of orifices 
one of which may be so directed as to receive the impact of a stream, and the 
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Fig. 23. Details of Pitot Tube 


other opening either at right angles thereto, or at some other angle so as to 
receive only the pressure energy of the water. These orifices are connected toa 
gage composed of two parallel glass tubes with a scale between or behind them, 
so that the difference of height of the two columns of liquid supported by the 
pressures on the orifices may be observed. This difference is then a function 
of the velocity head of the flowing water. The impact opening may be a 
hole bored in a piece of small-diametered pipe, the bottom of which is closed,” 
and which is inserted in the stream of water flowing thru a conduit or other . 
channel, and the pressure orifice may be an opening in the channel wall normal 
to its interior surface. Experiment shows that for ranges of velocity up to 10 
feet per second.and for pipes of diameters up to 8 inches the indication of 


' 
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a water columh gage, when the openings are as last described, gives the velocity 
_ head within one or two.percent. In large open channels this statement does 
not appear to hold true and for work in the latter it is necessary that the instru- 
ment be rated. ‘This rating may be accomplished with fair accuracy in a 
manner similar to that of rating ctirrent meters. A better rating can ~be 
obtained by measuring with the instrument the flow thru a pipe, the discharge 
of which is simultaneously determined volumetrically or gravimetrically. 
The method of gaging is to locate the impact opening of the instrument 
successively at diffcrent-points in the cross-section of the channel and read the 
indication of the gage, from which the velocity at the several points may be 
computed and thereby the discharge of the pipe or channel be determitied. 
Since in the case of normal flow in a circular pipe flowing full the central 
velocity is about 1.19 times the mean velocity, if the existence of normal 
flow at the point of gaging be established, the impact orifice of the instru- 
ment may be placed at the center of the pipe and the observed velocity 
divided by 1.19, or multiplied by its reciprocal 0.84, to get the mean velocity 
of the water. Such a determination when the area of the cross-section is 
accurately known and the condition of normal flow established should be 
correct within 3 percent. If normal flow does not exist but the distortion of 
the velocity curve is symmetrical about the axis of the pipe, the ratio of the 
mean to the maximum velocity, sometimes called the coefficient of the section, 
may be obtained by observations across a diameter and the mean velocity 
thereafter obtained by multiplying the observed central velocity by the so 
obtained coefficient. ‘The accuracy of the results will depend upon the accu- 
racy with which the coefficient has been established, but with careful work 
should be within 5 pereent. Observations with the Pitot tube in Closed 
channels where the velocity distribution is distorted unsymmetrically as by 
a curve or gate cannot be relied upon for establishing the mean velocity unless 
they cover several diameters of the pipe. - 
The formula for reducing Pitot tube observations is usually misunderstood. It may 
be deduced as follows for the case of the pressure orifice in the wall of a circular pipe: 


- hg = observed difference of head by the gage, 
p = pressure head at ary point in the cross-section of the pipe, 
be = pressure head at the center of the cross-section of the pipe, 
bw= pressure head at the wall of the cross-section of the pipe, 
v = velocity at any point in the cross-section of the pipe, 
Ue = velocity at the center of the cross-section of the pipe, 
V= velocity at the wall of the cross-section of the pipe. 


By Bernoulli’s Theorem for all points in a horizontal diameter of the section p+0?/2 g 
i tant and F 

ie hare bot 162/28 =Pyt Va? l2 g=P+V [2 

The impact opening of the tube receives and transmits the pressure of the stream at that 
point, plus twice the head to which the velocity is due by the theory of impact, or its 


gage columm represents p+? /g for the point at which the orifice is situated. The open- 
ing in the wall transmits to its gage column the pressure pw. Then the difference of the 


columns of oe gage is ha= b+¥lg-be 
and for the point at the center of the pipe 
ha= de+02 I¢— Po : 


Do= Pete |2E— Ve l2 8 
and the gage difference at the center then is 
. ve +00? 


— ha=be U2 1g — (bet 12 B= Unf Ja p= Fogel 


When %,)= v/s, then hg=1.04 v-*}2 g; and when vy ® t¢/20, then hg 0199/2 & 


But by Bernoulli's Theorem 
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From this it appears that the observed result of the tube with the pressure orifice in 
the wall of the pipe giving the correct mean velocity on the theory that hg=v*/2 g indi- 
cates the actual wall velocity to be about or Jess than one-tenth of that at the center. 
As the closest measurement to the waJl yet recorded was at a point about 3% of x percent 
of the diameter from the wall in a 3o-inch pipe, at which point the velocity was about 
1% that at the center, it is not diffi- 
cult to conceive the necessary re- 
duction of velocity between this 
point and the wall to bring the wall 
velocity within the above limits. 

When the instrument carries its 
Own pressure Opening it does not 
seem possible to deduce its coeffi- 
cient theoretically for the reason 
that the pressure orifice is always 
so situatedsthat the velocity of the 
water next the instrument is con- 
siderably retarded, and hence the 
pressure increased, in passing from 


outside { h the impact to the pressure opening. 
4s Yu Consequently the pressure trans- 
Fig. 24. Cole-Flad Pitometer mitted is not that corresponding 


: to the velocity to which the impact 
ppening is subjected. ‘The head indicated on the gage will therefore always be less than 
v* /g, and as the velocity past the pressure opening is never less than that at the pipe wall, 
the head on the gage will always be greater than v/2 g. Therefore when, as is commonly 
the practice, ta is assumed to represent v*/2 g, the indication must be multiplied by a 
coefficient less than unity, usually between 0.7 and o.9. (Trans. Am. Soc. C. E., vol. 47-) - 

A Pitot Tube of special form combined with a photographic recording appa- 
ratus is known commercially as the Cole-Flad Pitometer. In‘this instrument 
the pressure opening points downstream or opposite to the impact opening. 


25. Fountain Jets 


When water discharges over the horizontal circumference of a vertical 
pipe, the conditions partake in part of the nature of the flow over a weir and 
in part of the discharge thru a nozzle, at low heads the former and at higher 
heads the latter predominating, with a range of transition from one condition 
to the other between. The head on such a device may be most satisfactorily 
read by an orifice at the center of the pipe directed against the current aud 
located a short distance below the outlet. The head to be used is that measured 
by a water column attached to the orifice, less the height of the column of 
water from the orifice to the discharging lip of the pipe. 

From a series of experiments made by Lawrence and Braunworth at the 
Hydraulic Laboratory of Cornell University (see Trans. Am. Soc. C. E., Dec., 
1906, vol. 57, p. 265) in which the pipes had sharp edges tapered on the out- 
side and the head was read as above, the diameters used being 2, 4, 6, 9, and 
12 inches, the following formulas were deduced, which may be expected to 
give average results within 5 percent of the truth: : 

For Weir Flow, Q = 8.8 D!9j1-28, which is applicable for heads-below h = 
0.028 D4 with the jet falling free from the pipe; that is, aerated underneath. 

For Jet Flow, Q =s5.84 D*5;®, which is applicable for heads above 
h =0.107 D™°4, For the range between these two heads the result lies between 
those given by the above formulas whose linés intersect at  =0.045 a 

For ordinary computations these formulas, with the same limitations, may 
be used as: For the weir, Q = 8:8 D'*5}1-5 

For the jet, Q = 5.84 D3 
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26. Observations of Heads 


In Open Channels the most common method of reading head is by a 
graduated scale upon the face of which the, water rises. If this is situated 
in running water the sides should be tapered to their edges to prevent a de- 
pression of the surface due to an eddy at the upstream corner. On account 
of capillarity the reading will be higher than the true surface of the water 
and the observer may be expected to read to about one-half the smallest 
division that is clearly visible. The United States Geological Survey uses 
for its stream-gaging stations the BALL AND CHAIN GAGE, which consists of a 
chain running over a pulley and carrying a ball at its lower end which may 
be read by allowing the ball to scratch the surface in running water or to be 
just immersed in still water. The scale is usually horizontal, and a pointer 
on the chain indicates thereon the position of the ball. - 


A more accurate apparatus and one which may be readily provided in the 
field, consists of a plumb bob suspended from a steel tape which is past 
over a block cut at the edge to an arc of about 2 or 3 inches radius, having 
on the top a mark against which the reading of the tape is taken. By fasten- 
ing an ordinary leveling rod target to the block and causing the graduated edge 
of the tape to lie next the vernier, very accurate readings of the position of 
the bob may be obtained. In running water the bob should be allowed to 
scratch the surfdce and cause a fine ripple. When the 
surface undulates, readings of the high and low of the 
vibration should be taken. In still water the bob may be 
swung until it barely cuts the surface, or it may be slowly 
lowered until contact with the water is indicated by the 
rising of the water to the point due to capillarity. The 
POINT GAGE consists of a point attached to a graduated 
rod sliding past a vernier. It*is read similarly to the 
plumb bob, and is only second in accuracy to the, hook 
gage. The ordinary leveling rod with its upper section 
fastened to a post and the lower carrying a metal point 

* makes an excellent and easily obtained point gage. 


The Hook Gage, an apparatus invented by Uriah 
Boyden, consists of a hook attached to a graduated rod 
sliding past a vernier, or to a vernier sliding past a fixt 
scale. The hook is lowered below the surface of the water 
and slowly raised until its point comes in contact with the 
surface film of the water, when the latter is distorted, and 
if the point of contact be in the reflection of a light a black 
spot appears; if in diffused light, a bright spot. In still 
water the delicacy of the instrument is such that variations 
of the surface of Yoooo of a foot may be readily observed. 
For best results the point of the hook should be a cone 
with a vertex angle of about go degrees. 


The Water Column which rises in a glass tube con- 
nected to the channel may be utilized for reading head, 
but in this case the attraction of the walls of the tube for 
the water causes the liquid to rise higher than the height 
due to pressure alone. If the tube be less than one-half 
inch in internal diameter this effect must be allowed for p. 
in, accurate work. Under no circumstances should the FiguP Sis oes 
height of the column be measured to the intersection of the water and the glass, 
but a line tangent to the extreme edge of the curve of the meniscus at the center 


Art. 27 j Classifications 1131 


of the tube should be taken.. Except on a vibrating column during the rise of 
the liquid the water meniscus is always concave upwards. 

The Mercury Column, owing to the lack of affinity between the glass and the mercury, 
has its meniscus convex upwards and should be read on a tangent to the top of the curve. 
As the specific gravity of mercury is 13.58 at 60° Fahrenheit, one foot of mercury is the 
equivalent of 13.58 feet of water. 

The Bourdon Pressure Gage, tho sometimes used in hydeautie work, is 
not sufficiently delicate to give satisfactory results except where the pressure 
to be measured exceeds five pounds, and is unsuited for determining small 
differences of pressure. 

The Differential Gage is used for measuring losses of head. This con- 
sists of two vertical glass tubes connected at one end, with a scale between or 
behind them, the free ends being connected respectively by hose or pipes 
to the upstream and the downstream end of the channel in which the loss is 
to be observed. For measuring large differences of head the tubes are con- 
nected at the bottom and are then ‘filled ‘about half full of mercury. The 
difference of height of the mercury columns, when multiplied by the specific 
gravity of mercury minus one, gives the height of the water column that would 
measure the difference in pressure head at the two connections to the channel. 

For smaller differences of head the tubes should be connected at the top and the water 
allowed to rise in the tubes entrapping air above it. Unless the pressure is so great as 
to compress the air sufficiently to cause its weight to be appreciable, the difference in 
height of the water columns measures the difference of pressure heads at the connections. 

- For very small differences the air in the upper portion of, the gage may be replaced 
with oi]. If Go is the specific gravity of the oil and hw and h; the height of the upstream 
and downstream water columns, the difference of pressure head indicated will be ¢ (x —Gz) 
(hue—h2), where c is a coefficient less than unity depending on the kind of oil. When 
a gage of this kind is used it should be calibrated by comparison with a water-column 
gage to determine the value of c, or better the value of one unit of the scale. For kerosene 
sil with Go= 0.7879 at a temperature of 60° Fahrenheit, the reading of,the gage has been 
found to be 4.895 times the head; with gasolene having Go= 0.7159 at the same temper- 
ature, the multiplication was 3.52; and with ordinary sperm oil it was 9.05. (Trans. 
Am, Soc, C, E., vol. 47, pp. 78-90, Apcil, 1902.) 


TURBINES AND WATER WHEELS 
27. Classifications 


Turbines are of two types, reaction or pressure turbines and tangential 
or impulse turbines. In the former the wheel is completely filled with water, 

which acts by its pressure, and in the latter the head is converted into velocity 
and the wheel should never be filled. 

A reaction or pressure turbine is an assemblage of curved thannels or nozzles 
revolving uniformly about a fixt axis, usually either horizontal or vertical, 
with suitable stationary or movable guides to direct the flow into the sevoline 
channels. The revolving part of such an assemblage is called the runner or 
wheel. . 

Runners are designated as Right Hand or Left Hand, according the 
direction of their rotation. When the observer stands in the line of the shaft _ 
of the wheel with the inlet end toward him, or is looking in the direction along 
the shaft in which the water flows to enter or leave the wheel, a wheel which 
‘appears to revolve in a clockwise direction is Right-handed, and one revolving 
in a counter clockwise direction-is Left-handed. 

Turbines are classed according to the direction in which the water passes thru them, 


as: (x) Outward flow, or Fourneyron wheels. (2) Inward flow, or Francis wheels, 
(3) Parallel or axial flow, or Jonval wheels. (4) Mixed flow, or Eh wheels, In 
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the last named class the flow is first inward, then axial. When standing still the laws 
of flow thru nozzles apply to this apparatus without modification, but when revolving 
the centrifugal force of the water inclosed in the wheel complicates the equations. 


’ 


NOMENCLATURE 
b =barometric column of water. R: = radius of wheel at inlet. 
di =depth of wheel at inlet. Ro =radius of wheel at outlet. 
do = depth of wheel at outlet. 3 ug =tadial component of yelocity at inlet 
é@ =efficiency of turbine. of wheel. 
e# = hydraulic efficiency. uo =radial component of velocity at outlet 
he =centrifugal head. of wheel. 
hei =height of center of inlet above tail- | Uz = absolute velocity of water at inlet 
water. of wheel. 
heo = height of center of- outlet above tail- | Uo = absolute velocity of water at outlet 
water. ; of wheel. 7 

hpi = pressure head at inlet. Uy =absolute velocity of water at outlet 
igo = pressure head at outlet. of draft tube. 
H =total head acting. vz =velocity of wheel at inlet. 
Hy, =head corresponding to a runaway | vo = velocity of wheel at outlet. 

speed of # revolutions. a Vz = velocity of whirl at inlet. 
kt = power constant. Vo =velocity of whirl at outlet. 
ke =capacity constant. Vrz = relative velocity of water at inlet. 
k3 =speed constant. Vio = relative velocity of water at outlet. 
K =wheel characteristic. w  =weight of one cubic unit of water, 
% =number of revolutions per minute. W = power. 


Q =quantity of discharge per unit of time. | $= speed coefficient. 
Fundamental Reiations: Bernoulli’s equations for the flow thru a turbine: 


; ae 
At inlet, I — hee +b = hpi t+ iz 
Between inlet aid outlet the wheel impresses upon the water a head due 
to centrifugal force = (v,? — Vo") /2 g, so that within the wheel: : 
° Vee Vik vj2—ve? 
2 het thi + —— =hpot ip Sl iiys, 
5 28 2g 
and between outlet and tail-water: 
U2 ; UZ 
hpo= = thea b+ — 
2g 2g 


To relate Vizand Vyo to Uz, Uo, v, and Vo, referring to Fig. 26, where 
AB=Ui ab=Up AC=vi ac=vo  AD=Vi  ad=wo 
-BC=Vri be=Vro 
BD=ui bd=Vo = radius at inlet. | Ro= radius at outlet. 

a =angle between absolute velocity of water and tangent to periphery of wheel at inlet. 

Br=angle between tangent to inlet of bucket and tangent to periphery of wheel. 

fo=angle between tangent to outlet of bucket and tangent to interior of bucket circle, 

@ =angle thru which the jet is diverted or angle between Uy and Uo. yaa! 
Vy2 =(v; —U; cosa)? + (Uzsina)? 
‘ V ro? =[v0 =U cos(a+8)?? +1Uo singe + 6)i* 

Or otherwise, since the flow is radial, the product of the radial velocity 
and the area of the circumferential sections of the channels must be constant, 
whence: : x Rid:Ussine =2 Ridius = 71 Rodotto 
or to = Ridin: [Rodo 

The total work done by the water in passing thru the turbine is measured 
by the change in kinetic energy and-equals W =Qw (U2 —U#)/2 g, and the 
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energy carried away in the water is QwU;?/2g. The work is also equal to 
W = Ow (Vin = Vovo)/s, and by the aid of these equations all the factors may 
be interrelated. 

When Uo is radial or axial, as it should be for maximum éfficiency, the rélations are 
materially simplified, as Uo is then equal to tw. 


Fig. 26. Turbine Diagtam 


28. Definitions 


The theoretical power of a fall of water is the force, or weight of the water, 
multiplied by the space passed thru, or the height of the fall; when H = the 
height thru which the water falls, Q = the discharge in cubic feet per second, 
w =the weight of a cubic foot of water, the theoretical horse-power is= ~ 
QwH/ss0. A turbine wheel converts a part of this theoretical power into 
effective energy, and the mechanical horse-power of the wheel = Whp = 
(OwH /550, where c.is the efficiency of the wheel. 

The Efficiency of the wheel is the ratio of its output in power to the total 
power of. the water and head used. As c is usually about 80%, the horse- 
power of the wheel = QH/1z approximately, or 11 cubic feet of water per 
second falling thru x foot will yield x horse-power at the turbine shaft. 


The Hydraulic Efficiency of a turbine is the quotient obtained by dividing 
the change in kinetic energy by the total potential energy of the fall utilized 
and is : . 

i _ Qw U2 — Ur?) _ U? — UP | 

Biota g QuwH Ud" gag t 

This differs from the actual efficiency, and is what would be «its limiting value 

if there were no frictional or impact losses either in the water itself or in the 

mechanism. The actual efficiency, or the efficiency of turbines as shown at 
the Holyoke Testing Flume; ranges from 70% to 93%. 

The Discharge Q of a wheel varies as the velocity and is therefore propor- 


tional to V H. 

The Mechanical Powér of a given wheel varies as the head H ‘and also as 
the discharge Q, which in turn varies as V.H.. Therefore, the power varies‘as 
H Vi = 3/2, 


f 


a 
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horse-power 
Unit Power is the power at 1 foot head = horse-power1 = VE 


The Speed at which a wheel will give its maximum efficiency under a given 
head depends upon the radius of the inlet circle and the form of the buckets 
or vanes. For best effect the receiving edge of the bucket must be parallel 
to the direction of the velocity of the inflowing water relative to the moving 
vane, and at discharge such that the water leaves either axially or radially. 

In Fig. 27, if AB represent in direction and magnitude the absolute velocity of the. 
water entering the wheel and AC that of the bucket, then CB is the relative velocity of 

4 the water on the bucket, and the inlet edge 
Cc Ee should be tangent to it. If the velocity of 


A the water be increased to AD, then for the -— 


same bucket the velocity of the wheel must 

be increased to AE, to keep ED parallel to 

CB, so that the water may: still glide upon 

B the bucket without shock. It follows, then, 

D that for any given wheel a certain fixt ratio 

Fig. 27 must exist between its speed and that of the 

water, for maximum efficiency. The speed 

of the water is evidently a function of the head, and hence for every head there is some 
speed at which a given wheel will yield the maximum efficiency. The best speeds are 


therefore proportional to V H. 


Unit Speed is the speed of a wheel at 1-foot head =m =—= 


The Speed Coefficient, usually designated 4, is the ratio of the limear, 
vel city of the runner periphery to the spouting velocity of the water under the 
given head; 

xD in 


60 X V2gH xX 3%} 
where D, = outside diameter of runner in inches, measured at center line of 
inlet. 

The Discharging Capacity, and hence the POWER of a wheel, is dependent 
upon the area of the cross-section of the water passages thru it, which are 
themselves a function of the diameter of the wheel. Therefore in similar 
wheels the power at a given head will vary as the square of the diameters. 


When the performance of a given wheel has been determined for a particular head as 
to horse-power, discharge and efficiency, the performance at any other head may be 
computed, and the performance of any similar wheel at any head may be determined with 
reasonable accuracy by the foregoing relations. By similar wheel is meant one in which 
all dimensions are in the same ratio to those of the first wheel, all angles being the same. 

By changing the form of the vanes or buckets the speed at which the wheel gives its 
best efficiency may be varied. Starting with a normal speed equal to the tangential 
component of the velocity of.the inflowing water in which case the inlet edge of the bucket 
would be radial, the speed’ may be either increased or decreased twenty-five percent 
without appreciably, affecting the efficiency. If the speed be increased the bucket tends 
to become convex toward the incoming water, and is inclined backward toward the out- 
let; if the speed be decreased the bucket becomes more concave toward the jet and has 
less backward inclination toward the outlet. The power of a given sized wheel is decreased 
by varying its speed from the normal, by reason of the resulting contraction of the water- 
ways. 


o= 


29. Selection of Runners~ 
Type Characteristic. Turbine runners of the same general class may differ 
widely in their characteristics of speed and capacity, or power, depending upon 
the size and shape of the blades." In order that runners of different types, 
or of different manufacture, may be compared on a common basis, a type char- 


| 


* unit horse-power = 
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acteristic has been adopted. The type characteristic is defined as the speed in 
R.P.M. at which a wheel would run if it were reduced proportionally in all dimen- 
sions so as to develop 1 horse-hower under 1 foot head. ‘This characteristic is 
designated K and is made up of: 

(a) A power constant, k; = horse-power/QH, which is the power of a similar 
runner using 1 cubic foot of water under a 1-foot head. 

(b) A capacity constant, ke = 0/De2V H, which is the discharge of a similar 
runner of 1-foot diameter under a head of 1 foot, where Dj = diameter of 1 foot. 

(c) A speed constant, ks = Vi/ NV es x Din/6o Vv H, which is the speed 
of the runner itself under a head of t foot. Then © 4 


60 kaw hy hy n V horse-power 
ike On, k= =a 
7 H?/4 


For r-foot head K = m V HP, where m = unit speed = HP, = 


ts 
Vi 


HP 
3/2 

Obviously this characteristic combines the considerations of power and speed 
and enables a complete comparison to be made between wheels of known 
efficiency. 

The values of K for American, Francis or pressure type turbines vary. from 
12 to 160, as shown by the table on p. 1136.* For impulse wheels the maximum 
value is about 6, where a single jet is used. The interval between 6 and 12 
is not covered by either the Francis type or a true impulse wheel, tho the old 
Girard turbine would apply between these limits. 

The turbines included in the following table are all of recent design and high 
efficiencies. There are other modern high efficiency wheels made and the manu- 
facturers listed make other types than the ones shown, but these are all on whic! 
data have been furnished to the writer. ; 

In general, high values of K indicate relatively ‘“ high-speed” wheels, or 


| those adapted for operation under low heads of water. Experience has shown 


that for any given head there is a limiting value of K beyond which it is imprac- 


| ticable to go, as the resulting speeds would cause pitting of the runner blades 


and develop excessive centrifugal forces. The limiting values of K as deter- 
mined by best American practise are approximately as follows: 


For heads above 600 ft, K =12 to 25 
For heads from toc to 600 ft, K = 25 to 55 - 
For heads below too ft, K = 55 to 150 


Fig 27a shows graphically the relation between K and H, the curve being an 
_ average of the practise of several leading turbine manufacturers. 
In using this characteristic K, its value is computed from the requirements 


of the plant under consideration. If this value falls within the allowable limit 
| for the given head as shown by Fig. 27a, the turbine best suited to the place 


will be the one having a value of K nearest that computed. If the value of K, 
computed from the plant requirements, considerably exceed the limiting 
values, it will be necessary to reduce the power per runner, or reduce the speed, 

*The speed value used in computing K is that at which the best efficiency is attained 


’ by the runner, usually referred to as “ best speed” or “normal speed.” The horse- 
power, for the sake’ of definiteness and uniformity in practise should preferably be taken . 


‘a at the actual best efficiency point or gate-opening. However, as this can only be arrived 
at by a plotting of the test, it has become the practise of most manufacturers to figure 


y 
j 


__K from the full gate horse-power at the best efficiency speed. The former method is of 
_ course the more conservative, but the latter the more readily applied. 


1136 Turbines and Water Wheels Sect. 9 
Table of Type Characteristics 
Manufacturer \ Name of runner gid 
Allis-Chalmers Mfg. Co......-+-- 13.55 
20.3. 
29-4 
40.7 
51.7 to 60.5 
L} 
82 
92.5 
105 
130 
160 
Hydraulic Turbine Corp, ..-++--- Camden, Type 4.-..++++++ 53.2 
Camden, Type 8.....+++++ 71.3 
Camden, Type If....+s54+ 83.5 
J. and W. Jolly. ...-+-++-s02+++- McCormack Special..... 5a 68.2 
James Leffel & Co....+-..+--+++- Samson-Standard..... atlas 73.0 
Leffel-Sparks, Type F...... 81.0 
5 Leffel, Type Z.....-+4+++ 105.0 
Platt Iron Works Co.....-----++ Victor, Type I..-.----+-++: 84 
Victor, Type 2..-.+-+++-+: 75 : 
Victor, Type 3...--+---++> 60 ' 
Victor, Type 4...--...+5+5 45 
Victor, Type 5..- 32 
Victor, Type 6..,--+-0++ 20 
Victor, Type 7. .+++-s+es5+ 12 
S. Morgan Smith Co....-. Arion <fike 25.1 
33.8 
46.4 
52.0 
60.0 
71.3 
76.6 
86.0 
] 95-5 
Wellman-Seaver-Morgan ©o.....- Runner No. 84.5 
Runner No. 7035 
Runner No. 65.5 
Runner No. 50 
Runner No. 27.2 


* K computed using horse-power values at full gate instead of at best efficiency point. 


in case this be permissible and K may then be recomputed, using a value of the 
horse-power equal to the total power desired, divided by the number of wheels 


assumed, and the runner selected as before. 


typical examples. 
Example tI. 


This will be illustrated by several 


“Tt is desired to install a Go-cycle, 2300-volt, hydro-electri¢ 
unit, with 450 HLP. available under 25-foot head.” . t 


For this low head installation a high-speed turbine (one 


permissible value of K) should be use 


for 25-foot head is about 95. 


having the highest 


d. From the curve (Fig. 27a) Kmax- 


“Art, 29 Selection of Runners ~~ 1187 


HPs =A = 36, m= = K/ VHP, =95/.V 36 =50, n=50X 
WV 25,= 250 R.P.M. As this is not a synchronous speed, 240 will be assumed. 
| Then; FS Hl y8eandsK 4 48-V 3.6 = 91-1. 


4 25 : 
| At least four of the wheels shown in Table (page 1136) have a K above or. 


LIMITING VALUES OF TYPE CHARACTERISTIC K 
FOR FRANCIS TYPE TURBINES 
CORRESPONDING TO ANY GIVEN HEAD #1 

- CURVE SHOWS AVERAGE PRACTICE OF 
AMERICAN MANUFACTURERS 


a 
A 
Cl 
N 
|_| 
= 
Z 
| | 
[| 


H=Head in Feet 
Fig. 27a. Limiting Values of Type Characteristic K 


The performance of a wheel of given size being known, it is possible to deter- 
mine the approximate size required to fulfil the assumed conditions, remembering 
‘that speed varies inversely with D and power varies as D2. Or, from such tables 
$ are given on pages 1140 to 1145 the size under any type re comes nearest 
the required conditions may \ readily be determined. 

_ Thus, from Table (page 1141) a type of (K = 92.5) Allis-Chalmers’ Co. 
turbine shows the following performance. 


Dia. | HP. m OL.a SEP. IR-P| } 0% 


Mee ah i308 3:40 50.0 37.4 425 250 184 


nf sa 4.36. | 44.2 48.0 545 221 240 


. 
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6000 yeu 360 
SS = 13) et = 
125 V 125 ; V 125 


The allowable limit for K at 125-foot head is only about 50 from Fig. (27a) 
Therefore, two units will be assumed developing 3000 horse-power each. 


Then H.P. = sige 


HP. = = 32.2, K =32.2 V 4.3 = 66.8. 


= 2.145 and K = 32,2 X V 2,145 = 47-2, ‘whic 


125 125 
falls below the limiting value. 

Referring to the table on pages 1143 and 1144 we find that a 42-inch Vict 
type 4(K =.45) turbine develops 3026 horse-power at 342 R.P.M. und 
325-foot head, and a 42-inch Camden type 4(K = 51) develops 3400 HPr: 
365 R.P.M, Both of these wheels very closely approximate the assumed co! 
ditions and by a slight modification of the design, would be able to meet the: 
exactly. : 

Example 3. Required to develop 3000 horse-power with one hydro-electr 
unit installed under 900-foot head. 

For economical generator construction, the speed for a unit of this size shou 

450 


not exceed about 450 R.P.M. On this assumption, #1 = —=== = 15 H.Pi. 
V900 
3000 == = 
— =o111, K= 1sVo.111 = 5. As this value of K falls below t 
goo V 900 4 


minimum of 12 recommended for Francis turbines, the pressureless type, 
impulse wheel, should be used. 
3000 X II 


Assuming 80% efficiency, Q = 305 = 36.6 cfs. 

Velocity of free jet = .97 V2 gh = .97 Vv 64.4 X goo = 233.5 ft per sec. 
6 

Area of jet = Q = eee = .157 sqft = 22.55sqin. Dia. jet = 5°/sin . 
V 233-5 


For maximum efficiency, the peripheral velocity of the runner buckets shot 
theoretically be one-half the spouting velocity of the jet. In actual practi 
however, this ratio is taken at about .47 V2 gh. ATV 64.4 X goo = - 
ft per sec. 


* 6 
At 450 R.P.M., D = TEX ee 4.8 ft dia or 57.6 in. 
450 XT 
PUP tendo L ins ratio of wheel diameter to diameter of jet. 
§:375 I 


This is about the minimum ratio allowable in present practise and it is ¢ 
sidered’ better to increase it to 16 or 18. Assuming 16: i 
D =5.375 X16 = 86 in. A 7-ft wheel would probably be used. T 


6 " 
R.P.M. = saa 308, and the nearest synchronous speed would be 


7X6 
R.P.M. 
30. Turbine Performances 

Variation of Discharge. The quantity of water discharged for an inw: 
flow turbine is greatest when the wheel is still, and on account of centrif 
force it decreases as the speed increases. 

* *Tt will be necessary, then, to use more than one runner. Where it is desire 
install only one unit, a multiple-runner turbine may be used. This expedient is, hoy 
being resorted to less and less frequently in best practise and should be avoided wher 
possible. : - d =: 
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For the other types the discharge is less when still than at a velocity near that giving 
aximum efficiency, on account of the loss due to shock at entrance, and increases until 
e wheel gets up to speed; from the maximum it decreases, on account of the inter- 
rence of the revolying buckets with the stream flowing thru, to a theoretical zero at a 
eed of infinity. 


Gates. The quantity of water passing thru a turbine, and hence its power, 
ay be regulated by opening or closing the gates. In the older turbiney 
ie gate was a cylinder sliding parallel to the axis and reducing the height 
the inlet openings. This form is objectionable, as it does not permit the 
icket to be uniformly filled at part gate openings, and the more generallyz 
lopted type with recent wheels is the so-called wicket gate, which swings 
1 a pivot set parallel to the axis of the wheel, and forms not only the gate 
it the guide for directing the water upon the wheel. 


Constant Speed. In the operation of electrical machinery a. constant 
eed is necessary, and hence if the head fall below the normal the turbine 
ust be run at a higher speed than that for which it was designed, in which 
ise the power and efficiency is rapidly reduced and the outlet edges of the 
ackets are liable to corrosion. ; 

If, on the other hand, the head increases, the wheel must run at a lower 
seed than that for which it was designed, which, while not reducing power, 
nd efficiency nearly so rapidly’ as overspeeding, nevertheless renders the’ 


Performances of McCormack Wheels at Over and Under Speeds 


Percent of a et Percent of | Percent of Pee 
original best power | best speed , 
powerat |- Lacbasded at original | at original ya pee 
best speed speed speed speed sinctth 
183.7 180 97.5 81.6 96.5 
174.6 172 98.4 83.0 Q7.1 
165.7 164 99.0 84.5 97.6 
156.9 156 99-4 86.1 98.0 
148.2 148 99.7 87.7 98.4 
139.8 140 100.1 89.4 98.7 
131.5 132 100.2 91.3 99.0 
123.4 124 100.3 93-3 99.2 
II5.4 116 100.5 95-3 99.4 
107.6 108 100.4 97.6 99.7 
100 100 100 100" 100 
92.6 92 99.3 102.6 99.3 
85.4 84 98.3 105.4 98.4 
78.4 76 96.9 108.5 97.0 
71.5 68 95.2 11r.8 94.5 
64.9 60 92.4 II5.5 92.5 
58.6 52 88.8 119.5 89.0 
52.4 44 84.0 124.1 85.0 
46.5 36 17.5 129.0 78.5 
40.8 28 68.5 134.8 69.5 
35-4 20 56.5 141.4 57-5 
30.2 12 39.8 149.0 41.0 
25.3 4 15.8 158.2 17.0 
22.9 ° 0.0 163.4 0.0 
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buckets liable to be cut out by the water, particularly if it carry sand or grit. 
Let ¢ =a coefficient, H = the head acting on the wheel, Hn = the head corre- 
sponding to a runaway speed of revolutions per minute. Then the power 
to be obtained at over and under speeds may be computed from the equation 
W =c(H —#H,) if the runaway speed of the wheel at any head is known, 
and its most efficient speed, and performance at that speed, for any head is 
known, since the runaway speed varies as H and the power at best efficiency 
varies as H°/2, and the best efficiency is practically constant. 

By Runaway Speed is meant the speed at which the wheel would rotate 
under any given head, with no load; that is, its highest speed under that head. 
From this it follows that a wheel with a runaway speed, that is relatively high 
as compared with the best speed, will fall off in power rapidly as it is over- 
speeded, and vice versa. For low-speed turbines the runaway. speed varies 
between 1.6 to 1.7 times the best speed and for high-speed turbines is about 
1.5 times the best speed. Hence, high-speed turbines decrease less rapidly 
in power when overspeeded than do low-speed ones. . 

The table on p. 1139 shows the performance of a pair of McCormack wheels 
with K = 68.2 computed from tests. Other American wheels will give results 
varying slightly from these figures which may however be safely used in approxi- 
mate calculations. 


31. Manufacturer’s Tables 


Manufacturer’s Tables. The following tables give the performances at 
z-ft head of various turbines commonly met with. The values have been taken’ 
from the makers’ catalogs, both old and new, and do not necessarily show the 
best performances or latest types developed.. They are partly intended for 
reference in connection with old installations and whereyer possible, the date 
of the catalog from which the tables were taken is shown, to indicate the age 
of the design. 

All values have been computed for 1-ft head. At any head H#: 

To obtain horse-power of wheel multiply its tabular horse-power by H°/2 

To obtain discharge of wheel multiply its tabular discharge by H'/2 

To obtain speed of wheel multiply its tabular speed by H’/2 

Turbine Performances at One-foot Head 
Allis-Chalmers Manufacturing Company, Milwaukee, Wisconsin 
(From Tables Furnished by Maker in 1916) 


| 
Type A Type B | Type C Type D 

K = 13.55 ; K = 20.3 K = 29.4 Ki= 40% 

@= 0585 | ¢ = 0.625 @= 0.665 = 70 
a a S ar zs! = Lal Lar! = my az 
a <3) 3 ; 4 is) 3 ~ jes] a iss} 
TS 2103580, 394] 71.7|0.09705| 0-776 76.6\0.150| 1.43) 81.4/0.226) 2.4! 7 
2t jo,0705|0.776) 51-2 0.138 | 1.523] 54-7\0-225| 2-48) 58. 210.442] 4. 61.3 
27 \o.116 |r.276| 39.8)0.229 | 2-52 42.5|0.423| 4.65) 45-2|0.731 8.04} 47.6 
34 j0.184 |2.024) 31.6)0.363 | 3-99 33.8)0.668| 7.35) 35-9) 1.158|12.74) 37-2 
42 |0.280 |3.08 | 25.6)0.551 6.06 | 27-4\1-or6|x2.18) 29.1/1.765 19.4 | 30. 
so {0.398 4.38 | 21.5)0.79 8.69 | 23-0/1.450/15.95} 24.4)2.5° 27.5 125-7 
60 j0.573 |6-30 | 17-9]t-33 |¥2-43 | 19-1 2.08 |22.88) 20.4}3.61 |39.7 | 22. 
7o 10.785 (8.64 | 15-4/7.53 16 18. 


.83 | 16.4)2-82 |31.00) 17.5/4.90 53-9 |} 
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= Performances at One-foot Head. From Makers’ wei ol 
: Allis-Chalmers Mfg. Co. Continued 


Type E Type F Type G Type H 
K =51.7-60.5 
$= 075 


HP. 


0.47 5.17|/105.0| 0.66) 7.26/r0r.0| 0.74 -15/107.0 

0.775| 8.52) 82.0] 1.09] 12.0 | 78.5] 1.22] 13.4 | 83.5 

1.15 | 12.65) 67.0] 1.63) 17.9 | 64.0] 1.82) 20.0 | 68:5 

1.62 | 17-8 | 56.5] 2.27) 25-0 | 54.5 | 2-55| 28.1 | 58.0 

2.15 | 23.6 | 49.0] 3.02) 33-2 | 47-0] 3-4 | 37-4 | 50.0 

2.76 | 30.4 | 43-5] 3-88] 42-7.| 41.5 | 4.36 48.0 | 44.2 

3-44 | 37-8 | 39-0) 4.85] 53-3 | 37-0] 5-45) 60.0 | 39-5 

4-32 | 47-5 | 34.5] 6.06) 66.6 | 33.3] 6.8 | 74.8 | 36.3 

5.4 59.4 | 3r.0] 7.6 | 83.6 | 29.7] 8.5 | 93.5'| 31-6 

6.6 72.5 | 28.0] 9.28)102.0 | 27.0 |\10.6 |116.5 | 28.3 

7-9 87.0 | 25.6|11.1 |122.0 | 24.5 |11.8 |130.0 | 26.8 

3] 9.75. |107.0 | 23.0]13.75|E51.5 | 22.0 115.4 1169.5 | 23.5 

2.3 |135.0 | 20.4|17.4 |191-5 | 19.6 |19.5 j214.5 | 20.8 

3 |168.0 | 18.4]21.5 |237.0 | 17.6 |24.1 |265.0 | 18.8 
oo Sel se SelB] Baers Saas etped 27.2 |299.0 | 15.7 130.5 |336.0 | 16.7]! 
se oo vie RBS ESR! ERAS [bec 33.6 |370.0 | 14.1 137.7 |415.0 | 15.0 


All values of the discharge Q; are calculated from Unit Horse-power HP}, using 2 an 
efficiency of 80 percent. 


Jas. Leffel & Co., Springfield, Ohio Trump Mfg. Co., Springfield, Ohio 
From 1916 Catalog From 1914 Catalog 
1 
Type | Dia,| H.P.2 | Qoc-fs. RPM2| Type | Dia. | H-P-2 |Qoc.fs. |R-P.Ms 
Standard} 17” | 0.616) 6.71 | 92.8 Trump 17” | 9.57 | "6.28. |. 79:2 
Samson | 20 808) 8.8 81.4 || Standard| 23 1.21 | 13.31 | ‘58.6 
(Double | 23 1.064] 11.63 | 70.8 | K =64 | 30 2.135] 22.6r | 44.4 
buckets) | 26 1.368] 14.87 | 62.6 “40 3-646] go. | 33.6 | 
K = 73 | 30 1.816) 19.79 | 54.2 48 §-247| 57-7 |, 28.5 } 
35 2.464) 26.83 | 46.4 56 7.136] 78.6 | 24 ; 
4° 3-232] 35-19 | 40.6 66 10.38 \114.3 20 
45 4.088) 44.54 | 36.2 
5° 5-048] 54.99 | 32.4 
36 6.328] 68.97 | 29 
62 7.76 | 84.55 | 26.2 
68 9.336|101.7 24 
12” | 0.66] 7.21 | 125 Small 10” | .0607|  .669] 137.8 |- 
(Single | 15 1.042] 11.29 | I00 Capacity} 13 .1008] 1.113) TO4.0 
c ) } 18 X.512| 16.35 | . 83.3. || For high] _ 15 -1314| 1.446] 90.4 
“= 105} 24 2.763) 29.45 62.5 Heads 17 «1771, 1.950) 78.8 
3° 4-415) 46.45 5° K = 33 20 .2276) 2.505) 68.9 
36 | 6.36 | 66.85 | 41.6 23. .3024] 3.340] 59.8 
42 8.67 | 91.1 35-75 
48 1r.3x !118.7 31.25 
54 | 14.3% |150.3 27.75 
60 | 17.67 |186.0 -| 25.0 


a Ss ee eee eS ee ee 
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Turbine Performances at One-foot Head; From Makers’ Catalogs. 


Dayton Globe Iron Works, Dayton, 0. SH ae Flatt Tron Works, 
9 ; 
From 1909 Catalog From 1904 Catalog 
Type Dia. | H.P.2 | Qec.f.s. |R-P-M-2 Type Dia. | H.P.2 | Qoc-f.s. R.P.M.2 
New 13’ | 0.264) 2.96 99. Victor x2’ | 0.296} 3.26 | 117-4 
American | 19 .64 7.09 67.8 A 18 .666|~— 7.34 78.6 
K = 54.1 | 25 1,048] 11.63 | 51.4 Obsolete | 24 1.183) 13.04 58.6 
30 1.648) 18.2 42.8 || K = 63.5 | 3° r.849| 20.39 47 
36 2.488) 27-5 35.8 36 2.662] 29.36 39 
42 | 3-024] 33.4 30.6 42. | 3.624] 39.97 | 33-6 
48 4.08 | 46.1 26.8 48 4.741) 52.2 29 
54 | 5-256) 57-9 23.8 54. | 5.99 | 66-5 25.6 
60 6.68 | 73.7 22.0 60 7.39 | 81.6 23 
Improved | 16” | 0.616 6.76 | 102. Victor x2” | 0.325| -3-59 | 127-4 } 
New 19 .808] 8.82 7 ae Increased | 18 -732| 8.07 78.6 
American | 22 1.064) 11.63 75. Capacity | 24 1,292) 14.35 58.6 
K=79 | 25 | 1-36) 14.87 66.8 || K = 66.6 | 30 2.036| 22.43 | 47 
29 1.808) 19.74 59 36 2.928) 32.30 | 39 
34 | 2-464] 26.83 | 49.8 42 |-3.986] 43-96 | 33.6 
39 | 3-232] 35.21 | 43-6 48 | 5-206] 57-42 | 29 
44 4.104) 44.63 38.8 54 6.59 | 72.68 25.6 
49 | §-072| 55-22 | 34.8 Go | 8.13 | 89.72 | 23 
54 | 6.344) 69.08 | 31.6 
60 7.784| 84.66 29. 
: 66 9.344| 108.8 26.2 | 
} Risdon-Alcott Turbine Co., Mt. Holly, S. Morgan Smith Co., York, Pa. 
J : : Ni Ts From 1894 and 1910 Catalogs _ 
1 Type | Dia.|H-P.2|Qeefis |RP.M.|) Type | Dia.) LP .2 Qoe-f.s. [R-P.M.: 
| ; , 
¥ Alcott 13'' | 0.257] 2-84 | 94.2 McCormack| 18” | 0.56 | 6.17 64.4 
i High Duty | 18 .456| 5.08 70.2 |! (1894) 24 1.046] I1.53 50.6 
i Special 24 .812| 9.02 52. K = 51.4 | 30 1.595) 17.59 41.6 
{ Ko = 4617 || 30) 1.269) 14.1 42. | 36 2.24 | 24.72 35-4. 
} 42 2.483| 27.61 30. 42 3.233) 35.07 30. 
A 48 3.885) 42.85 24. 
Risdon 16” | 0.225] 2.34 78.4 57 5.843] 64.45 22. 
Double | 20 -385| 4.07 | 66. 
Capacity | 25 .5r 6.78 54.4 New 18” | 0.543] 5-99 70.8 
K = 43.8| 30 | .802| Ir. 47-2 Success 24° | 1.044) IZ.19 55.6 
40 1.824) 18.93 35.2 (1894) 30 1.547| 17:06 | 45.6 
50 2.829) 31.2 26.8 K=55 36 2.173). 23.97 38.8 
60 | 4.563) 47-3 22.4 ‘42 | 3-136] 34.6 33- 
72 6.566) 72.4 18.8 48 3.768) 41.57 28.6 
3 54 5-05) 55.12 25- 
Leviathan | 18’ | 0.608) 6.67 95. 60 7.34 |-81.03 22.6 
K = 74.1 | 21 .824| 9.08 81.4 72 |1I.18 |123.37 18.€ 
F 24 1.08 | 11.86 Eo , ae 
27 1, 363| 15-01 63.4 Smith 18” | 0.76 8.28 92.5 
30 1.688) 18.53 57. (1910) 24 4.353) 14-73 69.: 
36 2.424| 26.68 47.6 || K = 80.6 | 30 2.113] 23:01 55°! 
| 42 | 3.304| 36.32 | 40.8 36 | 3.047| 33-19 | 46: 
48 | 4.312| 47-43 | 35-6 42 | 4-143) 45.1 39. 
54 | 5-456] Go.03 | 31.6 48 | 5.362) 58-43 | 34.’ 
60 | 6.736] 74.11 28.6 54 6.85 | 74.9 30. 
66 8.152) 89.67 26. 60 8.45 | 92-1 a7. 
72 | 9.696|106.72 | 23.8 72__\x2.18.1132.6 Bai 
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Turbine Performances at One-foot Head 
Victor Turbines, Platt Iron Works, Dayton, Ohio | 
* 
Tables Submitted by Maker in 1918 
_ Type x 3 Type 2 Type 3° Type 4 
K = 84 K=75 K = 60 K =45 
d& = 0.88 & = 0.84 ¢ = 0.76 ¢ = 0.70 
Max. H = 40 Max. H = 60 Max. H = 125 Max. H = 200 
Dia. es 
Me Diy | Cala Sa lGt laf gee all Peete! Weel ee 
00h eS) 0 ia | ij Sa Vek =o Ml 2 ce P= il fu WC? 
oh. 5 )Seecnnl abe eee +531} 5 -84|103.0]/ 414] 4.56] 93.3] .276| 3.04/85.7 
AMEN alee. h > c- - « .762| 8.38] 85.9] «593] 6.53] 77.8] .396| 4.36/72.5 
Ou WS) 2-6: |e 1.36 | 14:95! 64.3] 2.060] 17.65] 58.3] .705| 7.75|53.6 
30 2.42) 26.70) 54.0] 2.12 | 23.30} 51.5] 1.640] 18.05) 46.7|1.100]/12.10/42.9 
36 | 3.48] 38.40] 45.0) 3-06 | 33.70; 42.8) 2.375] 26.15) 38.9)1.585]17.45/35-7 
42 4.74) 52.20] 38.6) 4.16 | 45.70) 36.8] 3.24 | 35-65) 33.3|2.160]23.80|30.6 
48 6.20) 68.30) 33.7) 5.43 | 59-70} 32.2] 4.22 | 46.40} 29.2/2,810)30.90/26.8 
ae Wel eee eee 6.87 | 75.60] 28.6) 5.36 | 59.00] 25.9/3.570:39.30/23.8 
(eh) hee eet a emeitas 8.50 | 93-50] 25.7] 6.58 | 72.40] 23.4/4.42 |48.60]27.4 
BOTA atrepe cette |. =. 2 10.89 |120:00| 22.7} 8.48 | 93.30] 20.6/5.67 |62.40/18.9 
5) Ge yl Pe Pe 13.60 |149-50| 20.3]10.65 |117.00] 18.4|7.09 |78.00 16.9) 
Type 5 Type 6 Type 7 
K =,32 K = 20. K=12 
¢ = 0.66 > = 0.62 gd = 0.59 
Dia. Max. H = 400 Max. H = 600 Max. H = 800 
HP, | Q:cfs.|R.P.Mia| H.Pa | Qic.f.s.| R.P.M4| HP. | Qi cfs.) R.P.M4 
fT 1157 1.73 80.9 .0693 .836|. 76.0 -0274 +302 72.4 
18 1226} 2749 | 67-4 .0996} 1.10 | 63.3 .0396 -436 | 60.3 
(24 -402 | 4743) 50-5 -1770| 1.95} 47:5 | 0704 | -775 | 45.2 
30 625 6187 40-5 «277 3-05 38.0 sIIIo | 1.22 36.2 
36 .gor|) 9.91 | 33-7 +398 |) 4.38] 30.7. | 20575 | 1.74 30.2 
42 1.220 | 13.40 28.9 -544 5.99 a7. 7k 12160 | 2.38 25.8 | 
48 | 1.700] 18.70] 25.3 706 | 7.977) 23.8 2820 | 3.10 22.6 
54 | 2.020| 22.20] 22.5 -897 | 9.87] 21-1 «3560 | 3.92 20.1 
60 | 2.505 | 27.60 20.2 .|)1.t05 | 12.20 19.0 -4400 | 4.84 18.1 
68 | 3.230 | 35.50 | 17.8 | 1.415 | 15.60] 16.8 -5630 | 6.20 16.0 
76 | 4.050 | 44.50 15.9 1.770 | 19.50 15.0 +7150 | 7.86 14.2 
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Turbine Performances at One-foot Head 
Camden Tyrbines, Hydraulic Turbine Corporation, Camden, N. J. 
; Table Submitted by Maker in 1918 


| 


Type 4 Type 8 Type 11 

K = 53.2 K = 71.3 K = 83.5 

i= 755 o = -75 pb = .72 
Dia. Max. power 9% above. Max. power 17% above | Max. power 12% above 

, tabulated H.P. tabulated H.P. tabulated H.P. 
HP. | Qicfs.| R-P.Ma HP.-| Qicéf.s.| R.P.Ma| H.Pa Qi c.f.s.| R-P.Ma 

15 !3IL 3.05 gr.4 .51 5.10 g2.0 82 8.20 87.4 
18 448 4.39 76,2 Wa Tas 76.7 1.180 | 11.80 72.8 
2I .610 5.97 65.2 1.00 | 9.73 65.7 1.607 | 16.07 62.4 
24 796 7.80 5d 1.31 | 13.00 57-5 2,099 | 20.99 84.6 
30 1.25 12,20 45.7 2,05 | 20.40 46.0 3.280 32.80 43-7 
36 1.80 17.56 38.0 2.45 | 29.29 38.3 4.723 | 47-23 36.4 
42 2.44 | 23.91 32.6 4.01 | 39-81 32.8 | 6.428 | 64.28 | 31-2 
48 3.19 31.63 28.5 5.24 | 52-03 28.7 8.396 | 83.96 27.3 
54 4.03 39.52 25.3 6.64 | 65.63 25.5 |10.627 106.27 24.2 
60 4.98 48.80 22.8 8.20 | 81.60 23.0. |13.120 |131.20 21.8 
66 | 6.03 58.04 20.7 9.92 | 98.50 20.9 |r5.875 |158.75 19.8 
72 717 70.27 19.0 1r.80 |1I7.17 19.1 {18.892 |188.92 18.2 
75 7.78 76.25 18.2 12.81 |127.20.| 18.4 |20.400 |204,00 17-4 


Turbine Performances at One-foot Head 
S. Morgan Smith Company, York, Pa. 
(From Data Submitted by Maker in 1918) 


The following table shows the performance of the various types of S. Morgan Smith 
Company turbines of 30 in diameter at 1-ft head, and the maximum heads under which 
they are designed to operate. Except for special conditions, sizes are made at intervals 
of 3 in, as 27 in, 30 in, 33 im, etc, Also for special conditions turbines are designed with ~ 
characteristics differing from those tabled, but the characteristics must be within certain 
limits of power and speed, as indicated in the table, according to the head under which 
the turbines are to be placed. 


Type HP. Qoc.f.s. R.P.M.2 Max. head K 
E 0.375 3.89 3 a 750° 25.1 
Eales 0.600 6.22 43-6 300 33.8 
G 1.08 I1.2 44.3 150 46.1 
H 08 12.45 47.5 120 52.0 
K 1.6 16.60 47.5 go 60.0 
N 2.25 23.35 47.5 65 71.3 
0 2.45 25-40 49.0 55 76.6 
R 3.08 32.00 49.0 40 86.0 
S 3.65 37-90 50.0 30 95.5 i 
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Turbine Performances at One-foot Head 
J. and W. Jolly, Holyoke, Mass. 


: From Catalog issued about 1910 rs 
H | 
4 Type Dia. H.P.2 Quoe.f.s. R.P.M4 
McCormack 12" ©.240 2.65 99).6 
Holyoke 18 0.559 6.17 64.3 
K=54 24 I.045 II.53 50.6 
30 1.595 17.59 41.7 
36 2.24% 24.71 35°5 
42 3.234 35.67 30.0 
48 3-885 42.85 24.5 
54 4-959 54.69 22.8 
60 6.122 67.52) 20.6 
66 7.407 81.70 18.7 


On p. 1146 is shown a more complete table of the Standard Samson wheel 
by which computations from the foregoing tables may be approximately checked. 


Turbine Windage and Friction. The approximate power absorbed by 
windage and friction in modern turbines in vertical settings may be computed 
by the following formula: 

Windage and friction in ‘horse-powers = 0.000154 B D‘ n?. 
Where B = height of gate or guide vane opening in feet 
D = diameter of wheel at middle of guide vane opening, in feet _ 
wm = revolutions per minute 


32. Tangential or Impulse Turbines 


The Girard Turbine may be either radial inward or outward flow, or 
axial flow. The buckets are so shaped that on leaving the wheel the water 
has a relative velocity in the direction opposite to that of motion, it being 
received at inlet from a series of nozzles pointed as nearly as may be in the 
direction of motion. Air is admitted to the wheel to prevent spraying of the 
jets, and the turbine cannot run submerged. Regulation of speed and power 
is accomplished by closing part of the inlet nozzles. This motor is very 
satisfactory for high heads, but its speed cannot. be varied appreciably with- 
out loss of efficiency unless the head also changes. The efficiencies range 
from 70 to 8o percent. , 

The Pelton Turbine is usually mounted on a horizontal shaft and con- 
‘sists of a series of cups which successively receive a jet from one or more 
nozzles. The jet on striking the cup is divided and turned thru nearly 
180° and is then discharged with a low absolute velocity. Regulation is 

" accomplished by closing or deflecting the nozzle. The maximum. efficiency 
in this type of turbine occurs when the velocity of the cup V is about one-half 
that of the jet and when @ =180°, in accordance with the law of curved vanes, 
and varies from 70 to 85 percent. 


Wheels of the Pelton type are frequently equipped with the Doble nozzle which is 


closed by a pin or needle moving longitudinally in the axis of the jet from the inside . 


_ and which may be adjusted to give a symmetrical jet of any effective area from that due 


_ tothe full nozzle opening tozero. This apparatus affords opportunity for excellent control . 


of the discharge, and hence greatly facilitates regulation without causing a waste of either 
_ Water or energy. ’ 


¢ 


1146 Turbines and Water Wheels "Seon 


Performances of Samson Wheels. From 1908 Catalogs. 


OS Se 


Heads in feet 


4 6 g | 10 | 12 | 14 | 16 | 20 | 25 | 30] 35 | 4° 


Power} 4-9| 9-1/13-9|T9-5|25-5|32-3/39-5 55-0/77-o|ror |128 756 218 
Water | 13-4| 16-4|19-0]21-3|23-2)25-1 26-8|30-0|33-6|36-8/39-7/42-4/47-4 
Speed |186 |228 |264 |294 |322 348 |372 |416 |464 510 {55° 588 |657 
Power| 6-4| 11-9]18-3)25-5 33-6|42-3|51-5|72-2|fO1 |133 167 |204 |285 
20 |Water | 17-6] 21-6|24-9|27-8]30-5|32-9/35-2|39-3|44-° 48.2|52-1|55-6/62-2 
Speed |r62 |199 |230 |257 |282 |304 325 364 |407 |445 [48 [514 |575 
Power | 8-5] 15-7|24-2/33-8|44-4|55-9|68-3|95-5|133 |275 |22% |27° 377 
23 |Water | 23-2] 28-5|32-9 36-8] 40-3|43-5|46-5|52-0 58. 1|63-7|68-8|73-6 82.3 
Speed |x41 {173 |200 |224 |245 265 |283 |316 |354 |387 418 |447 |500 
, Power | 10.9] 20-1|30-9]43-2|56-7|71-5 87-3|121 |171 |224 283 |345 |482 
26 \Water | 29-7| 36-4|42-1|47-0|51-5]55-6|59-5|65-3|74-3 81. 4/88-0]94-0/105 
Speed |125 |153  |177 |198 |217 |234 |25° 280 |313 343 [370 |396 |442 
Power | 14-5] 26-7|41-1)57-5|75-5|95-2 116 |162 |227 |299 |376 
_ 30 |Water | 39-6] 48-5 56-0|62-6|68-6/74.1|79-2 88.5|99-0}108 |1317 
Speed |ro8 [132 {153 |172 188 |203 |217 |242 |271 |297 |32t 
Power | 19-7| 36-2/55-7 77-9|T02 |129 |158 |220 308 |405 |510 
3s |Water | 53-7| 65-1|75-9|84-9|93-0|too |ro7 |120 |134 147 |159 
Speed | 93 |114 |132 |147 161 |174 |186 |208 |232 }255 |275 
Power | 25-8} 47-5|73-1|t02 |134 169 |207 |289 |494 |531 668 
40 |Water | 70-4] 86.2/99-5|txz |122 |131 x4r |157 |176 193 |208 
Speed | 81 |100 {115 |129 r4r |152 |163 |182 |203 |223 240 
32-7 
45 \Water | 89-0/109-1 
72 88 
40-5 
50 |Water |110 |134-7 
Speed | 65 80 
Power | 50.6} 93. 
56 |Water |138 |169 
Speed | 58 4X 
Power | 62-1j114 
62 |Water |169 |207 


2.5|129 |170 |214 
126 |r4x |154 |167 
roz |114 |125 |135 
114 |160 |2To |264 
156 |174 |190 206 
103, |113 |122 


332 


Speed | 52 64 

Power | 74- 7/137 oo. seas 
68 |Water |203 |249 \ - \eon |aeo 1381 |407 [455 [509 1557 |----|----|--"* 

Speed | 48 59 | 68 | 76 | 83 | 89 | 96 ]107 |t20 | F30N}--- 6) =I 


Power | 88.5}162 1805] . 52] =< --|5- 
242-1|795 | 
44 54.) G24 70h] 76 fi 82. luS8 sho) fA Gee Qal= ses ies pee 


For each size the first line gives the horse-power, the second the discharge in cu ft 
per sec, and the third the speed in revolutions per minute. 


Water Wheels. This term is applied to the overshot, the breast and the 
undershot wheels, all of which have become practically obsolete in America 
The efficiencies of overshot and breast wheels ranged from 60 to 88 percent 

Jn these wheels the work was done principal!y by the weight of the water 
The efficiencies of straight-bladed undershots were from 25 to 35 percent, anc 
- for the curved-bladed or Poncelet wheels from 50 to 65 percent. In thes 
wheels the work was done by the impulse of the stream. . iv’ 


Spiral Wheels are similar to axial-flow turbines except that the runne 


=e 
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blades are helical surfaces and they are usually mounted on a horizontal 
or slightly inclined shaft. For low heads and. large quantities of water 
this form is very satisfactory, efficiencies as high as from 80 to 85 per- 
cent being reported. 


PUMPS AND PUMPING 
33. Centrifugal Pumps 


The Work i in foot-pounds done by a pump is the product of the weight in 
pounds of the liquid pumped and the height in feet thru or against which it 
is lifted. The PowER of a pump is the work done in unit time, and the horse- 
power is the work per second in foot-pounds divided by 550, or the work 
per minute divided by 33 000. 


The Centrifugal Pump is essentially an inward-flow turbine reversed, 
the power being applied to rotate the runner and the water being admitted 
at the center or eye and discharged at the outer periphery... The earlier 
centrifugal pumps consisted of a spider made up of three or more arms, either 
straight or curved, which rotated in a concentric chamber to which water 
was admitted at the center and discharged at some point in the circumference. 
The efficiency of this apparatus rarely exceeded 30 percent, and it was only 
used for low lifts. By shifting the enclosing ‘chamber so that the area outside 
the runner increases toward the outlet in proportion to the quantity of water 

‘that must pass the several sections, and by encasing the blades in a revolving 
shell, thus reducing the friction of the revolving water on the fixt shell, and 
by more rational proportioning of the blades and casing, the pump has been 
greatly improved until its efficiency approaches 80 percent, and by passing the 
water successively thru a series of runners any desired lift may be accomplished, 
As the apparatus contains no valves or parts, it is particularly adapted to the 
handling of water containing sand or gravel, and of viscous liquids and sew- 
age; and as its discharge is continuous it has an advantage over reciprocating 
pumps in freedom from water hammer in the suction and discharge pipes. 


Tn operation it is necessary that the pump, when set above the level of its supply, be 
primed before it will start, and in such cases a foot valve is advantageous. It does not 
begin to deliver water until a certain speed of revolution is attained depending upon the 
height of the lift. When delivery has commenced the speed may be lowered somewhat 
below this point before it will cease on account of the inertia of the flow when once estab- 
lished, but the conditions of flow are unstable in this region. 


As the water passes thru the pump, the impeller impresses upon it a head he due to 
centrifugal force; this is equal to the statical head that the pump would maintain when 
running at its normal speed, but at which it would deliver no water were it not that the 
fotation of the water in the eye of the wheel and in the outer casing has the effect of in- 
treasing ic from 1 to 12 percent. This increase is greater with vanes having radial tips 
than with those which are turned back, and is raised when the wheel is surrounded by a 
large vortex chamber. 

Tf the head be dropt slightly below the true value of he, the discharge will commence, 
and will continue so long asit remains below this amount. The discharge cannot, however, 
be reduced below that corresponding to the head hc after flow has started without danget 

its stopping altogether, so the statement is generally made that a centrifugal pump 
in to deliver against a certain head at a certain speed and cannot deliver, less than 

é a certain quantity. 
F Lift for Single-stage Centrifugals. A single-stage centrifugal pump has 
° made to lift against, a head of 936 ft and such pumps with a lift as 
high as 350 ft are in service, but it is usually considered that roo ft is the 
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practical) limit without a second stage. ‘For higher lifts a series of pumps 
is used on the same shaft, delivering water from one pump to the next, by 
which any desired head may be overcome. 


The following table gives the approximate average performance of a centrif- 
ugal pump so designed that the discharge ceases when the head becomes 50 
percent greater than that for which the pump is speeded. 


Average Performance of a Centrifugal Pump 


A 
At constant speed t oe 


Percent of | Percent of 


designed | designed. |:p, f 
Percent of| Percent of] “prake water ees ° | Percent. of 


designed | designed h 
: orse= horse- efficiency best speed 
head | discharge power or | power or 


input output 
T50.° |..-------+|----2202-- ° ° § 81.6 
140 31-5 or 44 48.2 84.5 
130 55 94-5 71-5 75-6 87.6 
120 74 97 89 91-6 91-3 
IIo 88 99 97 98 95-4 


100. 100 roo 


98-5 105.2 
80 116 Ior-5 92-6 *. Or.4 112 
70 123 102 86.1 85 119-5 
60 129 102-5 17-5 75.6 129 
67-5 


The Suction Lift of a pump depends on the pressure at which the entrained 
air in the water separates. This separation occurs at lower pressures in 
rapidly moving than in slowly moving water. The lift also depends upon the 
yelocity in the suction pipe, being less for high and greater for low velocities. 
The head at which the air separates is usually between 24 and 28 feet below 
atmospheric pressure, and 26 feet may be taken as an average safe value. 


Power and Efficiency. Let Q = volume of water lifted per second, w= 
weight of a cubic unit of water, g = acceleration of gravity, % = velocity of 
outer circumference of pump wheel, #, = angle which vane makes with outer 
circumference, %/, = radial component of velocity at outer circumference, 
Hf =total head = height water is raised plus all frictional heads. Then 


w 
Power required to drive pump = oe Up (Up — Hq. COS Bo) 


Hydraulic efficiency of pump = gH /Up (Up — Mp COS Bo) 


The speed v, required to pump against a given head must increase as Bo 
decreases, and it becomes a minimum when By= 90°. In this case the vanes 
are radial at the outer circumference, and for perfect efficiency Ue = 2 gH. 
As the efficiency decreases v, must increase So that %2=k -2 gH, where & 
is a coefficient whose value ranges from 1.2 to 1.8. 


t 
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Performances at Best Speeds ‘of Allis-Chalmers Co.’s Standard Centrifugal Pumps 


H 


Lifts in feet 


11450 
i 359 


1900 


28.5 
2600 


37-5 
3560 
274 


4660 
261 


6330 
250 


8220 
250 


» Power =brake horse-power to drive pump shaft. Water =gallons per minute delivered. 
Speed =revolutions per minute. 


34. Reciprocating Piston Pumps 


__ Types. Reciprocating piston pumps may be classed as to operation as 

either single or double acting: The former takes water on one stroke and 
discharges it on the other, while the 
double-acting pump takes and dis- 
charges during both strokes. As ta 
construction they are divided into 
inside-packed ‘and outside-packed 
pumps, an example of the latter 
being shown in Fig. 28: 

_  Acontinuous discharge from a single- 
acting pump may be obtained by either 
of the devices shown in Fig. 29, in which 
when suction takes place on the upstroke 
the chamber below the piston is filled 
with water and at the same time the 


a7 


i 
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volume of water in the discharge chamber above the piston is delivered, The volume - 
of the discharge chamber being less than that of the suction chamber, as the piston 


descends part of the water in the suction chamber is delivered thru the discharge chamber 
and part of it remains there to be delivered on the suction stroke. 


| ! 


ail 


‘ ‘(b) 1 


Fig. 29 


(a) 


Displacement Curves. If the piston velocities as ordinates be plotted to time, or to 
space past thru by a crank moving at uniform velocity, as abscissas, the area enclosed. 
between the curve, the axis of abscissas, and a vertical ordinate will represent the displace-, 
ment of the piston at any time. For uniform effort and uniform flow this displacement 
should be uniform, but this can only be approximated in a reciprocating pump. 

Long Suctions. If the suction of a reciprocating pump be long, even 
tho the lift be Icw, on account of the variable velocity, a considerable portion 
of the suction head is absorbed in accelerating the water at the beginning of 
the stroke. A part of this force is recovered at the end of the stroke as pressure 
forcing the piston ahead, but unless the head hr; be available at the beginning 
of the stroke the pump will not lift. If the speed of the piston is such 
that it moves more rapidly than the inertia of the water can be over- 
come, the water separates from the piston and may ultimately overtake it, 
as the latter is retarded in the second half of its stroke, causing severe 
shock or hammer 

The head at inlet of the suction for a maximum is equal to the depth of the suction 
opening below the water surface in the suction well plus the height of the water barometer, 
and the head at outlet is that corresponding to a perfect vacuum less the effective lift of 
the pump. When, as is usually the case, the pump is located above the level of water 
in the suction well the head available for producing flow is reduced. 

Separation. The suction lift of a pump is dependent upon the pressure 
at which the entrained air in the water separates. The head at which the 
air separates is usually taken at about 26 ft below atmospheric pressure. 
Separation also may occur on the discharge -side of the piston during the 
second half of the stroke when the piston is being retarded. ite 


Air Chambers. To prevent separation an air chamber may be installed 
on either the suction or the discharge pipe and should be located as near as 
possible to the pump. The value of the air chamber increases with its size, 
cross-section being more effective than height. It should be so located that 
the water is drawn as low as possible without actually emptying the chamber 
at each stroke, t 
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~ Ratio of change of 
., air volume in air 
chamber to volume of 


Flywheel pumps, kind 


1 revolu- 
tion of 
pump 


t stroke 
of piston 


|Single-acting........... 0-557 02557 
0.211 0. 106 

2 double-acting 90 ane apart...2. 0.048 0.012 

Three-throw single-acting 120 degrees apart..| 0.0032 0.0011 
0.0032 ©. 0011 


Three-throw double-acting 120 degrees apart 


The duplex pump without a flywheel, if the piston were accelerated uniformly, would 
give a uniform delivery; in practise, however, the variation is about the same as that of 
a three-throw flywheel pump. 


35. Pumping Engines 


Types. Pumping engines are a combination .of a pump with a steam 
engine in a single machine, and the term is usually restricted to machines 
of at least one million gallons daily capacity. . There are four general types: 


(a) The Common Duplex Pumping Engine, consisting of two patallel double-acting 
pumps directly connected to two steam engines, and taking strokes alternately or 90 
degrees apart, each engine operating the valves of the other. In this type the length of 
stroke is variable, and the steam must follow thruout the full stroke, and can be used 
expansively only by adding a low-pressure cylinder into which it expands continuously 
during the discharge stroke of the high-pressure cylinder, 

(b) The Duplex Pumping Engine with the Worthington High-Duty Attachment, 
which is a duplex pump having attached to each piston rod a pair of auxiliary cylinders 
filled with oil and mounted on trunnions thru which they are connected to the delivery 
main. These cylinders rotate in such a manner that at the beginning of the stroke they 
oppose the movement of the piston and thus prevent racing while the steam follows at 
full pressure. . At midstroke just after cut-off they neutralize each other and toward the 
end of the stroke assist the movement of the piston when the steam is working expansively. 
This device enables the steam to be expanded in one, two, or three cylinders, and thereby’ ~ 
increases the economy of operation. 

(c) The D’Auria Pumping Engine, in which the use of steam expansively is accom- 
plished by circulating thru the frame of the pump a bodyjof water which is acted upon by 
ah auxiliary piston and accelerated during the first half of the stroke, and then acts upon 
this piston during its retardation in the second half of the stroke. 

(d) The Crank and Flywheel Pumping Engine, in which the expansive use of steam is 
provided for by the inertia of the flywheel. 


Performance. The performance of pumping engines is usually stated as 
Dury, which was originally defined as the number of foot-pounds of work 
delivered for each too pounds of coal burned under the boilers. Owing to 
the variation in evaporative power of coal, and also of boiler efficiency, the 
coal basis for computing duty is more or less unsatisfactory for accurate work, 
and a new basis was adopted using an assumed evaporation of ro pounds of. 
water per pound of coal, so that duty is also defined as the number of foot- 
pounds of work delivered for each tooo pounds of dry steam, this being deter- 
mined by the amount of water evaporated from and at 212 degrees Fahren- 
heit with corrections for moisture in the steam delivered. to the engine. On 
account of the varying dryness of the steam and the condensaticn between 
boiler and engine it has been suggested that duty be based upon each 1 000 000. - 
British thermal units in the steam delivered to the engine. This would cor- 
respond to the preceding if the steam were supplied to the engine at an abso-— 


a 
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lute pressure of about 5 pounds, corresponding to a temperature of about 
162 degrees Fahrenheit. It follows that the duty on the last-named basis will 
in practise be less than that’on the steam basis and usually less than that on the 
coal basis. a 
The duty of pumping engines and steam pumps ranges from about three to eight mil- 
lion foot-pounds in the single-cylinder boiler-feed pumps to 160 million foot-pounds in 
the best high-duty, direct-acting and flywheel pumping engines, and in turbo-driven 
centrifugals, all on the r000 pounds. of dry steam basis. The coal consumed per horse- 
power per hour on a basis of 10 pounds of water evaporated per pound:of coal may be 
obtained by dividing 198 by the duty in million foot-pounds. F 


Duty and Coal Consumption of Steam Pumping Machinery 


Duty in 1000000) + Pounds of coal 
Kind of pumping machinery ft-lb per 1000 | per horse-power 
lb of dry steam per hour 
Single-cylinder boiler-feed pumps and air pumps ger to § 66 to 40 
Steam fire engines: 
Silsby nOtary ssi.) of. ee see alee bib ee a 6.5to 8 30 ©6025, 
Amoskeag 6,40, 9 33, 10°22 
Clapp and Jones.....-.--.-+++-- 7.5 to 14 27 to14 
High-pressure duplex pumps.....--.---- Bie is tor 20 13 toto 
Duplex compound non-condensing pumps.: - --- 25° to 40 8 tos 
Duplex compound condensing engines Wy 30 «6to 45 6.6t0 4.4 
Duplex triple condensing engines... -....-- 8 4o to 60 Sot sto) 2324) 
Cornish flywheel engines.......-..-+- +2200 4+- fo to 70 323:t0.2 284 
Walking-beam compound condensing engines... . 60 to 85 3.3 t0 2.3 
Steam turbines and centrifugal pumps:.-..... ; 80 to go 2.5 tO 2.2 
Worthington high-duty duplex engines. . zoo to 160 2.0to 1.25 
Compound condensing flywheel engines. . Ioo to 130 2.0to 1.5 
Triple-expansion flywheel engines......-. si rio = to 160 r.8to 1.25] 
Steam-turbine driven centrifugals (large)...... roo to 160 2.0to 1.25 | 


Direct-acting Water Motor. When the steam end of a duplex pump is replaced 
by a similar end with large valve openings, which may be connected to a supply of water 
under pressure, the device is called a direct-acting water motor or pump. On account 
of the high frictional losses the device is not so efficient as'a turbine connected toa cen- 
trifugal or a reciprocating pump. As the apparatus requires little attention, it may 
be advantageously used’as a ‘continuaus relay at’ the end of a long line of pressure pipe 
to increase the pressure in a) following line where:a smaller amount of water is needed. + 


36. Jet Pump and Hydraulic Ram | 


The Jet Pump. In this apparatus (Fig. 30) a small jet of water at high 


_ velocity is discharged thru a throat the upstream end of which ‘connects to 
a suction pipe andthe down- ; 
stream end to the discharge. 
The velocity of the jet reduces 
its pressure below that of the 
atmosphere and thus’ creates 
a partial vacuum at the throat 
into which water from the pump 
well rises and is then mingled 
with the jet and carried along 
at reducing velocity by it. he 

- efficiency of this’ apparatus is 


: greatest with a high suction lift Fig. 30 I dali 
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and, low pressure on the discharge, when it may reach 25 or 30 percent: 
When a steam jet replaces the water jet, the ordinary steam injector is ob: 
tained in which the vacuum is formed not sores by the velocity of the jet but 
by the condensation of the steam. 


“The water-jet pump may be advantageously used to produce a large discharge thru a 
nozzle at'a low pressure for a fountain, or for fire fighting, by means of the apparatus shown 
in Fig. 31, which is sometimes called 
an injectornozzle. (Proc. Inst. Mech. 
Eng. of Great Britain, 1879.) 

The following table gives the quan- 
tity of water at a head of 700 pounds 
2 per squate inch required to deliver 

Toe eee ‘Supply thru a one-inch nozzle a jet of rso gal- 
Fie. 31 lons per minute, the head at the nozzle 
, 18. ‘being 100 feet. 


(High Pressure Supply 


Low-pressure supply. Pressure, Ph 6 a re 4 ere 5a 


per sq in, 
High-pressure supply at 700 Ib per } 
sq in. Gallons per minute. — 3:7 
The Hydraulic Ram (Fig. 32) consists of a drive pipe delivering into a 
chamber whence the water escapes to waste until the waste valve is closed by 


10.9 18.1 25-2 32-4 39-6 


= 
Discharge Pipe 


Fig. 32 


the discharging water, and then into the air chamber, in which it compresses 
fhe air until the flow stops, when the air expands, closing the valve at the 
chamber inlet and: forcing 
water up the delivery pipe. 
When the flow is stopt there 
is a rebound of pressure to- 
ward theinlet. This creates 
-areduction of pressure and © 
- Causes the waste valve to 
_ drop open and flow is started 
Bert. The apparatus thus 
intermittently utilizes the 
‘momentum in the drive 
pipe, and the longer this 
J the more work» the 
ine will do. : 
4 If her is the height of the 
y reservoir above the 


" 
/ 
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ram, the efficiency is e= Qa(hea + her) /Osher when a portion of the water used 


to drive is pumped, the inlet of the drive pipe being taken as the suction in+ 


let. When a sepatate supply is pumped, as may be done with the machine 
shown in Fig. 33, e= Qahea/Osher. ‘The efficiency decreases as the ratio of 
hea/her increases, and becomes very small for high lifts. The value of ¢ in the 
above expressions may be as high as 70 percent. Rankine gives e= 1.12— 


0.2 (hae “+ her) /hers 


37. Pulsometer and Air Lift 


The Pulsometer (Fig. 34) has a chamber. with two parts, each’ connected to 
a suction pipe at the bottom and to a steam pipe at the top with a discharge at 
the side near the bottom. Steam enters and 
fills one chamber and then condenses when 
the steam inlet valve shifts, allowing steam to 
enter the other chamber. As the steam con- 
denses, a vacuum is formed which lifts water 
into the first chamber. When the second 
chamber is filled with steam, the valve shifts 
again and steam enters the first chamber, 
forcing out the water thru the discharge 
valves and then condensing again, making 
the process continuous. Tests of a pulsom- 
eter reported by DeVolson Wood, Trans. 
Am. Soc. Mech. Engs., 1892, vol. 13, p- 211, 
gave a duty ranging from 9 to 13 million 
foot-pounds. The apparatus is practically ,, 
adapted to pumping out cofferdams, on ac- Ez 
count of the ease with which it can be set 
up, as it may be simply suspended from a 
ting at the top and connected with steam, 
suction and discharge hose lines. 


The Air Lift. This device involves the 
discharge at the bottom of the well, or at 
least a considerable distance below the water Fig. 34 
surface, of air into the mouth of the delivery 
tube. The air as small bubbles mixes with the water, and the specific grav- 
ity of the mixture is so reduced that the pressure of the water outside the 
‘delivery tube causes the mixture to overflow at the top. Evidently the greater 
the length of the pipe’ below the surface the greater the difference between 
the weight of the columns within and without the tube and the higher the 
water can be lifted. Generally the depth of submersion is made 1.5 to 2 
times the-lift- 

The air lift is especially adapted to raising liquids from great depths, and is more 
efficient in handling hot liquids on account of the greater expansion of the air. It is 
particularly easy to install when the well has sufficient depth below the water surface. 
The air at entrance should be distributed over the area of the pipe rather than concen- 
trated at the center, and small bubbles give better efficiencies than those which fill the 
entire delivery tube. 

Experimentally the following relations are found to give the best results: 

hed feet Io 20 30 50 Too ; 
Qa/Ow T.0 reS 2.0 2.5 3-0 t 

Of the indicated horse-power of the air chamber of the compressor the lift under favor- 
able conditions may return as much as 45 percent, but ordinarily not more than 25 and 
frequently only xo or 12, percent. The duty of air comptessors ranges usually from 6 


% to = density of mixture of air and water = 


- 
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to 4o million foot-pounds, and the duty of the whole plant may therefore range from 
less than one million to perhaps 20 million foot-pounds as an.upper limit. (See Proc. 
Inst. Civ. Engs. of Gt. Britain, 1900, vol. 140, p. 323, and 1906, vol. 163, p. 353.) 


During the operation of the air lift the following equations apply: 


@p = area of eduction pipe in sq ft above air inlet. 

Ge = coefficient of entrance= 0.97. (See Art. 7 of this et 

¢p = Coefficient due to pipe friction and average slip varying from 0.70 to 0.99. 
d = diameter of eduction pipe in inches. 

ky = lift in feet. 

hs = submergence of air discharge in feet. 

~» = barometric pressure on water in well and at upper end of discharge 


pipe in ft of water. 
$1 = absolute pressure at inlet in foot piece in ft of water. 
@ = discharge of air at pressure #» in cu ft per sec. 
Qw = discharge of liquid in cu ft per sec. 
tw = density of liquid pumped. 
% = velocity of liquid in eduction pipe below air inlet. 
W = work output in ft gals per sec. 


pee 2 Pee 0t@ «) 
uw 
2 
@ by, (: + op ua) (qo + Qw) Saget 
NOS ge SOE Think pan ee ee ES a (2) 
qutw db 28 ay" 
I +c W 
Pb te a : 
a |, ed antes 
Gun py 2 ay? athe: oi 
(: + a) (qo? — qw*) = 2 ghi ap? +-.cequ? (4) 


Example. To determine the air required to pump water at a rate of 
2 cu ft per sec from a well ro in in diameter and 330 ft deep, in which the air 
pipe inlet is submerged 64.33 ft, and the lift is 25.67 ft, the air pipe being 244 
in diameter and passing thru the ro-in pipe. From which: 


@p = area of 1o-in pipe — area of outside of 214-in pipe = 0.5 sq ft. 
Ce =0.97: 
6p =o, 86. 
_d =x0in—3in =7 in = net diameter or 10-1n pipe enclosing 214-in pipe. 
hy = 25.67 ft. 
hs = 64.33 ft. 
bo = 14.7 lb, = 33.96 ft. 
fs = 64.33 +33.96 = 98.29 ft = pressure of water over air outlet + atmos- 
pheric pressure. 
gw = 2.0 cu ft per sec. 
_ % =air required in c.f.s. atmospheric pressure. 
62.5¢w + 0.0895 


- 62.5 (qu + 9) 


y= oo = 3.67 = discharge in cu ft + area of 1o-in discharge pipe. 


Ww =2 X 7.48 X 25.67 = 384.8 ft gal = product of gal pumped and lift, 


eee ee 
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Applying equation (4): \ 
(: ye or) (qo? — qu*) = 2 ghy ap? + Ceqw? 


and substituting therein: 


84.8 
(: + 0.80 s ; ) (qv? — 2”) = 64.4 X 25-67 X 0.52+ 0.97 X 2” 
or 44.97 Ib? = 179.88 + 413.2 + 3.88 
6.6 = 
and qo? = 59°) _ 13.25 .. gb=V 13.25 = 3.64 CEs. 


44.97 


Tf the submergence were not given its’ proper amount could be computed from 
equation (3) by determining: the value of pj, the only unknown therein, 
which can then be introduced in equation (x) to obtain /;, as follows: 


/ Ww | 
. (z + nt) (qv + dw) 


Equation (3 lo; = 

. quation (3) rears faa 
“Substituting values: 

fms 33.96 lee pi _ 44.97 (3-64 + 2) 

by = K2+.0.08 X 384) (33.96 64.4 X 0.5? 

; 62.4 X 5.64 
ee 33-96 ‘efe Pi _ 254:5 

0.706 . 33-96 16.1 
{z) mtr bi 0.708 254.5 180-5 _ res 
ve U08e 33.96 33.96 16.1 546.76 : 
6.33 being the hyperbolic or natural logarithm ‘of 1.38 
bt ; 
—t_ =,1.38,) and pj =|1.38 X33. 6 = 46.86 ft. « 
96 , Pp 96 = 4 
; ane 2 
* By equation (1) hs — pare 20) file (r+), 
uw 2g 
4 6186 = 33-96 67)? 
and substituting: hs — phen an (3.6ry (1+ 0.97) 
: 0.353 - 64.4 | : 
12.90 13.47 X 1.97 : 
or + h3= pp REL = 36:54 +0.49 = 37.0. fe. 
xP rie 49 = 37.03 


This submergence being that giving the highest efficiency is about 60 percent 
of the total length of eduction, or sum of submergence’ and lift, and indicates 
the submergence tsed in the apparatus as specified was too great for best results. 


Davis and Weidner (see Bull. 450 Univ. of Wisconsin) conclude: 


x. The central air tube pump has the greatest theoretical capacity for a given size of 
well. : , : 

2. The coefficient of pipe friction and slip decreases as the discharge increases, and 
decreases as the ratio of volume of air to volume of water increases. 


3. The coefficient of pipe friction and slip varies with the length of pump, but seems to 
be independent of the percentage) of submergence and of the lift. yi 
= : : ; 


‘v 
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4. The length of pump, the percentage. of submergence, and therefore, the lift remain- 
ing constant, there is a definite quantity of air causing the maximum discharge. This 
quantity of air for maximum discharge, as also the ratio of volume of air to volume of 
water, differs for different percentages of submergence and lift, the length of the pump ~ 
remaining constant. 

5. The length of pump remaining constant, the maximum output (e.g., foot-gallons) 
occurs at about the same percentage of submergence for all: rates; of air consumption, 
being at from 6x to 65 percent for the pump used in the Wisconsin experiments. At 
other submergences the output varies as the ordinates of a parabola having a vertical 
axis. ~ Under these conditions the lift does not remain constant as the percéntage of sub- 
mergence varies. 

6. The length of pump and percentage of aibnerpenee remaining constant, and there- 
fore constant lift, the efficiency increases as the input decreases, that is, the highest 
efficiencies are obtained at the lowest rates of pumping. 

7. By, varying the percentage of submergence, and therefore-the lift, the length of 
pump remaining constant, the maximum efficiency is obtainedat approximately 63 
percent submergence for all rates of input or discharge. 

8. The lift remaining constant, the efficiency increases as the percentage, of submer- 
gence increases, for all rates of input and all practical percentages of submergence. 

9. With the same size and type. of pump, the percentage of submergence remaining 
constant, the efficiency increased as the lift increased for the small lifts experimented on, ° 
that is, up to about 24 ft. From a theoretical study, however, the indications are 
that a point will be reached from which the efficiency will decrease as the lift increases. 

10. Other conditions remaining constant, there is no advantage to be gained by 
introducing compressed air above the surface of the water in, the well. 

rz. The type of the foot- -piece has very little effect on the efficiency of the Samo: 
so long as the air is introduced in an efficient manner and the full cross sectional area 
of the eduction pipe is realized for the passage of the liquid. Anything in the shape 
of a nozzle to increase the kinetic energy of the air is detrimental. 

12. A diverging outlet which will conserve the kinetic energy ‘of the velocity head in 
creases: the efficiency. 


The Hydraulic Air Compressor.’ ‘This 
apparatus (Fig. 35) is practically the re- 
verse of the air lift.’ Water is caused 
to pass vertically downward thru a tube 
_ or shaft at a moderately’ high velocity, 
and by means of small pipes or an open 
surface at the top opportunity is given 
for the water to absorb as much air as 
possible. At the bottom the water is dis- 
charged against a considerable head and 
is made to pass underneath a collecting 
hood which is connected with a chamber 
for storing air. The reduction of velocity 
at outlet causes the water to release a por- 
tion of the entrained air, which rises thru 
the collecting hood and passes to the air 
chamber under a pressure equal to fs the 
head of water above the free surface under- 
neath the hood. 

The velocity at which bubbles of air separate 
themselves from running water is about 0.75 foot per second, and the flow down the tube, 
or shaft must exceed this. Experimentally a velocity between 12 and 16 feet per second. 
gives the best results, (Eng. and Min. toil Jan. 19, 1907.) 
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38. Miscellaneous Pumps ; 


The Archimedean Screw has been largely used in Holland against heads 
not exceeding ro ft. It consists of an inclined shaft carrying one or more 
helices of considerable diameter, which are rotated with little clearance 
in avcircular or semicircular channel connecting head and tail water. The 
angle of inclination of the channel should be less than the angle of the helix 
so that the water always tends to run down the helix and up the channel. 
The best angle for the helix is found to be between 30° and 40°, and an effi- 
ciency of 75 percent has been reported. 

The Screw Pump is the name applied to a spiral acting on a vertical axis 
in a throat smaller than the inlet and discharge pipe. These pumps have 
efficiencies from 75 to 85 percent, 


The Scoop Wheel is used for drainage pumping, and consists of a series | 
of flat vanes revolving in a curved channel, and is practically a reversed under- | 
shot water wheel. It may be used for lifts as high as 6 ft and has been con- | 
structed to deliver 160 cu ft per sec. ‘An efficiency of 70 percent is claimed 
under favorable circumstances. : 


The Positivy Rotary Pump (Fig. 36) is intermediate between the cen- 
trifugal and the reciprocating piston type. | 
It has long been familiar in the Silsby | 
fire engine, where both the steam and 
water ends are of this class. The same 
construction isusedin the ordinary rotary ~ 
blowers for delivering free air. Thechief + 
objection to this pump is. the difficulty of 
keeping the revolving pistons tight. Like 
the centrifugal it requires no valves, and 
like the reciprocating pump is positiv in | 
action.. The discharge of such a pump 

per revolution. is. Q = rd(Ri?+ Ro’), 
where d = axial length of the piston, or 
distance between crowns, Rj; = radius of 

; piston hub, and Ro = radius of piston 

tip. . The discharge as computed from this formula must be reduced for leakage 

past the pistons. 


Fig. 36 


WATER POWER 


39. Power, Slope, and Discharge 


The Power of a Stream is the product of the fall H and the weight Ow 
of water flowing per second, Q being the discharge and w the weight of a cubic 
unit of water. When H is feet, Q cubic feet per second, and w pounds per 
cubic foot, then work per second in foot-pounds = QwH and horse-power 
= QwH/sso. Assuming a plant to deliver 80 percent of the power of the 
stream the horse-power developed at the wheel shaft is simply QH/rt. 
Assuming an efficiency of generating apparatus of 9o per cent, since r kilo- 
watt = 1.34 horse-power, the electrical output at the station switchboard is 
OH/x6 in kilowatts. Since a stream of water flows continuously, its power 
should be stated on the basis of 24 hours per day and 365 days in a year, 
and a horse-power year is 24 X 365 = 876c horse-power hours, or 525 600. ~ 
horse-power minutes, or 31 536 000 horse-power seconds, f 


‘ 
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Conversion Table 
Head-discharge to Horse-powers and Kilowatts 


ae 


: } Mechanical Electrical 
: I Theoretical Horse-power at Kilowatts at 
Head Xdischarge Horse-power Wheelshaft. Switchboard. 
‘ = Eff. 80% Eff. of Gen. 92% 
Q.He THR MHP. KW. at S.B. 
100 11.3456 9.0765 ; 6.2269 
125 14.1820 11.3456 7.7836 
150 17.0184 13.6147 9.3403 
175 19.8548 15.8838 10,8970 
* 200 22.6912 . * 18.1530 12.4538 
225 25.5276 20.4221 ! 14.0105 
250 ; 28.3640 22.6912 15.5672 
275 31,2004 24.9603 17.1239 
300 34.0369 27.2295 18.6806 
325 36.8733 29.4986 20.2374 
350 39.7097 31.7678 21.7941 
375 42.5461 34.0369 23.3508 
400 45.3825 36.3060 24.9075 
425 48.2189 38.5751 26.4642 
450 51.0553 40.8442 28.02TO 
475 53.8917 43-1134 29.5777 
500 56.7281 45.3825 . 31.1344 
525 59.5645 _ 47-6516 32.6911 
550 62.4009 49.9207 34.2478 
575 65.2373 52.1898 35 -8046 
600 68 .0738 54.4590 37.3613 
625 _ + 40.9102 56.7282 38.9180 
' 650 73.7466 58.9973 } 40.4747 
675 76.5830 61. 2664 42.0314 
. 
700 79-4194 63.5355 43.5882 
725 82,2558 65.8046 45.1449, 
750 85.0922 68.0738: \. 46.7016 
775 : 87.9286 70.3429 48.2583 
Boo 90.7650 72.6120 49.8150 ‘ 
825 93.6014 74.8811 51.3718 
850 96. 4378 77-1502 52.9285 
875 99.2742 79-4194 54.4852 
goo 102.1107 81.6886 56.0479 
925 104.9471 83-9577 57-5986) 
g50 107.7835 86.2268 59.1554 7) 
975 110.6199 88.4959 60. 7121 
1000 113.4563 90.7650 62, 2688 
é S QH X .113456 QH X.090765 | OH & .062269 
cyberia THP.X80 | PHP. X 54884 
M.H.P. X .68604 


ee 
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In ordinarv industrial operations it is usually estimated that a plant will operate during 
310 days in a year and from ro to 16 hours per day, depending on the character of the 
jndustry. The number of horse-power hours in a year required for each horse power 
capacity-is therefore from 3100 to 4960. If the water which would flow during the re- 
maining 14 to 8 hours and the remaining 55 days can be stored for use during the time 
the plant runs. the capacity of the plant per hour for the running time will be from 
8760/3100 to 8760/4960 or from 283 to 1.76 horse-powers per horse-power of average 
stream capacity. In using the term horse-power in connection witb water-power develop- 
ment the unit of time upon which it is based should be stated, and when no unit is desig- 
nated. 24-hour 365-day power should be understood. Evidently a stream will yield 
twice as much power on a 12-hour basis as it will on a 24: bour basis if the flow of the other 
12 hours can be stored. . F 


The Slope. The distance thru which the water falls vertically per unit 
of horizontal distance traveled is sometimes called the slope per unit of dis- 
tance, and is for uniform fall the tangent of the inclination of the water surface 
from the horizontal. Since the slope of natural streams is ordinarily small, 
the inclined length and the horizontal length practically coincide. 


In ordinary natural streams, except in the vicinity of an obstruction. the low-water 
slope is greater than the flood slope. For streams with nearly vertical side walls the 
reverse will ordinary be true. Upstream from and in the vicinity of a dam over which 
the water flows. the flood slope will be greater than the low-water slope. except in channels 
which enlarge their cross-section very rapidly by overflowing extensive flats as the water 
rises. Generally for the estimation of power the natural slope may be taken as practi 
cally the same at all times unless the location is upstream from an obstruction which may 
cause the water to back up from below against the base of the dam without causing a 
similar rise above its crest. 


Backwater. The distance upstream to which the backwater effect of a dam 
or other obstruction extends in an ordinary stream will be greater at low water 
than in time of flood. : 


The Discharge or Run-off of all streams varies from day to day, month 
to month, and year to year, and bears some relation to the rainfall on the 
drainage area. This relation is by no means a simple one, and stream flow 
measurements are essential to-the reliable determination of the flow, unless 
a comparison can be made with the known discharge from a similar water 
shed similarly located; and even then great care must pe taken in estimating 
to allow for the influence of a range of hills if one exist between the two basins 
considered, as greater precipitation and hence greater run-off may be expected 
on the windward side of a summit of land than on the leeward side. 


The water that falls on the surface of the earth is partly evaporated by the direct 
rays of the sun and partly by the aid of vegetation, partly absorbed by the soil to reach 
the streams thru their banks and beds, and partly flows away over the surface. The 
quantity of discharge of a stream is therefore dependent upon both the rainfall and 
the evaporation, and ordinarily amounts to the surface run-off plus the subsurface flow, 
and of this discharge the continuous as distinguished from the intermittent floed flows, 
when corrected for the effect of visible storage in ponds and lakes, represents the sub. 
surface supply, or the percolation, which generally ranges “from 25 to 60 percent of the 
total supply, being greater on flat, sandy, and porous drainages than on steep, impervious 
ones. 

Occasionally it happens that percolation from an area whose surface is tributary to 
one stream is delivered by underground strata into another, but such conditions are rela- 
tively rare. It will be found that while the percentage of rainfall appearing as run-off 
is greater for. precipitous and rocky drainages, the amount of the run-off that can be 
utilized for power will be greater from flat, sandy areas, 


Run-off Data. The most useful aswell as most accurate data available 
for American conditions are those of Desmond FitzGerald, obtained at Boston © 
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on the Sudbury and Cochituate watersheds. (Trans. Am, Soc.'C: E., 1892. 
vol. 27, Pp. 253-) 


February... .- 
March. .-.... 


December. --- 


Years. 


109-6 | 261.7 
rog.§ | 188.3 


_ -Run-offs in Percentages of the Rainfall 


Sudbury, 


1875 to 1890 Cochituate 


| Mean | Max. ; The Sudbury watershed has 
an area of 75.199 square miles, 
is hilly, with steep slopes hay- 
ing some large swamps within 
its borders, and the material is 


49-1 |. 88.8 
78.2 | 206.9 


62.3 | 260.2 mostly unmodified drift. The 
29.1 | 54-7| 14 Cochituate watershed has an 
8.9 | 20-9 area of 18.87 square miles, 
13.0 |. 61-2 with flat, sandy slopes and the 
2B 251. 3029 surface mostly modified drift. 


agete| 7124 
39-5 | 174-7 


205. 12723 other. 


49-5 | 62.2 


The two are adjacent to each 


The records of the Sudbury watershed are given in more detail than thosé 
of the Cochituate, and the more important data are in the following table: 


Rainfall in inches 


Sudbury River Watershed, Record of 16 Years _ 


Run-off in cu ft Evaporation from 
per sec per sq mile water surface, ins 


Mean ax. | Min. | Mean 


I-779 0-159) 0.96 
3.023 1-469) 1.05 
4-354 2,071| 1.70 
3-247 1.342) 2.97 
1-732 0.796] 4-46 
6.779 0-271| 5-54 
©. 292 0.096} 5-98 
02478 0.086} 5.507 
0.412 0.068] 4.12 | 
0. 882 0.109} 3.16 
I. 453 02271] 2.25 
1.689 0.271 


Year... |45.800/53-00 1-669 ©.824/39-20 |41-51 


| Mean 


tem-, 
pera- 


' When the rainfall is high, a greater portion appears as run-off and when low a less 
percentage than the mean, since the vegetation takes its share before the water gets away, 
except in severe storms, and when there is little rain during the growing season yegeta~ 


tion takes nearly all. 


With rainfall records as a basis and the data of FitzGerald’s ex- 


periments, it is possible to estimate with a fair degree of accuracy the annual run-off of 
streams in the humid portions of the United States, and also to approximate the low-water 
flow, particularly if cognizance is taken of the character of the surface and the influence 
of the vegetation on the evaporation. 


In working from rainfall to run-off it is to be noted that a given amount 


f 
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of precipitation concentrated in a few sharp showers will appear to a larger 
extent as run-off than the same amount falling during the same period in a 
more continuous but mild storm. Also when the soil, of a clayey nature, is 
baked by a drouth and vegetation is drooping, a larger proportion of the 
precipitation will run off than when the soil is slightly moist and vegetation 
thriving. Rain falling at night contributes more to the run-off than that 
falling in the daytime by reason of the direct evaporation in the latter case 
by the sun’s rays, and a mild shower falling on a hot surface may be almost 
wholly evaporated without the aid of vegetation. Rain falling on frozen 
ground appears almost wholly as run-off. ‘The water which runs off over 
the surface reaches the streams within a few hours, but the subsurface flow 
is likely to continue for at least two w2eks under ordinary conditions before 


it all appears in the open channels. 


40. Rainfall in the United States 


The table on p. 1163 compiled from the records of the U. S. Weather Bureau 
gives the normal monthly and annual precipitation in inches at 175 places in 
the United’ States, as established from records prior to rg06. In the arid 
regions, the minimum annual precipitation may be as low as 25 percent of 
the normal, but in the humid portions, while records as low as 4o percent 
occur, an annual minimum less than 50 percent of the normal is rare. The 
terms Rainfall and Precipitation are usually synonymous, meaning the vertical 
depth of rain and melted snow. ; 


41. Percolation and Run-off 


Percolation, or subsurface run-off, varies greatly with the character of the 
soils and their covering. The following data, from both European and Ameri- 
can sources, give the percolation in percentages of the rainfall: 


Sad yy Dave... <<. 2 wi<i <ie mieininie wie 65 to 85 Meadow grass, long--..-- o to — 100% 

Ordinary ground, bare. .-.29 and 29-2 Beans and peas 

Ordinary ground, cultivated, no Cloversooseeeeaes= 
TOPS Nf a/b - te heen eae gee Indian corn. .-+--------- 

Loam, bare.- - - Wheat...'- -- -”- = 

Peat, bare yer. jee de, 

Sand with grass growing 6 months. 14 Oatse Se bl Sears Soot 

Loam with grass growing 6 months: 1-3 Potatoes. - -- - 

Peat with grass growing 6 Ash forest. - - 

+ months. ...2...:-+-- 1426 and 8.7 Alder forest --- 

Ordinary soil with sod...--.----- 33 Beech forest- - - 

Bare ground.......-.+--------+- 4S Elm forest.- - 

Bare ground covered with x cm Maple forest - 
sandptipawhinns eect Sas 82 Oak forest. - - 

Bare ground covered with, 5 cm Vineyards. . ---+-5-+--+-+-90+-5 
SiraWweeeeeces ott set ee tee = 94 Mixt forest. .------.---+-------- 14 

Bare ground covered with 5 cm Norway spruce forest.-..--+-=+-- or 

dry leaves. ...-----+-+--s2e02 93 Pine forest... .-------+-+--+++-=+= "93 

Bare ground with grass growing. . —34* Fir forest. .-.--+--+-+-+-e-+2- +- 94 


Meadow grass, short.....---0 to 1-15 
* Water in excess of rainfall taken from subsurface run-off of adjacent areas. 


The above data so far as it deals with crops and forests must be accepted as giving only 
relative relations. «It is, however, safe to say that the percolating run-off from evergreen 
forests will be about twice that from deciduous forests and three times that from cropt 
areas dyring the growing season, : Ww 
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Station Jan,|Feb.|Mar.|Apr.| May) June] July |Aug:|Sept.|Oct.| Nov.|Dec,] Year 
Alabama; : : 
Anniston. .-...|5-31|4-65|5-78|3-63|3.09]3-88|4-73|4-48|3-53/2-34|3-40|4-54|49-36 
Birmingham. ..|5-32|4.75|5-76)3-67|3-09|3-88|4-70|4.48|3-50|2-34|3-39|/4-60|49- 48 
Mobile.. ......|4.85|5.36|7-17|4-35|4-00|5-95|7-04|6.81|5-02|3.18/3-7414.57|02.04 
Montgomery... |5.12|5.52|6-38|4.25|3.82|4.21|4-68|4.24|2.88|2.44|3-13/4.50|51-16 
I-17|0.69|0. 49|0. 43|0-03|0.12|T-07]0-96|1.01]0.35|0,96|0.59| 7-87 
0. 43}0. Go}0. 35/0. 10|0..03]}0. 00/0. 12/0. 35/0. 16]0. 19/0. 32/0. 45] 3-10 
Fort Smith < 22.2 /2.51/2-74/3-6213:90|4..91|4.00]3-84|3.66|3-17|/2-83/3-28|2. 88} 41.34 
Little Rock. .-|4.79]4-18]4-94]4-51]5-10|4-09|3-99|3-65|3-26]2-55|4-59|4-24|49-89 
California: : 
Eureka...-.... 7-63|7-03|6-97|3.93/2-54|1-06]o.1Z]o. 10|/T- 11/2. 65]5-67/7-25}46105 
Fresno. .-....i}1.60/1.36/276]0. 71/0:65|0. 10]0.00|0.00]0:27/0.72|1-03|1«53] 9-73 
Independence. .|1.56]1-27|1-79|0-,66]0.65|0:09]0:00]0. 00]0-24/0.69]1-03]}1-55] 9-53 
| Los Angeles... .|2.84]2-91|3-00]1- 13/0. 48]0.07]0. 00/0. 00/0. 06 lo- 77|1- 48/2..90/15+64 
Mt. Tamalpais. |4.31/3-76|3-26)/1-95|0-91/0.17|0.01|0. 00/0. 46/1+29]2-43]4.25|22-80 
Red Bluff . ....|3..94/3-62]3- 76|1-85|1-32|0, 46/0.00]0.02]0.80]1. 58]3- 194. 49|25-03 
Sacramento .../3.69]3-14]3- 01/2. 00/0. 98]0- 15/0. oo]o. oro. 39|1-04|2- 15]3- 53/20-09 
San Diego..... 2.00|1.96]1- 7olo. 7410. 41/0. 03/0. 00/0. 00|0. 06/0. 46)0. 83/1- 82} 10-01 
San Francisco. -|4.33}3-70|3- 14/1. 82/0. 8r/o- 17/0. 01|0. colo. 29/1-29|2-47|4-24|] 22-27 
San Jose...... 4. 28/3-71|3-12|1- 82/0. 81/0. 17/0. oo]0- 00}0- 29] - 30]2- 47|4- 23}22-20 
San Luis Obispo} 4. 72|3. 58]3-98!1- 48]0.88]0- 10]o. or|o. og|o. 45|1- 33/1- 70]2-34] 20. 61 
Colorado: , j 
lo. 42|0- 49] t-00]2. 17/2. 54|1-47|1- 62/1. 34]/0-89]0- 96/0. 520.60] 14.02 
0. 35|0-47|0- 86|r-.43|1-68|1~47|1-97/1-57|0-62]0.70]0. 37|0- 46] 11.95 
Connecticut: : } 
Hartford. -... |3.83|3-55]4-32]3-57|3-54|3-08|4- 11|4-56]3-50|3-86]3-82)3-57/45+ 31 
New Haven -. -/3.91|3-75|4-45|3-56|3-64|3-17|4-78|4-99]3-79|3-92]3-58]3-65]47-29 
Dist. of Col. 
Washington ...|3.37|3-42|3-85|3.25|3-83]4-18]4-65|4.40/3-59/3-09|2-71|3-16]43. 50] 
Florida: ; 
Jacksonville ...|3.12)3.43|3-52]2. 72/4. 25|S-53|6. 20/6. 21/8. 03|5-06/2. 19/2-99|53- 25 
Jupiter... .....}3.58]3.05/3- 12|2.63]4- 76|6-93|5- 37/5-85]9-56|9- 48/3-05|2-87|60- 25 
Key West ..... 1.98|1.64/1- 48] 1. 30)3- 36]4- 25|3-59]4-69/6-79|5- 38]2-36|1- 84] 38.66) 
Pensacola ..... 4-04|4- 49|5- 36|3. 16|2. 68|4.87]7.27|7- 16]5-'23]4-08]3-74|4-17|56.25 
Maps sss... 2.80}3-27|2-81|1-85|2- 92/8. 34|8- 43|8- 59|7-41|2-97]1-72|2-02|53-13 
Georgia: 
§-31|4-65]5- 78|3-63|3-09/3-88)4-73|4- 48]3253]2-34|3-40/4-54]49- 36] 
4-15]4-38)4-85]3-50]3-23]4-53|5.29|5-57|3-71|2- 33|2-92|3-43/47-89 
5-18}4-58|5- 48|3. 40|2.88|3-58] 4. 63/4. 24|3-40|2-12/3-10]4- 41/4700 
| 3-13|3-28]3-65)2-99]3-00|6.03/6.18]7- 50|5- 56]3-55/2-37|3- 10|50-34 
Thomasville - ..|4.13]4- 48]5-09/3.65|4.01}4- 72|5-32]5-03|4- 25|3-46/2-64|3-69|50.47 
Idaho: abe, 
Boise. -.~.....|1t.89]1. 42|1.44]1. 18] 1. 29|0.88]0: 180. 16]0..41|1.28]0.86|r. 72/12. 71 
I. 58}1-34|1-28| 1. 13]1-63|1-04]0. 42|0. 37|0.65|1- 20/1 .32|1- 5213-48) 
0.6610. 85|1. 75|2.02|2.20/0.99]0. 63/0. 56]0. 88/0. 98}0. 55 0.86 12.93 
3-82|3-33/4-02|3-57(3-83|4-31|3+45|2- 2.63]4-02|3-33]41-71 
2.00|2~16]2.55|2. 88/3. 3713. 66|3-64|2.88/3-02|2.55|2-50]2.07133.28| 
2.16/2. 44|2.82/3. 10/3.92|3-99|3-27|2-86/3- 
2.20|2.69|/2.96)/3-28]4. 26/4. 30|2.97|2.93 
2-25|2-77|3-07/3-31|4-49|4-31|2-90|2- 
3-69]3.06]4.60]3. 46)3- 43]4-17|3-81|3-24|2- 66/3. 10|4. 113-83] 43- 16] 


|2-81]3-08]4-01|3- 47|3-94|4-31]4-13]3-33|3-05|2-79|3-52|3-04|41-48) 
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Station ‘Jan.|Feb.| Mar, Apr.|May|June| July Sept-|Oct.| Nov. 
Towa: f pte 


Charles City... 
Davenport ...- 
Des Moines ..- 


Sioux City -... 


Kansas: 
Concordia--..- 
Dodge City- 
TVopeka..-- 
Wichita--~-.-- 


Louisiana: 
New Orleans - - 
Shreveport... . - 


Maryland: 


| Nantucket - .- - 
Michigan: 


Grand Haven. - 
Grand Rapids. . 
Houghton -.-- 
Marquette ..-- 
Port Huron. .- - 
SauitSte. Marie, 


Minnesota: 
Duluth + -). «<-+ 
Minneapolis. - - 
Moorhead. 


| ° Mississippi: 
Meridian. .. - - - 
Vicksburg: -- -- 


Baltimore --. - - 


0.97|9-97|1-92 
1-57|1-56)2-21 
1.21|1-08|1-65 
1-49|1- 38}2-21 
1.69|1-62|2-37 
9-55 |0-55|1-26 


0-75 1.48 
o.71\0-88 
1. 38|2-29 
[-07|2-25 


3-03 
2.76 
2.82 
3-43 
4-07 


0.48 
0-74) 
1-08 


2.83|4-94|5- 10/3-58 
2. 88|4-19]4-11/3-55 
2.98|4-56|4-96|3-86 
2.92|4-32|4-55|4-3° 
3-34/4-25]4-35/4-03 
2-77|4+37|3-88|3- 6r 


2.42|4-70|4-97|3-62 
1-87|3-34|3-32|3-38 
2.72|4-88|4-81|4-85 
2.69|4-95|4-75|3-62 


3-34)3-52|3-99|4-44 
4.07|3-64|4-23)3-74 


$-55|3-51|3-03|3-36 
2.64|2.67|2-41 2.68 


2.,20|3-33|3-55|3-08 
2-33/3-27|3- 89|3- 48 
2207|3-42|3-60|3-34) 
2.44)3-34)e-51|/2-58 
2.-45|3-34|2-52|2-63 
2..03|3-29|3-49|3- 1° 
T-99]3-32|3-51|3+10 
2.07|3-24|3-24|2- 74, 
2.07|3-25|2-77|2-75 


2414|3-47|4-53|3-65 
2-44|3-92|4-01/3-81 


2-95|4-13|3-74 


5 -04|3-92|4-62)4.50 
5. 16|4.26)4-49/4-42 


3- 70|4-86|4- 38|3- 65 
3-25|5-00|3-52)3-75 
3-29|5-11 4-66) 4.84) 
3-52|4-24|4-47|3-43 
3-86|5-55|5-19|4-79 


1.01]2.09|2-82|1-92 
1-14|1-95|2-11|1-07 
1.06|2.03|1-74|0.84 
0. 76|1- 18 1.98|2-77 1t37|¥- 


5|2-73|3-39|3-28]3- 


4-41|3-40 


03|0-92| 


2.80|2.03|1-39 
3-14|2-39|t- 76 
3-07 |2-68 1.48 
3.59 |2-68]1- 81 
3-97|2-49|1-85 
2-47|1-79|9-97 


1-77 


3.13|2-30|T- 18|0- 


2.42|2.22 3- 48)3- 


4-81 |2-93|3- 79|4- 
3-22|3-18 4-08}4. 


3.85 |3-02|2-92 ies 


3-19|3-86)4-10)3- 


3-48|3-43|2-55|2- 
2. 48|2-38|2-63/2> 
3.58|3-0912-26|2- 
3-17|2-49|2-53]2- 
3-12 |2-54|2-53)/2- 
3-$4|3-18]2-80|2- 
3-51|3-19|2-79|2- 
2.68|2.73|2-97|2- 
3-46|3-26|2-92|2- 


3-55 |2-74|t-58|1- 
3.66 |2.58|1- 18}9- 
2.30|2-07|29-98|0- 
3-4212-34|1-30|T- 


3-47|2-70|4- 14|5- 
3+34|2-80]4-19|5- 


2.85 |2-42|2-31\2- 
3-56|1-64|1-95|I- 
3-76 )2- 21 1.85 
2.91|2-41|2-88 
376 |2-80|2-64\ 


1.03]0-50|0-77 
1-06 ]0.82|0- 72 
1. 33|1-17|1-9° 


2.63|2-63 4-1813-! 


2.58]2.00]0-94 0. 48|27-47 
1 40|0-55|0-56 20-84 
3=56|1-91/1.26 0-88}33-76 


22/33.20) 
39|32+16 
7O\3r-51 
51|37-37]. 
54\31-47 
47|32,62 
52|32-63 
17|30-65 
33|31-38 


22|29-93 
95|29-33 
74|24-92 
06/28. 68 
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Rainfall in the United States 


Normal. Precipitation in United States to 1926 (Continued) 


Station Jan.\Feb.|Mar,/ Apr, May] June} July 
Nebraska: ; 
Lincoln. . -...|0.62}0..70/1-.33|2-77|4-25]4-32|3-83 
North Platte. ..|0-47|0.40]0-87|2.15|3-06/3. 25/2.68 
Omahp ...%<.. 0-65]0. 76|1- 39/3-01/4-50]5-05|4-33 
Valentine .....|0-52/0.60}1-20|2. 32/3. 33/3-81/3- 40 
Nevada: 
Reno, -.......|1-95|2-79/1-22|0-61/0.79]0- 24/0.14 
Winnemucca. . -|r-04]o-.93|0-95/0.88]1-03/0. 64/0. 17 
N.H.: 
Concord, . . ....|3-34|3-28]3-40]2.79|3-24|3-34]3- 79, 
New Jersey: 
Atlantic City. ../3-40]3. 27|3-73|2-99|3-00]3-03]3-78 
Cape May... .|3-37|3-29|3-73|2-99|2-99]3-04|378 
0. 59|0- 84]0-.73/0-86|1- 11} 1.04)2. 71 
.|2-59]2- 52|2-74|2- 39|2- 98]3- 76}3- 90) 
1. 98]1. 90]2- 64/2. 25/3-09|3-59/3-54 
.]3-30|2.85|2-62/2- 45|3-10}3-14]3. 40 
_|3- 16/2. 57|2-84|2-26|2.85]3- 43/3. 23 
Ithaca .- 22." |2216}1- 87}2-44}2.29]3- 43/3-'88}3.75) 
New York .. .-/3-79]3-74]4- 10]3- 30/3-38|3-26] 4.54 
4 2.26/2.85|3- 43]/3-23 
2-44|2-94/3-13]/3-09 
2-31/3-39]3-89/3-68 
fe 4-04|3- 78/4. 35|4-86 
3-44|3-92|4-46]5-49 
4240|4-14]4-33/6-13 
Since : 4 
5. 
Cleveland :. .. 
eke 
O-94)1- 73) T-21 
3-05|2- 36|1-78]0. 54 
2.48)2.05|1-07 
males 2-40) 3-43)3-75|3-21 
2|2=49|3-67|3- 5513-87 
)|2-91|3- 20/3. 30]4.33 


.| Sept.| Oct. 


1.82 
18 A 


2-35 
I-32 


0.85 
0. 40] 
1.06 
0-73 


0. 64 
0.47 
0.91 
0.62 


2.64 
|r. 50 
3- 03 
I-79 


1.67 
0.99 


D, 277 
0.34 


0.41 
0.52 


T-09 
9.74 
3-.24|3-39)/3-35 
3-39 
3-30 
1.07|0- 78}0. 76 
2.80 
2.27 
3-35 
3-41 


2.57 
2.44 
3-37 
3+59) 
2.64 


2.99 
3-12 
3-53 
13-34 
3-17)|2-53 
13: 7113-4413-45 
3-34|3-41/3~59 
2. 86/2. 76/2. 88) 
3-21|2- 70|2.65 


4-06 
3-86 
5:11 
3-27, 
3-12 


3-30 
2.86 
4.67 
2-35 
2-45 


2.94 
3-15 
6.0% 
3-50 
3-74 


0.68]0.62 


0-710. 39 
0. 60/0. 66 


E-03 
E-23 
0.77 


12.32 
2-73 
2235 


2-43 
2.26 


3-21|2-93 
2.75|2.58 
3-11/2-76 
2.74/2-35 
2.65/2.30 


1.81 


2.25|1-74 


0. 91|1-28/2-53) 
3-69|6. 47|7-34 
2:61)/4.37/5+92 


3-80]3.61|3.06 
2295|2-35|2065 
3-10/3.06/3-04 


2.36/2.55|2«73) 


Nov.|Dec. 


. 1165 


Year 


27-51 
18.86 
30.66 
22.46 


10.43 
8.40 


40-11 


40<82 
40-75 


14-49 


36.38 
32.94 
372128 
36.18 
34-23 
44.63 
36.18 
34-27 
34-30 


49-56 
49.20 
60.85 
49-60 
51-05 


17.64 
20.16 
15-97, 


37433 
35-04 
36.92 
34-02 
30.62 


31-69 


13-20} 
45-13 


EEE S———————— 
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Normal Precipitation in United States to 1906 (Concluded) 
Station Jan.|Peb.|Mar.| Apr. May| June} July|Aug- Sept.|Oct.|Nov.|Dec. Year 


S. Carolina: 
Charleston .. . .|3-45|3-41|3-72|2-99|3- 47|5-39 7.26|6-.97|5-46|3-93|2-87|3-15]52-07 
Columbia... -..- - 3-20|4-59|3- 70|2-86)3-19 4. 18|6-06|6- 78)3- 45 2.85|2-23|2-90|46-08 
S. Dakota‘ 
Huron. ------- 9. 5r|0-44|0-99|2-65|2-92 3-78|2-94|2-64 1.69|1-34]0-58]0-62)2Z- 10) 
Pierre ---- 0. 46\0. 44|1- 33|1-98)2-13 3-08|2-35|2-O1|I-11 0-81|0-43|0- 50]26- 63: 


Rapid City ---.|°-44 0. 46|1-05|2- 30|2-91|3-59|2-55]2-77 y.26|r-10|0- 46}0. 46) 18.69 

Yankton .--.-- 0. 56|0- 58/1-14|2-80]3-90]4-27]3-52 3-12|2-45|1-57|9-79|9- 73 25-43 
‘Tennessee: : 

Chattanooga. - -|5-56)4-94 6.21|4-39|3-62|4-31 3.87|3-75|3-25|2-84 3-58|4-36|50-68 

Knoxville.-...- 4-97|4-90|5-58|4-64]3-70|4-17)4-21|4-00 2-81|2-61|3-60}4. 16|49-35 

Memphis - 5.21|42 35|5-77|4-83|4-34|4-37| 3-52|3- 2° 3.05|2-74|4-59|4- 38|52- 34) 

Nashville 4.85|4-32|5-44|4-36|3-50|4-37/4-35|3- 47 3.68|2-48/3-85|3-82|48-49 
Texas 

Abilene - - 0-.90|1- 08) 1-38|2- 28)3- 72|3-17|2-4°0 1.97|3-14|2-33|1-24|1-13) 24.74) 


Amarillo -- _\o-60/0.88 0.65|1-72|3-67|2-99}3-17 2.81\2-36|1-71 1. 16|0..83|22 55 
Corpus Christi. |2-25|?-°4 1.85|1-80|2. 78|2-74 1.66|2.28|4..00]2.05|2-41|1-32 27-18 
BlPasos= 5-284 0. 51\0. 46/0-38]0-23/0-35|0-55|2-13 1.72|1-45|0-95|0-59|0- 52 9-84 
Fort Worth... -|o-93/1-27|1-76 2-65|4-15|2-97|3-04|t-87|2-95|2-52|1-57|2-22 26.89) 
Galveston... -- 3-62|3-10|2-90)3-13|3-23|4-75 3.98|5-01|5-41|4-18}4-02)3-73 47-06 
Palestine- -- - - - 3-87|3-39|3-47|4-08|4-89]4-00|3-00|2- 22 3-20|3-60|3-63|3-67|43- 0? 


San Antonio. - -|1-68)1-78 1.68)\2-94|2-96|3-11|2-22 2.69|2-94|1-49|t-78|1-56 26.83 
Taylor-...----|2-82|2-58 2.62|3-97|4-01|3-52|2-62|2-47|3-04 2.56|2-64)2-62|35-47 


Utah: 
Modena --.--..- 0. 74)0-77|1-37|2-72 1. 38|0-44|0- 31|O-39}9-S° 0. 83|0-91\0-81 10.15 
Salt Lake City - -|1-35 1.38]2-00|2-26|1-95|9-77|0-54 lo. 78/0. 85|1- 40|I-42)1-33 16.03) 
Vermont: 
Burlington... - 1-83|1-37|1-83 1.87|2-83|3-26 3-78|4-01|3-35 3-16|2-58|1-69 31.56 
Northfield... -- 2.49|2.26)2-79|2-09 2.80|3-23|3-70|3-93 2.762. 48|2-60|2- 72 33-8 


Virginia: . 
Cape Henry - - -|3-35|3-77 4-32|3-92|4-03|4- 42 5-85|6-10 4-08|3-88|2-74|3 -43 49-89 
Lynchburg - . - -|3- 72|3-49|3-82|3- 17|3- 99 3.89|4-03|4-25|3-63|3-38|2-79|3-27 43-42 


Mt. Weather. - -|3-30|3-76 3..98|3-07|3-75|4-8° 4.66)3-62|2-85|2- 42 2.86|3-09|41-56 


Norfolk. ------ 3-37|3-75|4-28)3- 79|4-07)4- 33 5. 80|5-97|4-06)3-91|2-72)3-49 49-54 
Richmond. -.-- 3-02|3-10|3-72|3-45|3-85|3-52|4- 4? 4-41|3=43|3+32|2-39|3- 00) 41-63 
Wytheville - . - -|4-30/4-09|4- 45 ",-66|3-91|4-11|4-44|4-54|3-29|3-44|3-04)3-74 46-72 


Washington: 
North Head. -. 
Port Crescent. - 


5.68|5.79!s-25|3-22|2-39|t-77|0-54 9.56|1-85|3-92|6-33|7-48|45- 7) 
$.53|4-71|3-92|2-52|2-32 1.83|0-61|0- 70|2-30|3-47)7-45 6.88)/42-2. 
4-52|3-86|3-60) 2.68|2. 32|r-72|0-69|0-49)1-93 2.88|5-86|6.04|36-5' 
2.30|1-93|1-51|1-29 1.62|1-61|o-67|0-48|1-01|1-51|2-3° 2.62|18-8 
5-78|5-13|3-98|2-76|2-54|2-13 0. 66|0. 70|2-47|3- 40|8-53|7-33}45-4 
12.2|8.76|8.57|6-31|4-09 4-18|1-78|2-11 6. 14|8-00|12-1 14-6 88-7 
_|2-01|1-58|1-89|1- 7° 1.83|1-19|0-39|0-45|0-93 1-47|2-13}|2-10 17-6 


3-34|3-17|4-07|3-29|3-98|5-04 4-64|3-65|2-87|2-42|2-86|3-42}42-7 
3-19|3-+24|3-82|2-92 3-46|4-65|4-66|3-53|2-72 2.44|2-83|2.77|40-- 


Parkersburg - - -- 

Wisconsin: : 
Green Bay .- --.|t-69|1-60]2-40|2-44)3-57 3-55|3-51|3-10|3-12|2-37 1-96|1-81)32-) 
1.08|1-06|r-65|2-29|3-75|4-43/4-07|3-4%|4- 17 2-46|1-52|1-33|3t- 
7.56|1~-47|2-21 2-38|3-62|4-10|3-99)3-21 3-18|2.42|1-80|1-77\37> 
2-01|1-89|2-67|2- 79|3-42 3.67|3-01|2-82|2-92|2-39 1.98|1-92|31- 


5. 40|0.56|0-95]1-85]2-43|!-57|2-99|t-47)0-94)0-72 o- 41|0-31|13- 
5..43|0-65|1-60} 2.46|2-90|1-11|0-86|0- 54) 1-02 T.05|0-60j0. 70|13- 
Yellowstone Pk.|2.24|r-84|2- 18|1-38)1-91 1.64|1-18|1-02]1.01|1-14|T-44 1.82|18. 
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Run-off Data of Various American Rivers 


Mean yearly | Year of min. flow | 
——— Min. 
Ri ‘ Run-off Run-off  |m’thly 
iver = ———_==—| flow, 
and aa Years |Rain- Biey Cutt Rain-| p... (Cu ft} cu ft 
Station fall, aka per | fall, sar per | per sec 
is rain- | © 4 rain- See" Pee ea 
fall |P&E SS folk PTS Be 
mi ml 
Sudbury: 
Boston, Mass.-....:] 75-2 | 1875-97 |45-77| 48-6 |1-637|32- 78] 34-1 |0-825). 2.224 
Cochituate: i 
Boston, Mass.+...--| 18.9° | 1863-96 |47-08) 43-2 |1-496|31-20] 31-3 |0-719)-..... 
Mystic: 
Boston, Mags. .....- 26.9 | 1878-96 |43-79| 45-6 |1-471]31-22| 29-8 }o-687)...... 
Connecticut: 
Hartford, Conn... . | 10 234 | 1871-85 144.69] 56.5 |1-86c!40.02| 45-6 |1-345)_.--.. 
Housatonic: 
Gaylordsville, Conn...) 1 020 | 1900-05 |47-86| 61.6 |2- 17039. 77] 59-8 |z- 750) 354 
Croton: 
Old Croton Dam. . - . 338 | 1870-94 |48-38| $018 |1-810]38- 52] 37-8 |1-071). 2... 
Upper Hudson: 
“Mechanicsville, N. Y.] 4 500 | 1888-96 |39-7 | 59:0 |t-720/33- 49] 52-2 |1-286)...... 
Genesee: ; 
Mount Morris, N. Y.| 1 060 | 1894-96 |39-82| 32-5 |0-955|/31-00] 21-5 |O-492)...... 
Passaic: 2 
Dundee Dam, N. J... 822 | 1877-93 |47-08| 54-0 |1-875|35-64| 42-7 |I-122).....- 
Perkiomen: 
Philadelphia, Pa.....| 152 | 1884-97 |47-98] 49-2 |1-741|38-67| 40-4 |I-154].-..-. 
Fohickon: 
Philadelphia, Pa..... 2.095|38-34| 49-0 |T-381|...... 
Neshaminy: 2 
Philadelphia, Pa,.-.. 1.712136. 30] 44-3 .|1-192|.-.... 
Susquehanna: 
Harrisburg, Pa... .-- I-553|31-62 
Wilkes-Barre, Pa. ...} 9 810 | 1899-05 |39-85| 58-2 |1-708]31-77] 47-7 |t- 116] - 106 
Williamsport, Pa... 1.640|37- 46 1.221 
Ohio: 
Wheeling, W. Va. ...| 23 820 11670133. 47 
Potomac: 
Pt. of Rocks, Md... .| ‘9 650 | 1895-05 |36.86] 38.6 |x-047|37-25| 21-9 [0-602] -124 
Shenandoah: ? 
Millville, W. Va... -. 1.005|30.47 
James: — 
Cartersville, Va. .... 1898-05 |42-98] 42.4 |1-342|30-58] 35.0 |o- 788 
41,.17| 41.1 |t-246]30-45| 37-6 0-844] +159 


Sone 1-177|36.49 


Bees s---- 1.214|30.80 


1. 303|35-21 
T.375|34-00 
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Run-off Data’ of Various American Rivers- (Concluded) 


Mean Yearly |Yeat of min. flow 
Run-off Run-off 
as Area ; 
and sq ag Years |Rain- P Cu ft |Rain-| per | Cu ft} cu ft 
Stations fall, |, | ver | fall, | cent 
ins ae sec | ins | rain-| S€° 
per sq 
fal 3a fall afl 
Savannah: 
Augusta, Ga. .---+-- 7294 |. x884-91 |45-42| 48-9 |2-635|43- £0) 37-7 )F- 197) e02=e* 
Des Plaines: 
Riverside, Ill... ----- 630 | 1889%* |30-56| 21-6 0. 487|32-38| 9-9 |9-235|-*+->+ 
Huron: 
Geddes, Mich.- ----- 757 | 1905-08 |34-02} 32-5 0. 813|32-15| 21-8 |o= 577 
Grand: 
Grand Rapids, Mich. | 4900| 1899 t |28.85|.40-8 |o-867|31-35 26.8 |o. 618 
Upper Mississippl : 
Pokegama Falls-----| 3 265 1885-99 |26-57|. 18-4 o-361\22-86| 7-5 
Tennessee: i 
Chattanooga, Tenn...| 21 400 1874-06 |.---- - =n (1-860). ---- 38 
| Colorado: 
Yuma, Ariz..--.+--- 225 000| 1879-06 |----- 2-22 10-045}-»--- _..~|0.0T2|-++ 
Arkansas: : j 
Canyon, Colo... .2+--| 3 060| 1888-92 |--++- ne 20-266). 3--- ~~ deetQt 
Rio Grande: 
Del Norte, Colo.----| 140° 1890 |=-<+- o-eetelO4al-=45 7.5% |Oeate 
Embudo, N. Mex...-| 10 900 1889 § |----- = ase lOM TOT | ses ath 
El Paso, Tex...-.--- 30 000| 1890 || |----- ania} OFORS ee Jam 
Bear River: 
| Battle Creek, Idaho.-| 4 500° 1890 J |-----|---- 0. 283|----- Sone 


* Also 1893-95. Tt Also 1902-1906 and 1908. + Also 1891-93 and 1901-02. § Al 
1890-92 and 1901-03. || Also 1891-92 and 1901-03: Tl Also 1891-93 and 1901-02. 


Evaporation and Reservoirs. The final run-off of a stream is also affect 
considerably by the extent of water surface from which evaporation may ta 
place. The evaporation from water surfaces in the United States varies fre 
18 to over roo inches annually, being greatest in the arid regions and le: 
at high altitudes in the north. For water-power calculations in the hum 
portions, the evaporation during the summer months is usually all that nee 
to be considered, as at other times it is insignificant, or else a portion of 1 
flow is necessarily wasted. During summer in the northern states this eva] 
ration may amount to about 6o,percent of the annual rainfall in open count 
but where the surrounding shores are forested and the water surfaces narr 
so.as to be little exposed to wind the evaporation is much less. ; 

The evaporation, particularly from water surfaces, is considerably influen: 
by the wind, as shown by the following observations : “pow 


Wind velocity in miles per hour 0 5 10 15 20 25 “30 
Relative evaporation - glo 9:2) 9.8 “4.9057 —p% 6. 


The aquatic plants exercise a considerable influence upon the evaporation from w 
surfaces, From experiments made under the direction of the author, it appears that 
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bulrushes, like long. grass, exhale much more moisture than would be evaporated from 
open water, while the pond lily exhales considerably less, the common arrow-leaf occu- 

pying an intermediate position. : 
_Run-off from Typical Streams in various parts of ‘the United States is 

shown in the table on pp. 1167 and 1168 with other appurtenant data. 

_. In applying the data of this table to cases not therein included, cognizance 

must be taken of both the rainfall and the topographical conditions of the 

watershed to which it is applied. 


Run-off from Great Lakes Drainage Basins 
FROM- LOCAL DRAINAGE 
By Local Stream Gaging within Period from 1892 to 1913 


Huron- Erie- ? 
Month Michigan, | St. Clair, = <4 
cif.s. cfs. e 
persq mi | per sq mi Per oo 
0.806 0.987 1.512 
0.849 0.748 1.402 
1.380 2.073 2.682 
1.763 1.438 3.328 
T.195 0.867 2.019 
0.910 0.639 1.223 
0.642 0.306 0,804 
0.539 0.219 0.681 
0.534 0.258 0.638 
0.619 ©, 242 0.902 
November. 0,689 0. 292 1.058 
Vo ae Se tel In Be ne aa ©. 666 0.598 1.259 
aa ee ee 0.883 0.722 1.459 
April to November, inclusive..........2..... 0. 86r 0.533 1.332 
June to November, inclusive..........: 0.0. 0.655 0.326 0.884 
Percent of drainage area covered by gagings. . 32 33 37 
BY U.S. LAKE SURVEY GAGINGS OF OUTLETS 
Average of 1900 to 1907, Inclusive 
From From 
Total drainage Local drainage 
River 
cfs c.f.s. efs. cfis. 
per sq mi per sq mi 
0.84 47 690 1.45 
0.785 6 544 0.16 
0.905 115 228 0.84 
1,028 78 200 1,028 


= 


hs 42. Flood Distharce of Rivers 


hs flood discharge of a stream will be greater per square mile for small 
drainage areas than for large ones on account of the greater intensity of pre- 
cipitation on the former in time of storm. While many flood formulas for 


> 
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computing the run-off per square mile in time of storm have been suggested, 
the data in the following. table of observed flood flows in rivers of the United 
States as established by the Hydrographic Branch of the U. 5. Geological 
Survey will be found, for those rivers, much more valuable and useful than any 
formula can ever be. ; 

Tn using this table to estimate flood flows the character of the drainage are¢ 
must be carefully considered together with the rainfall conditions. Th 
ordinary storm rate of precipitation in the humid regions is less than 0.4 incl 
per hour. Excessive rates are from 0.4 to 0.7 inch per hour, but on rar 
occasions extreme rates of 2 inches are recorded for periods of about an hou 
over areas of 20 to 100 square miles. In the arid regions, as much as £7 inche 
in 24 hours has been recorded over a considerable area. The average slope ¢ 
the watershed and that of the stream itself also influence the maximum di: 
charge, as also whether the ground be frozen or not. 


Maximum Rate of Discharge of Streams in the United States 


z Drainage Cu ft per 
Stream and place ‘area, Date sec per 
sq mi sq mi 
Beacon Brook, near Fishkill. N. Y.. -.----+ Tat 0.25 1897 3.20¢ 
Budlong Creek, Utica, N. nt Gecaieiviey io erro 1.13 1904 120.40 
Sylvan Glen Creek, New Hartford, N. Y...--- 1.18 1904 56.58 
Pequest River, Hunts Pond, N. J..----++2-9'? 1.70 1904. 25.30 
Starch Factory Creek, New Hartford, N. Y...-. 3.40 1904 Tog .62 
Starch Factory Creek, near New Hartford, N. Y- 3-40 1905 209.00 
Reels Creek, Deerfield, N. Y..-..+++sse0t00e 4.40 1904 48.36 
Mad Brook, Sherburne, TN Ngarralaone se ao 5.00 1905 262.00 
Skinner Creek, Mannsville, IN; Mcwoaee 6.40 | 189t 124.20 
Coldspring Brook, Mass... .+++-=--- Dare 6.43 1886 48.40 
Croton River, South Branch, N. Y...-------- 7.80 1869 73:90 
Woodhull Reservoir, Herkimer, N. Y..---++-- 9.40 1869 77.80 
Mill Brook, Edmeston, INe Noes eine eel 9.49 1905 241 .OC 
Stony Brook, Boston Mass... nese ees © 22s 32. Te wil en onieies 121.00 
Great River, Westfield, Mass...---++++-+++"> Pricey fear. 71.4¢ 
Smartswood Lake, N. J..+.++++0 esses" =r 16:0 \'TSemae 68 .0¢ 
Williamstown River, Williamstown, NiGy fist 1625 Ail eeeee 34.-0C 
Croton River, West Branch, Wiphicstnseietr 20.5 1874 54-46 
Beaverdam Creek, Altmary N. Y....5--+---++> 2047. |,tmatste III .o 
Trout Brook, Centerville, N= Weta 7 tein saree: 23.0. ly sods 50.6 
Pequonnock River, Bridgeport, Conn...------ 5 250 1905 157.0 
Wantuppa Lake, Fall River, Mass...--+---++- 28.5 1875 72.0 
Pequest River, Huntsville, N. J...---+-++ +++ 31.4 19.3 
Sawkilt, near mouth, N. J..-..--++-- nas 35.0 228.6 
Whippany River, Whippany, Nudist 38.0 1896 84.2 
Cuyadutta Creek, Johnstown, N. Y.- ee 40.0 1896 72.4 
Six Mile Creek, Ithaca, INV Wocrwreananret> fares p sousinis 46.0 1905 185.¢ 
Dog River, Northfield, Viv cg hte ese cee tee 47.0 1913 92.2 
West Canada Creek, Motts Dam, N. Y..-+++ Ate a hana 34.1 
Sauquoit Creek, New York Mills, N. Y..-.+++ BE 45) >|lereieeietele 53-4 
Rockaway River, Dover, Nis Se) el. o 2 25 al pectgarerens 43-¢ 
Oneida Creek, Kenwood, N. MGA: ye sph 59.0 1890 4l. 
Flat River, R.T..-------.+es-7+* 61.0 1843 120.! 
Camden Creek, Camden. Wess. an: 61-4 1889 24. 
Nine Mile Creek, Stittville, N. Y.-.- 62.6 1898 124. 
Wissahickon Creek, Philadelphia, Pa. 64.6 1898 43 
Sandy Creek, Allendale, N.Y... .-. 2e--+-- +> + 68.4 1891 87. 


* Average flow for day of maximum discharge, 
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Rock Creek, Washington, D.C...........05. 


_Tohicken Creek, Mount Pleasant, Pa 


| Mohawk River, Ridge Mills, N. Y...... 


_Moose River, Ayers Mill, N. Y........ 


West Canada Creek, Middleville, N. Y... 


| North River, Glasgow, Va 
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Maximum Rate of Discharge of Streams in the United States (Continued) 


‘ 


Stream and place 


Sudbury River, Farmington, Mass............ 
Pequanock River, Pompton, N. J ; 
Hockanum River, Conn.......-.....6.05 

Nashua River, Mass... ..0.0.2.22.000005 4 
Independence Creek, Crandall, N. ¥.......... 
Passaic River, Chatham, N. J as 
Deer River, Deer River, N. Y... 
Wanaque RivériN. J... far. c. cee es 


Fisk Creek, East Branch, Point Rocks, N. Y... 
Onondaga Creek, Syracuse, N. Y............- 
Neauia River; Mass... 60 fo00 ee dy 
Sandy Creek, North Branch, Adams, N. Y.... 
Scantic River, North Branch, Conn... 3. .....: 
Ramapo Rivet; Mahawah, Ni J...............- 
Rockaway River, Boonton, N.J.............. 
Patuxent River, Laurel, Md:..............0. 
Neshaminy Creek, below forks, Pa............ 
Oriskany Creek, Colemans, N. Y.. 
Oriskany Creek, Oriskany, N- Y... 
Perkiomen Creek, Frederick, Pa.............. 


Mohawk River, State dam, Rome, N Y...>... 
Ramapo River, Pompton, N. J............... 
Fish Creek, E. Branch, Taberg, N. Y......... 
Pawtucket River, Providence, R. I............ 
Catskill Creek, S. Catro, Ne Yi... /....... ee. 

Fish Creek, W. Branch, McConnellsville, N. Y. 
Unadilla River, New Berlin, N. Y............ 
Salmon River, Altmar, N. Yv,........-...... 
Black River, Forestport, N. ¥..............- 
Piscataquis River, Foxcroft, Me... .. 
Antietam Creek, Sharpsburg, Md..°. . 
Croton River, Croton Dam, N.Y... 
Great River, Westfield, Mass....... 
East Canada Creek, Dolgeville, N. Y.. 
West Canada Creek, Hinckley, N. Y... 
Pompton River, Two Bridges, N. J.... 


Stony Creek, Johnstown, Pa.......... 
Ausable River, Ausable Forks, N. Y... 
Missisquoi River, below Richford, Vt.... 
Deerfield River, Shelburne Falls, Mass... 


Farmington River, Conn. ..... 
Hoosi¢ River, Johnsonville, N. 
Monocacy River. near Frederick, Md. ... 
Passaic River, Little Falls, N. J......... 
North River, Port-Republic, Va......... ne 
Passaic River, Dundee, N. J...........0..6-5 


Raritan River, Boundbrook, N. J............ 
Potomac, North Branch, Cumberland, Md.... 
Black River, Lyons Falls, N. ¥.............. 


Schoharie Creek, Fort Hunter, N. Y.......... 


Drainage Cu ft per 
area, Date sec per 
sq mi sq mi 

FIs. sai 126.30 
78.0 1897 41.38 
78.0 1902 55.78 
7920ir8|. % souls 78.10. 
84.5 1850 71.04 
93.2 1869) 66.50 
Too 1903 17-20 
IOI 1869 78.10 
IOI 1882 66.00 
102 1894 138,30 
104 1897 80.50 
108.0 1913 30.00 
109 1848 104.53 
IrO 1897 67.30 
TLS h Ne tell Aner 51.80 
118 1903 105.09 
125 1902 22.:24 
127 IQI5 40.02 - 
139 1894 97.60 
141 1888 55.80 _ 
144 1904 29.00 
152 1894 115.80 
TSG doa? Mae 46.40 
158 1904 27.34 
160 1882 65.88 
169 1g13 65.09 
190 1867 56.85 
210 190 100,00 
187 1885 32.70 
204 1905 40.00 
221 epi ote 27.60 
BOS sovic| tt. sare st. 39.00 
286 1909 77.62 
295 1902 23-17 
338-8, | SEF. ant 74:87 
350 1878 151.40 
356) 1898 24.70 
372). 4 1869 104.57 
380 1903 61.60 
407 Wee eee 31,00 
a8 vatenlt . 3344.) 7O.00 
444 |. 1973 56.30 
445 1913 23.00 
50r 1909 42.51 
518 1898 24.90. 
584 bawen =i 41.70 
605... || 1913 38,01 
660 1902 31.00 
773 1882 24.20 
804 1896 29.80 
823 1903 43.56 
831 1896 44.80 
806, 1882 64.52 
891 1897 22.80 
897 1869 46.00. + 
909.3 1913 44156 


ne 
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Maximum Rate of Discharge of Streams in the United States (Continued) 


p d Drainage Cu ft per 
Steam and place area, Date. sec per 
sq mi sq mi 
Winooski River. Richmond, Vt...-.--+-2--0" 985 1904 29.80 
1894- 
| Genesee River. Mount Morris, N. Y...---25- 1070 ° 1896 39 20 
Penobscot River. E. Branch. Grindstone, Me. . I 100 1909 23 36 
Mohawk River Little Falls) N. Y..-.--- 20 1 306 1913, 26 25 
Youzhiogheny River. Connellsville. Pa.....-» I 320 1907 4I 20 
| Greenbrier River. Alderson, We. Vian Gece I 344 1913 44-76 
Black River. Carthage. NBER oper eee 1812 1869 21.20 
Schuylkill River. Fairmount, Pa....---++-++> 1QTS 1898 12,20 
| Chemung River. Elmira. N.Y... see eee s seer 2 055 1889 67.10 
| James River. Buchanan, Vavi....----+2- 55" "> 2058 1896 15). 60 
‘Androscoggin River, Rumford, Me...---+-+*> 2 220 1869 25.00 
Susquehanna River, Binghamton, N. Y....--- 2 350 1902 26.60 
Genesee River: Rochester. NEY. age 08 So 2 365 1865 17.00 
Kennebec River, betw- Forks and Waterville, Me. 2700 IQOT 48.56 
Hudson River: Fort Edward, N. Yo... ee 2 825 1g00 15.60 
Shenandoah River. Millville, W. Vac. eer 2995 1896 46.65 
Connecticut River. Fairlee, Vt.-.-.+--2s500-* 3 100 1913 18.°50 
Mohawk River, Rexford, N. Y 3 384 1892 23-10 
Mohawk River. Cohoes. N? ¥.. 2-6-2 seen ee 3.472 1913 28.50 
Merrimac River. Lowell. Mass. ..-- eee 4085 wa 19.80 
Kennebec River, Waterville. Me... .--+00-++> 4/270 190I 35.36 
Susquehanna, W- Branch, Williamsport, Pa... afsoolih aulien 4 11.60" 
Hudson River. Mechanicsville, N. ¥..---- +--+ 4 500 1913 26.67 
Merrimac River, Lawrence, Mass... ,.-~++-*" 4553 00) fete ee 23 40 
Potomac River, Dam No. s, Md...,.-+ 4g6gor! aaewd.t 22). 20 
Delaware River, Lambertville, N. J...+---++>- 6 500) fad. see 53.80 
Delaware River. N. J.-.--+----+ 6 ¥so% (fe. ae 50.00 
Delaware River. Stockton, N. J 6 790 r84r 37-59 
Susquehanna River, Northumberland, Pa.----- 6 800 1889 17.50 
Juniata River. Newport. Pa....-++ysssrert es 3 380 1889 53.80 
Connecticut River, Holyoke, Mass....6-+03s= 8 660 1854 21.10 
Potomac River. Point of Rocks, Md......+-- 9 654 1889 48.90 
Connecticut River. Hartford, Conn...+-.++> IO 234 1854 | 20 00 
Potomac River, Md. ..-..-: ey ace CoN aa Er Oggnadl Halea.2 7% 42.60 
Allegheny River. Freeport,\Pa...--.+sses0> 11 goo’ || 1891 26. 
| Potomac River, Great Falls, Md... ..-+++++* II 427 1889 4. 
Potomac River, Chain Bridge, D. C.-«+++-+> II 545 1893 i Ip 
Susquehanna River, Harrisburg. Pa....--++++: 24 030 1889 30. 
Camp Brach River. Ensley, Ala... ...-0+059* 7 43 1909 68. 
Cane Creek, Bakersville, N.C. .-----ee0ee0 22 1QOI 134T- 
Bear Grass Creek. Louisville, Ky... .-s++0ee 0" 27.5 1908 100 
Elkhorn Creek, Keystone, WiivVa.cagecceiee® 44 igor | 1363. 
Tocca River, Blueridge, Gate ae qu deesaey 231 1g0t 53. 
Middle Oconee River; Athens, Ga 395 1902 49.52 
Pacolet River. Spartanburg, S. iC 400 1903 88.90 
Tygart Valley River, Belington, W. Va..-.+--- 403 1907 4o 88. 
Hiwassee River. Murphy, i bal SO Geo 410 1899 sangeet! 
Coosawattee River. Carters. Ga... 532 190 31.86 © 
Occoquan Creek, Occoquan, Va.. Nea Br, 546 TOTS * 38.30: | 
Tugaloo River, Madison, S.'C....+-+++++ re 593 1905 36.86 ? 
Etowah River, Canton, Ga wins ofoieteteretens = 604 ) 1895 gr.go 
Tuckasegee River, Bryson, NE Ce cicbsse ites 662 7899 58.23 
Little Tennessee River, Judson, N. € 675 | 190 85.30 
‘Broad River, Carlton, Ga c u 38.22 
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tot Shy Drainage Cu ft per 
teq 2aa Stream and place area, Date sec per 
bert sq mi : sq mi 
Holston River, S. Fork, Bluff City, Tenn......... 828 1902 39.80 
Shenandoah River, N. Fork, Riverton, Va.......... 1 037 1g01 20,86 
| Saluda River, Waterloo, S: Con... eee 1056 1903 18.00 
| Flint River, near Woodbury, Ga... I ogo! 1913 32:35 
Greenbriar River, Alderson, W. Va. St I 344 1913 44.76.» 
Catawba River, Catawba, N. C...... Ree I 535 I9Or 61.897 | 
Chattahoochee River, Oakdale, Ga 1.560 1899 27.92 
Shenandoah River, S, Fork; Front Royal, Va... I, 570 1902 48.92 
| Ocmulgee River, Macon, Ga. .... 2.6.0.2. eee 2 425 1902 20.97 
New River)Radford, Va. . 2). .s5.....2 00. ae 2725 1900 63.78 
| Catawba River, near Rock Hill, S.C......... 2.987 1901 50.50 
| Shenandoah River, Millville, W. Va.......-.04- 2 995 1836 46.65 
| Chattahoochee River, West Point, Ga..........- 3 300 I9OL 26.86 
Yadkin River, Salisbury, N. C.... 05.02.00 3.399 1899 38.30 
| Tallapoosa River; Milstead, Ala. . 3 840 190L 18.23 
Coosa River, Rome, Ga......... 4001 19OL 16.04 
| Broad Romer gilston!'S. C8g. 6. ioe 3 ce cincinnes 4.609 IgOL 28.44 
Black Warrior River, Tuscaloosa, Ala.........5 4.900 1805 38.80 
New River, Fayctte. W. Va.i...... 2.0... teat 6 200 1899 17.83 
Coosa River, Riverside, Ala.z...... 060600005 6 850 1898 10.53 
| Savannah River, Augusta, Ga... .. 6 cence 7294 1884 42.50* 
Roanoke River, Old Gaston,.N. C........0..- 8.350 1877 32.90 
Kanawha River, Charleston, W. Va 8 goo 0875 13150 
PMBZOOIRIVER, MOISE.) . 2 EGR es ee ey aeinnnclsttis IGB5On CS | sla Mera 10.04 
Tennessee River, Chattanooga, Tenn 21 382 1867 34.37 
Ohio River, Wheeling, W. Va.........cceneee 23 800 1884 20.80 
Tennessee River, Florence, Ala... 30 800 1897 16.20 
Ohio River, Louisville, Ky..:...... go 600 1913 8.49f 
Mississippi River, Columbus, Ky... ....5.0.0% 930 540 1858 1.59 
Mississippi River, Miss... .. Al aya si payeaeis oon I 244 000 sheynes I.19 
ot 
' Cherryvale Creek, Cherryvale, Kan. Pruitt bs -oae 930.00 
Loramie Res., Outlet, O....22...... 72 1913 97.22 
DevyilsiCreek, Viele, Tas. 252 a... 5 6 Sse cieceyee 143 1905 1300.00 
Whiteface River, below Meadowlands, Minn... 446 I9IG0} f oas.Ds 
Little Wolf River, Royalton, Wis..... isd aeir 485 IgI4 I1.00 
Olentangy River, Columbus, O..........ee 520, 1913 115.30 
Silver Creek, near Lebanon, Ill... ........05> 335 1908 15.64 
Des Plaines River, Riverside, Ill............4+ 630 1889 20.80* 
Milwaukee’ River, Milwaukee, Wis. -.............. 661 TQIS 7.98 
Kettle River, near Sandstone, Minn......... xa 825 1912 7.15 
Scioto River, Columbus, O..32.........0.0055 1.047. 1913 80.82 
Elkhorn River, near Norfolk, Neb...........- 2.470 1903 3.24 
Sangamon River, Riverton, Ill. ........4. rnd 2 560 IQII 7.30 
Saline River, Beverly, Kan........... Wea 2730 1896 5.86 
| | Verdigris River, Liberty, Kans... 3 067 1GO4 16.45 
Wabash River, Logansport, Ind. . 3 163 1904 17.99 ~ 
Neosho River; Tola, Kansioi 3.06. eee 3 670 1904 20.30 
Grand River, Grand Rapids, Mich........ ee, 4.900 1905 10,00 + 
Meboroix Nivery Minn. | i558 save @ssescedees 5.950 1883 6.00 
| Fox River, Rapide Croche: Dain, Wis ces! 6 200 1895 2.49 
| Cedar River, Cedar Rapids, Ia........... ok og 6 320 1917 g.co 
_} Chippewa River, Eau Claire, Wis...... aa 6 740 1905 9.00 
_ | Smoky Hill River, Ellsworth, Kans 7.980 1903 %.437 
Blue River, Manhattan, Kans................ 9 490 1903 9.13) 
* Average flow for day of maximum discharge. + Maximum daily. 


. Sy 0 ) ee 2 ~: 
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Maximum Rate of Discharge of Streams in the United States (Continued) 


Drainage Cu ft per 
Stream and place area, Date sec per 
sq mi sqmi 
Illinois River, Peoria, Ill. .--.---+---> aaa 13 480 1904 5.94 
Loup River, Columbus, Neb...-----+-+-00*7* I3 540 1896 5-17 
Republican River, Junction, Kans 25 837 1903 1.80* 
Mississippi River, St. Paul, Mimn.....-------- 36 085 1881 13.32 
Mississippi River, Prescott, WIiS:.- -.< dae 10 om ale 44,070 1881 2.50 
Platte River, Columbus, Webi iin dngh <= eee 56 900 “1905 0.83 
Kansas River, Lecompton, Kiams.. « «scien is } 58550 1903 3.98 
Kansas River, Lawrence, Man’. s-nt 59 841 1903 3.80 
Mississippi River, Grafton, Ill... . - I7I 570 1883 2.10 
Missouri River, Sioux Citysilat. ..2 2) Pea ener 323 462 1881 1.64 
Baker Creek, Baker, Nev.--.-+-----s0 07" ro ~ 1914 17.00 
Willow Creek, Heppner, Opes Bie fib. 5 efatave rare rstsioae 20 1903 | 1 800.00 
Pinal Creek, Globe, Ariz..---+----++- 000707" 25 1904 560.00 
Chalk River, Fillmore, Utah. ...--+++-+05557> 38 I9I4 12.85 
Gallinas River, Las Vegas, N. Mex.-------+°: go 1904 129.10 
Asay Creek, Hatch, Utah. 1st sane = einen? 96 1913 16.70 - 
Ohanapecosh River, near Lewis, Wash...----- 116 1909 64.70 
Rio Mora, belpw Mora, N. Mex..------- 5 159 1904 139.70 
Sapello River, Los Alemos, N. Mex.. ---- = 221 1904 36.70 
Miller Creek, Lovella, Ore... -----++-20 50077" 270 1907 24.93 
St. Regis River, St. Regis, Mont. 278 4 1973..'). 22.40 
Rapid Creek, Rapid, S. Dak-...2---2 2-2-0077" 320° 1904 2.85 
Carson River, E. Fork, Gardnerville, Nev. .--- 381 1904 8.69 
Rio Mora, Weber, N. Mex...-++-+++--+0 0777" 422 1904 65.70 
Grand River, N. Branch, Haley, 500 1913 11.60 
Yakima River, Cle Elum, Wash. 500 TOI5 51.20 
Price River, Helper, Wtal See) te < Sfaiste 530 1913 8.50 
Moyie River, Snyder, id ae 717 1913 II.35 
Purgatory River, Trinidad, Colo 742 1904 61.20 
Clearwater River, S. Fork, Grangeville, Le Ge5e10 940 Igi2 10.46 
Cut Bank Creek, Cut Bank, Mont...-------- 97 1908 9.07 
Redwater River, Belle Fourche, S. D a5 1 006 1904 8.00. 
Virgin River, Virgin, Witalastatentsss inl se ciel I O10 1gi2 11.90 
Truckee River, Reno, Nev..------ 1070 1913 7.02 
Cowlitz River, Mossy Rock, Wash.. ok 1170 1906 43.50 
Wenetchee River, Dryden; Wash. ...0-- +--+" I 200 1913 20.10 
Heart River, Richardton, WED. oh abkn ocistem sie 1 250 1906 6.40 
Hondo River, reservoir, Ne Mex... ..- 2-22 +>- 1 387 1904 4 36 
San Juan River, Arboles, Colo. ..-.-2++-8++ 7" I 390 IQIt 28.80 
Canadian River, French, N. Mex..-----++++-> 1478 1904 105.56 t 
Rogue River, Tolo, Ores? FRE cw cere cnr 2.020 1909 23.90 
- "Truckee River, Clark, Nev.-..----2+.009500" I 740 rgIt 3.00 
Yellowstone River, Corwin Springs, Mont. ..-- 2 630 IQII 8.67 
Pecos River, Santa Rosa, N. Mex... ---- >: 2 649 1904 17.56 
Canadian River, Taylor, N. Mex... --- 0-025: 2 832 1904 32.11 
Salt Creek, at mouth, N. Mex 3,052 1904 4.10 
Spokane River, Spokane, Wash $5 4,000 1894 8.80 
White River, near Interior, SD)... = 4,090 1905 4.03 
Clearwater River, Kamiah, Id 4 850 1913 15.80 
Willamette River, Albany, OT WEEE DOrOLS 4 860 1861 62.20 
Guadalupe River, near Cuero, Tex 5 020 1903 14.20" 
Yakima River, Kiona, Wash...... in 520m)! 1906 11.50. 
Salt River, Roosevelt, Arier etn « si 5 756 1893 36.0 — 
Verde River, McDowell, Axiz ey, . thciew meee 6 000 1893 | 24.05 § 


* Average flow for day of maximum discharge. {Rate foro.s hour. 
¢ Rate for 7 hours.  § Rate for 24 hours. - 
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Maximum Rate of Discharge of Streams in the United States (Concluded) 


Drainage Cu ft per 
Stream and Place area, Date sec per 
sq mi sq mi 
Pecos River, Fort Sumner, N. Mex........... 6 191 904 7.29 
Gunnison River, Whitewater, Colo 7 863 1905 3.67 
Rio Grande, Rio Grande, N. Mex.... oly II 250 1904 2.75 

Canadian River, Logan, N. Mex..... oe II 440 1904 12.29. * 
Be RIMEL AN ZIT S. 115% sac (o sis) oFere ha Shin I2 000 * 1891 24.69 
Yellowstone River, Huntley, Mont... ant 12 000 1907 4-03 
Salmon River, Whitebird, Id................. 13 600 1913 5.97 
Humboldt River, Oreana, Nev 13 800 1897 0.22 
Pecos River, Roswell, N. Mex...............- 14 840 1904 3.75 
Grand River, Fruita, Colo........... eye 16 800 1909 3.81 
Gila River, Florence, Ariz........... 17 750 1891 7.50 
Missouri River, Cascade, Mont 18 300 1908 2.70 
Big Horn River, Hardin, Wyo....... nae 20 700 1908 1.97 
_Red River, Grand Forks, N. D “mes ss 25 000 1897 1.70 
Clark Fork River, Metaline Falls, Wash....... 25 600 1913 4.33 
Colorado River, Austin, Tex.....2......0...¢. 34 200 1900 3.57 
PERE L MAL Cai Sts so dies o'er vee oan SY COT AAD | oust 2.32 
Arkansas and White Rivers, Ark ie TBQO0O MY hls e ab. ave 0.84 
Colorado River, Yuma, Ariz..........6.006055 225 000 1909 0.67 
Columbia River, The Dalles, Ore.........-... 237 000 1894 4.89 
Missouri River, St. Charles, Mo.............. 530 810 1883 1.13 
Mississippi River, St. Louis, Mo.............. 702 380 1883 1.28 
Switzer Canyon, San Diego, Cal.............. gue 1916 188.00 
Grand Central River, below Forks, Alaska... .. 14.6 1906 100.00 
Arroyo Seco River, Pasadena, €al 16.4 1916 192.00 
Yuba River, Bowman Dam, Cal... EO sal wAlicadectey ax 31.60 
Sweetwater River, Descanso, Cal... 43°7 1916 226.00 
San Vicente Creek, Foster, Cal,.............. 74.9 1916 248.00 
Kruzgamepa River, Outlet Salmon Alaska.... 84 1902 51.20 
Otay River, Lower Otay Reservoir, Cal....... 98.6 1916 379.00 
San Jacinto River, San Jacinto, Cal........... . 108 1916 278.00 
Sweetwater River, Jamacho, Cal...........-+ 172 1916 250.00 
Santa Ana River, Mentone, Cal...........+5+ 182 IQT4 46.70 
Sweetwater River. Sweetwater Dam, Cal...... 186 1916 177.00 
Santa Ynez River, Santa Barbara, Cal........ 207 1907 AS5.65 
San Gabriel River, Azusa, Cal............... 222 1916 180.00 
Calaveras River, Jenny Lind, Cal............ 395 IQII 176.20 
Chatanika River, below Poker Creek, Alaska. . 456 IQII 4.62 
_ | San Luis Rey River, Oceanside, Cal.......... 565 1916 169.00 

1} Stony Creek, Fruto, Cal... i. cio. ieee st es 760 1904. 29.21 ¢ 
| Yuba River, near Smartsviile, Cal........ - I 220 1909 90.91 
| Tuolumne River, Lagrange, Cal.......... _ TESOE gush leaks stan 30.60 

San Joaquin River, Hamptonville, Cal.,...... 1637 1881 36.51 t 
King River, State Point, Cal......... SC I 742 I9oL 25,22 
| American River, Fair Oaks, Cal............-. I 910 1907 — 62.20 
_| Birch Creek, Fourteen Mile House, Alaska... . 2150 IQIt 6.90 

| Kern River, Rio Bravo, Cal......... Me day. dicts 2345 1897 203 ts 

Feather River, Oroville, Cal. ...4.....4.00055 3 640 1907 52.37 ¢ 

| Sacramento River, Iron Canyon, Cal 9 295 1904 23-47 t 
| Sacramento River, Red Bluff, Cal... 10 400 1909 24.42 
F Yukon River, Eagle, Alaska. . Sate 122 000 IQII 2.08 
| River, Alhajuela, Panama... 427 1909 398.10 
|  etcuaeres River, Bohio, Panama., . . .. 779 1909, 115.50 
| Chagres River, Gatum, Panama I 320 1909 93.90 


Rate for r2 hours, {Mean for day when discharge was a maximum, 
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43. Storage of Water 


The Mass Diagram. To determine either the amount of storage necessary} 
to utilize at an average Or variable rate of consumption the entire flow of < 
stream or any part of it, or the amount of water that can be continuoush 
utilized from a stream, the flow for a considerable period being known, th 
most simple process is by the aid of. the so-called mass diagram. The rel 
ability of this process depends upon. the completeness and accuracy of th 
information as to the run-off of the stream. A comparison of the run-0! 
data of the Ohio, Tennessee, Sudbury, and Colorado rivers by John C. Hos 
in Eng. News, April 23, 1908, vol. 59, P. 459, shows that a single year’s Tecer 
is entirely insufficient for reliable prognostication and that five-year perioc 
in the humid sections usually give mean results within ro percent of the norm: 
average, but may be in error as much as 30 percent, and in the arid region 1 
error from 4 to 88 percent. Ten-year averages in the humid region are us' 
ally accurate within less than ro percent, but on the Colorado the error ramgé 
from 1 to 48 percent. It may therefore be concluded that at least a five-ye 
record should be secured or a much longer one constructed from rainf 
data, to obtain results of reasonable accuracy in the humid regions, and th 
a prediction of run-off in the arid region should be adopted with extrer 
caution. : 
. Having the desired record, the beginning for purposes of computation m 

advantageously be taken at the last of the latest low-water month of the earli 
year, but such a starting point is not essential. The diagram is usually ec 
structed with a time unit of one month, tho when only a part of the flow is 
be stored a weekly unit may be preferred. The record should be arrang 
chronologically in a table, and after each item the sum of it and all the p 
ceding items should be entered. These sums then represent the total quant 
of water that has been discharged by the stream at the end of any period si 
the beginning of the tabulated observations, and may be exprest in cubic 
per second, or any other convenient unit. With unit of time as the absci 
and total discharge as the ordinate, the mass curve is plotted, and if the low 
possible line be drawn tangent to the curve at two points an ordinate to | 


line will represent the maximum quantity of water that could have b 


used from the stream for the period between the ordinate considered and 


intersection of the tangent with the axis of abscissas, assuming the quantit 
be used uniformly during the period and a similar use to continue indefinit 
This ordinate divided by the time above included will then give the quar 
to be so used per unit of time. The amount of storage required to equé 
this flow will then be represented by the maximum partial ordinate bet 


the tangent and the curve. : 

_ Fig. 37 shows a mass curve for a river in Michigan. In this case, for the/sake of dist 
ness, the mass data has been plotted as a stept curve rather than as a smooth one 
discharge being in cubic feet per second per month. . When this is done it must be rer 
bered that the ordinates considered are always those to the right-hand end of the 
The tangent line bd shows the average daily available yield to be, by the ordinate 
s9 532 cuft per second divided by the time from the last of December, 1903, to Jan 
1909, inclusive, about 61.2 months, or 974 cu ft per second. The partial ordinate bet 
the point ¢ on the tangent and the right end of the step of the mass curve for April, 
gives 5695 cu ft per second for one month, or 5605 X60 X60 X% 24% 30=14 528 16 
cubic feet as the storage required to provide a constant flow of 974 cubic feet per seco 


Tf instead of a constant use a variable one is desired, a mass curve of the variab! 


should be plotted in the same manner as the original diagram, put this variable flow 
must be of such dimensions that it falls either below or is tangent to the original 


curve. Such curves will usually have an opposite phase to the mass cutve and 


must fall below or tangent to the line bd, as shown by the lower sinuous curve of the f 
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The storage required to provide a supply of the nature vepresented by this curve is shown 
by the partiai ordinate at / between the consumption and the mass curves to be 7400 cubic 
feet per second for one month, or r9 180 800 009 cubic feet. Fa 
Tf it be desired to determine the amount of storage necessary to develop: continuously 
a less quantity than the total flow of the stream, draw from the low points of the mass 
curve a line having an inclination parallel to the mass 
‘consumption line for the quantity desired. In the = 
figure the linesig, ch, bk, etc., represent such consump- 
tion lines, and the maximum storage required for the 


S 
Maroh 
May 


corresponding uniform consumption is i 
presented by the partial ordinate for RS 5 § 
lay, 1904, between the consumption ys 


Tine 6% and the mass curve. The in- 
tersection of the consumption line, with 
the vertical of the mass curve, indicates 
the time.when storage should haye be- 
gun, in the particular year, to yield the 
consumption represented by the line, 
and the ordinates between con- 

sumption and mass curves rep- 4 
resent the amount of water in 


Available 


Available 


59582 cubic feet per second 


§ : Fig. 37. Mass Diagram of the Tittabawasse River 


storage at the time shown by each ordinate. The triangle in the lower right of the figure 
shows the rate represented by the lines dg, etc. 

To determine the equalizing value upon the. flow of the stream of a given amount of 
storage, plot downwards from the mass curve for the six high months of each year the 
magnitude of the storage in the unit of the diagram. |Join the points so located in each 
year by a curve asin the upper diagram: of the figure; in which ic is an enlarged representa- 
tion of the mass curve from # to c, and from each of the succeeding low points of the mass 
curve draw.a tangent to the curve just located. The minimum inclination of such tan- 
J 
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gents which do not eut the mass: curve will give the rate of consumption that may be uni- 
formly utiiized with the storage in question. This method fails when the storage considered 


Corrections for Evapozation. When from the amount of storage needed as shown by 
the mass diagram and a study of the topography of the watershed the area of water surface 
of the required reservoir is determined, the evaporation may be compiled and the net 
yield of the stream determined. A corrected mass diagtam may then be constructed for 
more accurate computations. 

Bank Storage. The visible capacity of reservoirs iS very materially aug- 
mented in sandy or gravelly districts by the water held in the adjacent pround 
between the high and low water planes. The volume of such storage is depend- 
ent on the slope’of the natural water table and on the proportion of voids in 
the soil. The former can frequently be determined by observations on well; 
in the territory affected, and the latter for the most porous soils may amoun' 
to 40 percent of the total volume, but for ordinary —g999 
sands and gravels may be safely taken at about 20 
percent. For clay it is inconsiderable, probably about 
3 0r4 percent, and for loam about ro percent. Sand- 
stone rocks take up about 15 percent of their volume 
of water, limestones 5 percent, shales 4 percent, and 
granites 1 percent. The difficulty of estimating the 
value of bank storage lies in the uncertainty as to the 
actual character of the strata below the surface. The 
water stored in the ground is given out much less 
rapidly than that from an open reservoir, and 
hence is of little value for sudden fluctuations of 
draft, but in a long gradual lowering of the sur- 
face of the reservoir, will add materially to the 
quantity available. 


8000 


d 


Fie. 38 


Diagram for Capacity of Auxiliary 
Steam Plant 


Total Plant Capacity 


je in Cubic Feet per Secon 


Volume of 
Water Utilized 


fe ik _| 


Time in Months 


Emptying of Reservoirs. The time required to empty a pond or reser 
between’ known levels thru a certain opening, or over a weir of known din 
sions, is obtained from the general formula , 


+f 
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Xi A a) te f 
t= f, coe Ae dh () 

Jit, CAvV2 gh 
in which A; is the area of the reservoir at any elevation and Ao the area of the 
orifice thru which discharge takes place, while Hj is the elevation of the water 
surface, H2 a lower elevation, # the height of the water surface above the center 


of the orifice, and C the coefficient of discharge. If Ar be variable it must be 
exprest in terms of #. When A; is constant and He =o this becomes ¢ = 


2ArW Ay/CAoV 2 8, which is twice the time required for the same quantity 
to be discharged under a constant head Hj. For a weir, the expression for 
weir discharge is substituted for that of the orifice in the denominator of (1). 


(a) In practise the area of reservoirs will be variable. and where definite information 
as to the relation between Ar and h is not available, the reservoir volume may be as- 
sumed as semi-parabolic in longitudinal section and parabolic in cross-section and plan. 
With X as the length, Y as the half width, and Z as the depth; the area of the surface 
is 4/3 XY and the area at any elevation is Ar= 4/3 X,V,Z/Z,. If a be the height of 
the center of the orifice or of the crest of the weir above the reservoir bottom, Z=h+a 
and Ar= 473 X,Y,(h+ a)/Z,, which may be substituted in (1) before integration. 
(b) Another assumption which may be made is that X is directly proportional to Z, 
which is equivalent to saying that the reservoir has a uniform slope lengthwise. In 
this case Ar= 4/3 X,Y, (h+ a)*/2/ Z,°/2 (c) If it be assumed’ that VY also varies 
directly with Z, or that the sides of the reservoir slope uniformly to the center which 
is, however, a condition never met with in natural ponds then A7=4/3X ,V(h-+-a)?/Z,7. 
Of the above assumptions that under (b) is.the most likely to conforn. te natural con- 
ditions, except where the 'réservoir has silted considerably. when assumption (a) will 
be more accurate.’ It may be added that since 4/3 X,Y, in cases (a), (b), and (c) gives 
the area of the pond surface, if this be known it may be.substituted at once for A;, 
when the only assumption involved is that of the form of the vertical sections. 


44. Auxiliary Steam Plants ; 


Desirability. When sufficient. storage cannot be economically secured 
to sufficiently equalize the flow to yield the required quantity of power. 
the deficiency may be made up by a steam plant. It is to be remembered 
that a steam plant depreciate: about as fast when idle as when running, and 
that the interest charges are to be carried during the whole year. When 
operation, interest, depreciation, and maintenance of a steam auxiliary are 
capitalized it will often be discovered that storage would havé been a better 
investment. 

Capacity. The capacity of a steam plant necessary to make up the defi 
ciency of flow is best determined by the use of a diagram of graded dis- 
charge, as in Fig. 38, in which, with the time unit as the abscissa, the 
discharges, either natural or equalized by storage as the plan may be, as ordi- 
nates, are plotted, not chronologically but in the order of their magnitudes 
from least to greatest. A horizontal line drawn thru the diagram, whose 
‘ordinates represent the desired total capacity, limits between itself and the 
curve the total amount of water that must’ have been replaced by auxiliary 
power, and for each month the amount is given by its individual partial 
ordinate between the capacity line and the curve. 

Operation of Combined Steam and Water Plants. When a steam auxiliary 
isused, it will usually be advantageous to run it continuously during the periods 
when it must run/at all and use the water power to provide for the fluctuations, 
if the size of the pond at the plant permits of this without wasting water. For 
the reason that a steam plant when idle is radiating heat, and hence not 
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only wasting interest’ and depreciation’ charges but also a part of the fuel 
cost, it is better to let the water power lie idle while the pond fills up, as by such 
procedure nothing is lost, the full value of the water being utilized. . On this 
account the importance of a large pond at the station is apparent.) i 


45, Design of Power Plant 
Power House. The Power House should be so located as to be protected 


from floating ice and other debris. ‘When situated in a gorge, the ‘position — 
should be such as to admit of a maximum: of sunlight reaching tke building: 
The intakes, whether direct to the wheel pits or to a closed flume or pipe 
line, should be so located that debris will readily, pass by them. If water be 
flowing over the spillway or thru the waste gate, these structures may be 
advantageously put near by, in order that they may be controlled to keep 


the intakes clear. 


To avoid ice troubles the intake to the wheelpits or closed flumes may best 
communicate directly with the pond, rather than with a canal or head race, 
and a curtain wall may wisely be carried a few feet below the water surface at 
the entrance. To facilitate inspection the entrance to the wheelpits should be 


provided with easily operated gates. 


See paper by Benj. F. Groat in Trans: Am. Soc: CG. E., Vol. LXOCXIT, for 
special constructions to divert ice. 

Wheel Pit. For low and moderate heads, up t« 40 or 50 feet, the open 
wheel pit is to be preferred to the closed flume. or ,pipe line. Of this head’ 
20 feet may be covered by the draft tube. Vertical’ wheel and umbrella type 
generators give higher efficiencies than horizontal shaft’ installations, due 
mainly to the reduction of bearings: The passages ‘leading to the’ wheels 
should be so designed that the water is never retarded in its velocity as it 
passes toward the wheels but if possible is igradually accelerated. The losses 
between head and tail water in the best-designed plants, excluding the turbine 
loss, is about 4 percent of the total output for plants with heads below 20 feet, 
and may frequently amount to 12 percent. For higher heads the percentage 
js less, as there is little change in the rack losses and friction in flume, wheel 
pit, and’ draft tubes; while the power increases with the head. For approxi-- 
mate calculations a uniform loss of 1 foot may be taken for all heads. 


The Draft Tube should expand gradually from: the outlet of the wheel — 
until an area of outlet is attained such as to require a velocity thru ita little 
greater than that of the water into which it discharges. If the draft tube 
have a turn, as great expansion should be secured before it is reached as is 
consistent with maintaining the angle of departure of the sides from the center 
line less than 8° when under a pressure below atmospheric, and less than 25° 
when under atmospheric or greater pressure. Immediately after passing into 
the curve it is well to contract the section in the direction of the radius of the 
curve and enlarge it at right angles thereto. . i 


_ The proper design of the draft tube is one of the most important features of 
a hydraulic power plant as it may affect the efficiency and output of the tur- 
bines from 5 to 1c percent on low heads. A special form of draft tube. known 
as the hydracone, has been invented. by W. M. White, Mem. Am: Soc. Mech. 
Engr., and is an application of the principle of the ball nozzle to the jet issuing 
from a short draft tube, the ball being replaced by a plate or a cone of rigid 
material, located at a particular distance from the outlet. Fig. 39. bawttAt 


This device utilizes to some extent the-centrifugal force of the discharging 


DS 
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water and on tests hasvincreased the efficiency about 3 percent over the be 
obtainable with the ordinary form of tube. . ; 


ass 


Fig. 39.°° White’s Hydracone 


Head or Fall Increasers are devices connected with the draft tube to increase 

the discharge by reducing the tail-water pressure. The most effective device 

. of this kind appears to be that designed by Clemens Herschel, which is an appli- 
cation of the principle of the Venturi tube thru the throat of which water is 
passed from the pond drawing into itself thru apertures in the throat, water dis- 
charged by the wheel. (See Eng. News, vol..59, June, 1908, p. 635.) 

Another device has involved the surrounding of the discharge from the wheel 
in the vertical part of its course witha stream from headwater. 

By the introduction of a jet from headwater at the bottom of.a curved draft 
tbe the author has increased the output of a plant in flood time between 5 and 6 
percent and by a utilization of the flow over the dam, if adjacent to the power- 
house, a considerable further advantage can be secured. 

The Generating Unit. In the earlier installations horizontal shaft genera- 
tors were largely. used, either belted or geared to the turbines, or driven directly 
from a shaft on which several turbines were mounted. ‘Tests of such installa- 

” tions have shown them to’be considerably less:efficient than the vertical-direct- 
connected units, and the multiple wheel unit, whether vertical or horizontal is 
not now looked upon with favor except under very special’ conditions. 

The direct-connected unit requires that both turbine and generator be adapted 
to the:same speed of rotation. 

Tn selecting machinery the best speed of rotation is one slightly less than one- 
half the so-called spouting velocity, or velocity due to the head, but by specially 
designed wheels this can be increased as much as 50 percent, which gives a 

_ fairly wide range of generator speeds from which to select. j 

The table on p. 1182'gives data as to the vertical water wheel generators, 
developed by the Allis-Chalmers Manufacturing Company, and may be taken 

__as fairly representative of the machines of other manufacturers. 
| Current. Except where current is to be used in the immediate vicinity, of, 
_ the plant or for arc lighting and electric railway service, direct-current genera-, 
_ tors are not commonly used in the United States: For incandescent. lighting, 
_ 3-Phase 60-cycle alternating-current generators have a preference, while) for, 
power work 25 or 30 cycle’ machinery is considered more ‘satisfactory, The, 


re 
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Vertical Water Wheel Generators 
Allis-Chalmers Manufacturing Company 
6o Cycles, 2 300 Volts or Less, 2 or 3 Phase 


KV.A. |R.P.M. came? Approx. |! ix ay.a) |Rpa,| Outside | Approx. 
ia in in| total wt dia.inin | total wt 

65 277 73-5 g 000 500 100 148 45 000 
75 277 73.5 9 100 500 go 185 65 000 
85 277 73-5 9 850 500 60 225 90 000 
B tele} 277 73-5 10.000 525 300 95.5 22 000 
110, j= 277 73-5 12/500 530 -|~ 150 137 36 500 
125 277 73.5 13 000 600 300 95.5 24 000 
150 720 48 5 500 625 150 137 42 000 
150 150 107 20 000 625 120 | 148 °| 50000 
150 120 128 24 000 625 100 148 55 000 
187% 720 48 5 600 675 180 138 38 000 
187% 150 107 21 000 750 150 “137 44 000 
18744 120 128 24 500 750 120 148 53 000 
200 150 107 22 500 750 I00 148 57 000 
200 120 128 28 500 800 100 195 63 000 
250 Iso 107 24 500 806 180 138 40 000 
250 120 128 29 500 850 128 194 67 000 
250 go I5t | 34 900 850 82 195 83 000 
250 64 195 48 000 940 180 I7I 58 000 
300 go I5t 35 000 940 'r00 195 70 000 
300 64 195 50 000 1.000 82 195 85 000 
312 300 95:5 19 000 1 080 150 | 192 72.000 
312 150 107 28 000 1 080 } 128 194 77 000 
312 120 128 31 000 1 250 180 17t 68 000 
312 Too 148 35 000 1 250 150 192 75 000 
325 180 138 28 000 1250 128 194 80 000 
375 300 95.5 19 500 I 250 Too | 195 go 000 
375 180 138 30 000 1750 150 192 102 000 
375 150 137 33 000 1 875 164 194 go 000 
375 120 128 33 000 2.000 150 192 105 000 
375 100 m8 + 35 000 2 200 164 194 92 000 
425 120 148 | 38 000 2 400 150 192 116 000 
425 100 148 * 45.000 2 500 164 194 100 000 
425 go 185 60 000 2 800 164 194 105 000 
425 60 225 87 000 2 800 150 192 120.000 
437 180 138 32 000 3120 | 15° 214 132 000 
450 150. 137 35000 || 3750 150 ! 214 135 000 
45° 300 95.5 22'000 § 000 - 150 214 220 000 
500 180 138 33 500 6 250 150 214 230.000 
500 120 148 40.000 8 500 144 242 280 000 
10 900 144 242 280 000 


current is frequently generated at about! 2300 volts pressure, and is transformed 
upward to the line voltage for transmission. ‘The line voltage may be anything 
between! r10 and ‘£20 000 volts; the higher the pressure the more power that: 
can be delivered over'a given size of conductor, and consequently the low volt- 
ages areonly used in local distribution or inside buildings. d 
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Bearings. The bearings should be accessible at all times, and in the case 
of a vertical shaft installation the entire load may be wisely concentrated 
on a single thrust bearing of special design. Such bearings may be placed 
either above or below the generator, and according to the loads to be carried 
may be of the simple plate type, roller bearings, the Kingsbury or the Srring 
bearing, or for very heavy loads the oil pressure bearing. 


Of these the PLATE BEARING consists of two plates, the lower of which is sup- 
ported in a fixed position while the upper is fastened to the shaft and revolves 
with it, resting upon a film of oil between it and the lower plate, both plates being 
immersed in a bath of oil. . Such bearings are satisfactory for speeds encoun- 
tered in low head plants. 


The ROLLER BEARING consists of two plates as above with the film of oil 
replaced by a cage of rollers, either conical and of considerable length, or cylin- 
drical and of length not greater than their diameter. The plates and rollers 
of this bearing are all immersed in an oil bath. 


The KINGSBURY BEARING replaces the cage of rollers with a series of segments 
or shoes supported by a pivoting surface near one end and slightly beyond the 
center of gravity in the direction of rotation. ‘This causes the space between the 
segment and the upper plate to be more open at one/end than the other so that 
a wedge shaped film of oil is drawn in by the revolving disk. The parts of this 
bearing are immersed in an oil bath and the bearing operates satisfactorily under 
surface pressures of 400 to 500 Ibs per square inch in high speed turbine installa- 
tions. 

The SPRING BEARING introduces a series of spiral springs fixed on the lower 
plate and carrying above them a rubbing plate which takes the load of the upper 
plate on a film of oil. On account of the ready adjustment’ of the springs to 
irregularity of load the bearing can be made of smaller diameter than the 
others and hence occupies less space. Like the preceding the parts are immersed 
in a bath of oil. 

The OIL THRUST BEARING provides for the introduction of oil under a high 
pressure to a chamber in the plates near the shaft from which it flows out between 
the plates insuring complete lubrication. The loads carried depend, upon the 
pressure of the oil which is circulated by a positiv piston pump. These bearings 
are used for the heaviest loads and the highest .speeds, and are particularly 
adapted to steam turbine work. 


The Exciter may be most economically driven from the main turbine 
shaft, but in many plants an independent exciter driven by a separate wheel 
is installed. After the plant is once started, and as long as it continues in 
operation, the excitation may be provided by a motor generator or rotary 
converter transforming the alternating current of the main generators into 
direct current for their excitation. The economy of this is slightly less than 
that of the separate exciter so far as operation is concerned, but when interest 
is considered may prove more economical, so that a single separate exciter 
may be provided to excite the first machine of a series and the rest he operated 
from the main current as above indicated. The exciting power usually ranges 
from o.5 to 3 percent of the power at full load, being nearly constant in amount 
whether the main generator is loaded to full capacity or not. 


The Switchboard should be so located as to enable the operator to com- 
mand a view of the machines which he controls, and should have the follow- 
ing instruments: (a) On generator panel, 1 voltmeter, 1 ammeter for each 
phase, 1 frequency meter and x field ammeter. (b) On feeder panel, 1 watt- 
meter, (c) On exciter panel, 1 voltmeter and 1 ammeter. (d) On a bracket, 
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x synchroscope when more than one generator is installed. To which are 
added the several switches and connections, and for studying the station 
output an integrating wattmeter should be placed on the main circuits. 


The Governor for turbines operates upon the gates and must be capable of exerting 
a large amount of power at times. This is usually accomplished by a piston driven by 
oil which is maintained at a high pressure in a reservoir with comprest air by the aid 
of a force pump operated from the turbine shaft. The-action of the piston is controlled 
by valves moved by the governing mechanism proper. For less rapid operation goyernors 
depending on simple mechanical friction are utilized, but these governors are not suffi- 
ciently delicate for combined lighting and power loads. In governing impulse wheels, less 
power is needed, and the nozzle is frequently deflected away from the bucket without alter- 
ing the flow. Inthe Doble Nozzlea tapered pin is pushed forward thru’the center to close 
and pulled. back to open, either operation requiring a relatively small amount of power. 
The governor should be so located as to be under the eye of the attendant at the switch- 
board, unless a second attendant is ayailable to look after it. : 


The usually accepted equation for determining the torque T of the regulating shaft 
resulting from the operation of the gates, is: 


cs CX horse-power of turbines ‘ 
V/ head 
Where C has a maximum value of 50 and a. minimum of 25. 


For low head open: flume plants the percentage temporary change in speed for load 
thrown off is given by: 


T 


(A.P.) Xt 


WR? X (R.P.M.)”” 
d = percentage change of speed; 
(H.P.) = maximum horse-power of turbine; 
1, = time in seconds occupied by governor in moving gates through their range} 
W = weight of rotating parts; 
R = radius of gyration of rotating parts; 
R.P.M. = normal revolutions per minute. 


d-= 81000000 


Crane. As this piece of apparatus is only used occasionally, it may wisely be of the 
hand-operated type where first cost is an item of importance. Cranes operating with 
chains are preferable to those using cable for power-house work. 


The Racks. The loss of head thru the racks is of considerable importance, particu- 
larly in low-head plants, and may be considerably reduced by using lenticular or fish- 
shaped rack bars.’ A platform from which to rake debris from the racks and a chute 
or other device for removing it is important. 


Pe 46. Operation of Plant 


The Load’ Factor of a plant is the ratio of the average to the maximum 
load carried. For economical operation this’ should be brought as near unity’ 
as possible, and it becomes good policy to-sell the output at a low rate during: 


the low-demand hours to stimulate’ consumption at such times. 
Tn ordinary plants supplying municipal, domestic, manufacturing and commer- 
cial service the load factor is usually between 4o and 50 percent, which means that 
for a large part of the time the plant runs at part capacity, while late in the 
afternoon it has for 1 or 2 hours a peak load of nearly the maximum amount, 
the actual maximum covering only a few minutes. The result of this is that such 
a plant must be designed to deliver very much more than the average capacity 
of the water utilized. | Usually the machinery installed is made capable of deliver-* 
ing the entice daily output in from 6 to 8 hours. Pe ict 


“The Plant or Capacity Factor is the ratio of the average load to the rated 
capacity of the plant.” ‘ . Tee 
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The Diversity Factor is a term used to indicate the diversity of usés in which 
the output is absorbed and may be defined as the ratid of the sum of maximum 
demands. of the subdivisions of the load to. the maximum demand of the whole 
system, measured at the point of supply. 

The Connected Load is the combined continuous rating of all the sere 
apparatus on the customer’s premises connected to the system. 
. The Demand Factor is the ratio of the maximum demand to the total con- 
nected load. : 

The Power Factor of a plant is the ratio of the effective power in watts to 
the volt-amperes, all measured at the switchboard. The existence of a power 
factor, which is peculiar to alternating-current installations, is due to the 
fact that there usually exists in a line an induced current which neutralizes 
in part the power current. The effect of the induced current may be reduced 
by Special expedients, but with ordinary motor loads is likely to cause the 
_ power factor to drop to 0.85, and in some distributions it may fall as low as 
0.30. The’ power factor is determined by the load and not by the generating 
apparatus, and so far as the latter is concerned should be taken as unity unless 
otherwise specified, 


Except as the efficiency of the generator may be affected by a change in power 
factor, there is no effect upon the input to the generator, hence the turbine re- 
quirement is always based on the. kilowatts delivered and not on the volt- 
amperes, 

Regulation. If the speed of the generator changes, the voltage or pressure 
changes and the brilliancy of illumination and power of the output varies. 
Reducing speed reduces voltage, and vice versa. To maintain constant spéed 
with a varying load requires a reduction or increase of gate opening, and where 
the wheels are supplied thru a pipe line, a consequent change in velocity and 
pressure thru the conduit. 


47. Testing Code for Hydraulic Turbines. (Abstract) 
(Approved by Machinery Builders’ Society, Oct. 11, 1917) 


Introduction. This code is intended to apply to acceptance tests of hydrau. 

_ lic machinery. : 
Efficiency of the plant takes account of all losses of energy. between head.water 

and tail water outside the plant and as far as, or through the switchboard. * 


Efficiency of the machinery takes account of all losses of energy between the 
| water in the wheelpit and tail water and as far as the generator terminals or 
_ switchboard. 


Efficiency of the turbine takes account of all losses of energy between the water 
_ in the wheel pit and tail water and as far as the coupling on the turbine shaft. 
_ Losses through racks, in intake to penstock and in penstock shall not be charged 
| against the turbine, nor shall the head necessary to discharge the water from the 

end of the draft tube. The net or effective head acting on the turbine shall be 
| measured from a point near the intake to the turbine casing in turbines equipped’ 
with casings, or from a point immediately over the turbine in turbines having an’ 
| open flume setting, to a point in the tail-race, and a correction for the velocity’ 
| head required to discharge the water into the tail-race shall be added ta the! 
| tail-water elevation; and a similar correction applied at the intake to’ encased’ 
turbines.’ The power developed by the turbine’shall be taken as'the mechanical 

power delivered on the turbine shaft and transmitted by the turbine shaft? ‘to, 
_ the generator or other driven machine or system, 
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General. When the contract calls for the performance of the guide vanes, 
runner, draft chest and raft tube only, the velocity head at entrance to the 
casing, Shall be excluded, and the pressure shall be measured by piezometers 
so connected to the casing as to avoid velocity effects, instead of at entrance 
to the casing. 

Apparatus shall be inspected before, during and after tests. 

Testing apparatus must not interfere with operation of unit under test, which 
shall have been operated under load for at least 3 days prior to test. nie 

Leakage of air into wheel or draft tube or of water out of wheel pit or penstock 
must be prevented or measured and allowed for. 

Tests should not be made when variations of load exceed 3,percent; of head 
2 percent, and of speed 1 percent, above or below the average of each. 


Important instruments shall be installed in duplicate and calibrated before 
and after test. 

Power Output. Power output may be measured by the electrical generator, 
or by a Prony Brake or Dynamometer. If by a generator, the latter must be 
tested either in the shop or in the field and its efficiency curve established for 


the range covered by the tests, in accordance’ with the Standardization Rules 
of the Am. Inst. E. E. of September, 1916. The output of the wheel then: is 
the kilowatt output of the generator divided by its efficiency and reduced to 
horse-power, the exciting current not being charged against the turbine. Tf the 
exciter be driven from the turbine then its output similarly computed shall be 
added to that of the main generator. 

When a dynamometer, either of the Prony brake, friction disk or other type 
is used, the dynamometer is to be so arranged as to avoid imposing either end 
thrust or side thrust on the turbine shaft and bearings, or to avoid adding any 
friction load which is not measured, and the brake must be capable of operating 
with the weighing beam floating free of the stops during the entire duration 
of a run. ; 

Power Input or Water Horse-power. The turbine shall be tested, if 
possible, under the effective head stated in the contract, and at the speed speci- 
fied in the contract. ‘ 

Variation of ro percent in head may be allowed if the speed be adjusted to 
correspond according to the law that ‘ 


Speed varies as #/? 
Power variés as h'/? 

Errors in adjustments of speed to head may be corrected for up to 2 percent, 
on the basis of test curves of the same or a similar turbine. The hydraulic 
equivalent of the speed is equal to the specified speed multiplied by the square 
root of the ratio of the effective head existing during the test to the specifiec 
effective head. The hydraulic equivalent of the horse-power is equal to the 
specified horse-power, multiplied by the three-halves power of the ratio of the 
effective head existing during the test to the specified effective head. Test 
shall not be run when the head differs from the specification by more than 1 
percent, or when the total draft head approaches within 5 feet of the height o 
the barometeric water column. 


For turbines having closed casings the head is to be measured by at least two 
and when possible not less than four piezometers connected to a straight portiot 
of the penstock near the turbine casing intake, and by two or more board, rot 
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or float gages in the tail-race, placed at points reasonably free from local dis. 
_ turbances. 


The conditions of measurement, including velocity distribution, length of 
straight run of penstock, and conditions of piezometer orifices shall be such that 
no piezometer shall vary in its readings by more ‘than’ 20 percent of the velocity 
head from the average of all the piezometers in the’section of measurement. 

_ The piezometer orifices’shall be flush with the’ surface ‘of the penstock wall, 
the passages shall be normal'to the wall, and the wall shall’ be smooth and parallel 
with the flow in the vicinity of the orifices. The piezometer orifices shall be 
approximately 14 in in diameter. 


‘The effective head'on the'turbine is taken as the difference between the eleva- 
tion corresponding’ to'thé pressure in the penstock near the entrance ‘to ‘the tur- 
bine casing, and ‘the’ elevation ‘of the tail water at the highest’ point attained 
by the discharge from the unit under test; the above difference being corrected 
by adding the velocity headin the penstock at the point of measurement and 
subtracting the residual velocity head at the end:of the draft tube. The velocity 
headin the penstock shall be taken:as) the square of the mean velocity,at the 
point of measurement; divided by 2; the mean velocity;being equal to the 
quantity of water flowing in cubic feet per second, divided. by the cross-sectional 
area of the penstock at the point of measurement in square feet. .The residual 
velocity head at the end of the draft tube shall be taken as the square of the , 
mean velocity at the end of the draft tube, divided by, 2g; the mean) velocity 
being equal to the quantity flowing in cubic feet per second, divided by the 
final cross-sectional discharge area of the closed or submerged portion of the 
draft tube in square feet. 

For turbines: set in open flume, the head isto be measured by board, rod or 
float gages, located above the center of the turbine, and by board, rod or float 
gages in the tail-race, all gages being: placed at. points, reasonably free from 
local disturbances, and, not less than two gages being, installed in the flume 
and not less than two inthe tail-race. 

Such gages are to be free of velocity effects, and if this is not obtainable when: 
the gages are set in the open channel, they shall be placed in properly arranged 

* stilling boxes. ‘ 

The effective head on the turbine is to be taken as the difference between the 
elevation of the free water surface immediately above the center of the turbine, 
and the elevation of the tail water at the highest point attained by the discharge 
from the unit under test, the above difference being corrected by subtracting 
the residual velocity head at the end of the draft tube, computed~as in the 
previous case. 

Quantity of Water. The quantity of water discharged from the turbine 

“is to be measured by weir, current meter, Pitot tube, screen or diaphragm, or 
by the chemical method, in accordance with the methods described in Articles. 
22, 23 and 24 of this section. 

When the quantity of water is measured by weir, weirs with supprest end 
contractions shall be used. ; 

The weir or weirs shall if possible be located on the tail-race side of the tur- 
bine, and care shall be taken that smooth flow, free from eddies, surface disturb- 
ances or the presence of considerable quantities of air in suspension, exists in 
the channel of approach. To insure this condition the weir should not be located 
too close to the end of the draft tube, and stilling racks and booms should be 
used when required. The channel of approach should be straight, of uniform 
cross-section and should be unobstructed by racks and booms, for a length of 
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at least 25 feet from the crest. The racks should be arranged to give approxi- 
mately uniform velocity across the channel of approach. The uniformity . 
velocity should be verified -by current meter or otherwise. re 

. When the discharge is measured by current meter, observations shall be taken 
by two different types of meter, one type having preferably such characteristics 
that it will slightly over-register under conditions of turbulent or oblique flow, 
and the other type having characteristics such that it will under-register under 
similar conditions. The true velocity obtained by reducing the meter readings. 
on the basis of their still-water ratings may then be taken as a weighted mean 
between the two series of observations. 

The point method of observation shall be used and sufficient points shall be 
obtained to enable both vertical and horizontal velocity curves to be plotted for 
all portions of the section of measurement. The average velocity shall be deter- 
mined from these curves by planimeter. bys 

“When the Pitot tube method is used, the Pitot tube: shall be located ina 
straight run of penstock or conduit, at a distance equal to at least ten pipe 
diameters from any upstream bend and: atleast five diameters from a down- 
stream bend. © When the observation is made in a circular pipe or penstock, 
at least two Pitot tubes shall be arranged to traverse two relatively perpen- 
dicular diameters, but in the case of very large penstocks or those having 
unsymmetrical flow. Pitot tubes ‘shall be arranged to traverse completely 
or partially the intermediate diameters, giving traverses at 45° intervals. © => 

When the screen method is used, the length of run of the screen shall be, 
sufficiently in excess of the portion used for measurement to provide ample 
space for starting and stopping the screen so as to insure uniform conditions 
over the measured portion of the run. In determining the discharge the velocity 
of the screen shall. be multiplied by an area intermediate between the ‘net 
immersed area of the moving screen and the average area of stream cross-section 
of the portion of the channel traversed. The variation of the level in the fume 
shall be observed during the course of the run and the average elevation shall be 
used in determining the area. : nA 

|-When the chemical method is used, samples shall be taken from points dis- 
tributed over the entire sampling section. : 
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COLLECTION OF WATER 
1. Intakes 


Intakes are structures built out into a body of water for the purpose of 
drawing water for use. The position of intakes is often affected by con- 
siderations of local pollution when sewage is allowed to flow into the same 
body of water from which the supply is taken. This is commonly the case 
in cities located upon rivers and great lakes. . The depth of intake is frequently © 
a matter of importance where water of different qualities is to be obtained 
at different levels. ‘There are three types of intakes: (1) Unprotected intakes, 
(2) Submerged intakes, (3) Exposed or tower cribs. 

Unprotected intakes are used for small supplies. The pipe is allowed to terminate at 
the desired point, sometimes being ‘protected by a coarse screen. A fine screen is not 
permissible because it will be clogged by matters carried by. the water. ’ 

A Submerged Crib is a structure built on the bottom of the lake or river 
from the interior of which the water is taken. Itserves the purpose of roughly 
screening the water and also of protecting the end of the intake pipe from 
damage. Exposed or TOWER CRIBS are structures built on the bottom: of the 
tiver or lake and extending above high water. They are frequently pro- 
vided at different levels with ports controlled by gates, and screens may be 
located in their interiors, | Tower cribs have many advantages for large 
supplies. The ports may be closed and the water pumped out of the intake 
pipe and everything inspected for tightness and condition. Screens in them! 
may be reached for cleaning and repairs. ‘Tower cribs require excellent! 
foundations and they must be built strong enough to withstand ice pressures. 
In cold climates they, are only used for large supplies. In warmer climates 
where ice pressure is not effective they are also used for small supplies. 


Intake pipes or conduits are the connecting channels between the intakes 
and the shore. Intake pipes up to 36 inches in diameter are generally, of cast 
iron. From 48 to 72 inches in diameter the most common material is riveted 
steel pipe. For larger intakes tunnels driven under the bed of the lake reach- 
ing from the shore to the bottom of an exposed crib are most common. 

Long intakes in lakes should be of ample size to avoid friction and excessive suction 
on the pumps.’ Short intakes in sediment-carrying rivers should be smaller with veloci- 
ties to prevent them from filling up with silt. Where pipe is laid on the bottom of a lake 
or river a channel should be dredged for it so that ‘the top of the pipe is well below the 
natural bottom, but such dredging may be omitted in lakes deeper than about 30 ft. 

Cast-iron Pipe for intakes is commonly of a special type. From four 
to eight 12-foot lengths of ordinary pipe are joined in the ordinary way and 

. then a special joint is used 

Leah ieotiui\ Lead 7) turned (Figs. 1 and 2) whichis matle 

IRS ; flexible with a turned spher- 

(a) : (b) ical casting moving in a bed 

1 A i } Wuldaiy cl of lead which has been run 

Fig. 1. Special Joints, Cast-iron Pipe inside of an enlarged bell. 

Such joints, well made, give a considerable amount of flexibility while remain- 

ing nearly water-tight. The pipe is put together above water and gradually 
lowered to position, the flexible joints making this possible. 

Where the water is not too deep to allow a diver to work comfortably, the flexible 
joints are sometimes omitted and flange joints bolted together by a diver are used. 
Numerous other kinds of joints are also used. E 

Trouble from leaks in intake pipes has frequently been experienced where the water 
thru which they past was subject to pollution. Where the intake passes under highly 
polluted water it is safer to have it ‘below the bed of the river or lake, well covered with 
sand or other protecting material, 
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Fig. 2. Special Joints, Cast-iron Pipe 


Steel Pipes for intakes are laid in much the same way as cast-iron pipes. 
Flexible joints are riveted to the ends of the steel pipes where required (Figs. 3 
and 4}, but the length of steel pipe between such joints may be greater, as 
Steel pipe is stronger and more rigid than cast-iron pipe. Steel pipe is fre- 
quently designed to fit closely ; 
the contour of the bottom and 
it can then be put together with 
ordinary flange joints bolted up 
by a diver. : 

The difficulty of making such 
joints with divers increases rapidly 
with the depth. _ Up to 30 0r 40 feet 
there is but little difficulty. Beyond 
this depth the difficulty increases and 
the joints practically bécome im- 
possible before roo feet ot ‘water is 
Teached. 

Tunnels under Jake or river 
bottoms are most safely and 
cheaply driven in rock. Intakes 
under the lakes at Cleveland 
and Chicago have been driven 
inclay. The greatest difficulty Laine pip 
has been from marsh gas con- iat 
tained in the clay, which comes . ; : ; 
BRP Ges Ginocis during con- Fig. 3. Flexible Joint of Rochester Steel Pipe 
struction forming an explosive mixture. There has been great loss of life and 
property from accidental explosions. Where clay is free from marsh gas it is 
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Fig. 4. Flexible Joint of Erie Steel Pipe 


a good material to tunnel thru. Tunnels may be driven thru sand and gravel, 
bui with greater difficulty and expense. Air pressure must always be used 
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corresponding to the distance that the tunnel is below the surface of, the 
water. The length of time that men can work under pressure decreases 
rapidly as the pressure increases, so that such tunnels cannot be driven at 
too great a depth, Sixty or eighty feet represents the ordinary\ limit and 
about roo ft is the extreme limit. : 

Anchor Ice is troublesome in northern climates in the case of intakes 
taking their supply near the surface .or in shallow water. Much trouble 
has been experienced from this cause. A steam boiler furnishing steam to 
be taken to the seat of trouble thru a hose is the most effective means of main- 
taining the supply. : . 

Pumping Stations are commonly at the shore end of an intake pipe or 
tunnel. The pumps must be so placed as to be able to take water at the lowest 
water level and they must also be protected from water during the highest 
floods. In the case of rivers having a wide range of water level the protective 
structures are frequently very expensive. 


2. Data of Yield and Storage 


Impounding Reservoirs are artificial lakes built on upland streams for the 
purpese of storing freshet.flows for use during those times when the natural 
flow.of the stream is insufficient to maintain the supply- Impounding reser- 
yoirs are formed by the construction of a. dam, preferably across a. narrow 
valley at a point where there is an enlargement of the valley above to give; 
- large storage capacity. A reservoir on a tributary is substantially as useful 
{n maintaining the supply as a reservoir on the main stream, up to the point. 
where the reservoir on the tributary can be filled from. bottom to top by the 
run-off of an ordinarily dry year. 2 


Storage and Yield. To estimate the yield of an actual reservoir, or of a 
teservoif to be built, or to estimate the size of reservoir required to deyelop 
a given output, the best starting point is a record of the flow of the stream feed-. 
ing it. F Ant 
From the flow record make a mass diagram by'the method described in Section 

9, Art, 43. Assume a rate of draft and find the maximum depletion that would 
have occurred at that rate during each year. ‘These maximum annual deple- 
tions form a series. The series may be examined by: probability methods, ¢» 1 

_ the amount of storage that will be exceeded on 5% of the years may be accepted 
as practically sufficient. The calculation is repeated for other. rates of drait 
until enough points are found to make a storage diagram which will serve as a 
basis for the calculation. a 3 i ; : 
95% Dry Year Used. The 95% dry year is used as a basis for municipal 
water supplies. It is defined as the year -of such dryness that 5% of the years 
are dryer and 95% of the years are wetter than it. The dryer years are the 
years that require more: storage- For the 5% years that are dryer than the 
normal less than full supply will be available. On’ Eastern data about 94% 
of the full supply on an average'will be available in these dryer years. 

For extra conservative estimates, a 98% dry year may be used. This in a 
general way will call for 14% more storage. If the 99% dry year were used, 
25% more storage would be required. ‘ 

American cities have experienced moderate water shortages at intervals, and 


building storage that will be used less than, once in twenty years is only war- 
ranted where the cost of storage capacity is unusually low. 
_ Probable Erro-. The probable error! (due to variation in annual quantities) — 
gn the méan flow of a’ stream’ is found by‘the formula) woilib miactg ia 


i 
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67.5 Coefficient of Variation 
VT 

T being the number of years in the record. Thus, for a 30-year record on an 
Eastern stream having a coefficient of variation of 0.25,:the probable error is 3%; 
and for a Western stream a to-year record with a c.v. of 1.10, the probable 
error is 23.5%. The errors in gaging must also be considered. No estimate 
‘can be more accurate than the data on which it rests, and available data do not 
often permit precision. 

Data for Other Streams. Tf the record of the stream for which an estimate 
is to be made were sufficiently long and accurate, no other data would be needed 
for computing storage; but in most cases records are short or absent. A good 
‘short-term recor] is useful but the probable error is large. It is best to give 
weight to available records of flow and storage of other streams as similar as may 
be to the one’for which an estimate is required. 


Rainfall. Runoff comes from rainfall and follows it. Rainfall data are 
more abundant than runoff data. With meager runoff data there is a tempta- 
tion to try to find relations between rainfall and runoff and to~build up theoretical 
runoff tables and use them as a basis of estimate. Something can be done but 
great skill is réquired, for the relations are exceedingly complex and depend 
upon unknown afd only partly known factors. Years ago when runoff data 
were less common there was more need of such expedients _ Now, the records 
of the U. S. Geological Survey are numerous and widely distributed. These 
and other gagings will nearly always serve as a safer starting point. 


Cycles. A close study of rainfall data discloses cycles. Corresponding cycles 
in runoff are to be expected. As a practical matter not much attention need 
be given to them. But if a short terin record is used, get the record of the nearest 
stream that has been long continued, and from it find whether the short term 
petiod has been unusually dry or wet. Numerical corrections for such differ- 
@aves are difficult, but a general idea of relative conditions is obtained. 


Daily and Annual Storage. The required storage is made up of two parts: 
(x) daily storage required to balance fluctuations of flow within a single year; 
and (2) annual storage requiréd to carry over surplus of wet years and make it 
~ available in dry years. 


Methods of collecting, combining and stating the results are given, T. A. S. 
C.E.,.77; P. 15393, 1914; but since that publication more data and some im- 
proyements in methods have become available and are used in preparing the 
tables that follow. 


| Practical Procedure. The mean flow and other data to be. described are 
| obtained for each stream flow from its record. With these data at hand, an 
| estimate of the mean flow is made for the given stream. The required storage or 
the ayailable output may then be computed with the aid of the tables that follow. 


The mean annual flow is conveniently exprest in inches of runoff. To find 
the mean flow in gallons, multiply the area in square miles by inches of runoff 
and the product by 47 581 to obtain the mean flow in gallons per day, or by 
17 380 000 to obtain the mean flow in gallons per annum, 

Owing to the variations in flow and the irregularity of the variations, the whole 
of the mean flow of a stream can never be utilized. Some of it will be lost in 
flood flows. The more storage provided, the higher the PareRneanp of the mean 
_ flow that can be utilized. 


_ Three tables are given. showing the storages required to yield various per- 
centages of the mean flow for different parts of the country and with different 


Per cent of probable error = 
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degrees of development. These are followed by Tables 4 and 5, giving statistics 
of actual water supplies and stream flows for comparison and to aid in selecting 
the proper starting points for the estimate. 

Table 1 is for streams north of the Potomac and east of the Alleghanies, and 
for low developments with not more than 50% of the mean flow utilized. In 
this table the second line of classification is according to ground storage. 


Ground Storage. Ground storage is an important element in stream flow. 
Streams having extensive deposits of sand and gravel on their catchment areas 
have better maintained flows than where the materials are impervious. Ground 
storage may amount to several inches of runoff. Where ground storage exists, 
artificial storage may be less, and vice versa. 


Ground storage is best exprest as day’s supply at the rate of draft and rep- 
resents the reduction in needed artificial storage below the amount otherwise 
required. Table 4 shows the computed ground storage in days far a number of 
actual supplies. In Table 1 four grades of ground storage are shown. In 
judging of the amount of ground storage in the absence of definite data, a 
stream that goes dry in droughts has no ground storage; one that has very well 
maintained flows in droughts has abundant ground storage. 


Table 1 may also be used for streams on the western slope of the Alleghanies 
and on the South Atlantic Coast, but with less confidence, and.greater variations 
from it must be expected. Tt should not be used for any other part of the 
country. For corresponding low developments in the West, data are not , 
available to permit general statement, and local data must be studied by the 
mass diagram method. 

Table 2 is for high developments, where more than 50% of the mean flow 
is made available, and when the reservoir will not refill in dry years and stored 
water must be carried over from year to year.. In this table the second line of 
classification is the relative variation in annual flow. Some streams vary from 
year to year much more than others, and the amount of storage is dependent 
more upon this characteristic than any other. The coefficient of variatian is 
the best index of this variation and is used as a basis for classification. 


Coefficient of Variation. To compute the coefficient of variation, make a 
table of annual flows in any convenient units and find the mean. The difference 
between each term and the mean, without regard to sign, is the variation. Each 
variation is squared and the sum of the squares is found. Divide this by the 
number of terms less 1. The square root of the quotient is the standard variation.’ 
The coefficient of variation (c.v.) of annual flows is the standard variation divided 
by the mean. fee 

The coefficient of variation of annual flows should be calculated for each 
record of ten years and over that is to be used. It is well to take into account 
records of neighboring streams, and it will be safer to use the indications of good 
long-term records of neighboring streams than a value derived from a short- 
term record of the stream under consideration. 


For streams having coefficients of variation under 0.50, use Table 2. This 
applies to all that part of the United States east of the Mississippi River and-also 
to Oregon and Washington. It also applies to eastern Canada. It is not rec- 
ommended that a value below 0.20 should be used for any estimate; and the 
table shows no lower values. North of the Potomac and east of the Alleghanies 
values from 0.20 to 0.25 prevail. South of the Potomac the values are some-- 
what higher. West of the Alleghanies they increase more rapidly. u 


Tf ground-water storage is indicated, deductions from the storage shown in 
the table may be made in the same amounts that would be used in classifying 
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the stream under Table a The last column shows the deduction for thirty days’ 
ground storage. Other amounts are in proportion. 


~ Table 3 is for streams having coefficients of variation above 0.50. These are 
most common in that part of the United States west of the Mississippi River 
excepting Oregon and Washington. Storage equal to ninety days has been added 
in this table to cover the seasonal distribution of rainfall and runoff which is 
usual in the western part of the country. 


Table 4 shows data of mean flow, coefficients of variation in annual flows and 
ground storage for selected streams. 


In making estimates, all local data should be examined. Unless local data 
are very good and records of 20 years and upward are available, it will not pay 
to make mass diagrams. More reliable estimates will be reached by the shorter 
process of mean flows and coefficients of variation and by the aid of Tables 4 


» to 3: 


Table 5 shows statistics of runoff and storage for some of the more important 
municipal water supplies in the United States. 


Example. Compute the storage required to develop 35 million gallons 
of water per day from an area of 48, square miles of mountain country 
with little ground storage, the mean runoff being assumed from data: for 
neighboring areas to be 25 in and the coefficient of variation in mean annual 
flow to be 0.20. 


The mean annual flow is 48 X 25 X 17.379 = 20 855 mil gals, or 57.1 mil gals 
per day. The required delivery, 35 mgd, is 61% of the mean flow. “As this is 
more than 50%, Table 2 is used. Under c.v..= 0.20, 60% and 65% of mean 
flow. available call for storages of 0.31 and 0.35. By interpolation 61% calls 
for 0.318 of the mean annual flow. 0.318 X 20 855 = 6632 mil gals. Thisis the 
required storage. To this must be added an allowance to cover loss by evap- 
oration, by a method to be explained below. 


From the same area for a first installment of 20 mgd. equal to 35% of the 


- mean flow, Table 1 is used. No ground storage assumed. Storage required, 


0.128 of the mean flow, or 2669 mil gals. An allowance for evaporation must be 
made. 


Evaporation. The loss of water by evaporation from the surface of the 
water in the reservoir must be allowed for, except that when the records of 
flow represent conditions after reservoir construction, no correction is neces- 
sary. : : 

_ Two methods for allowing for evaporation are recommended. 


(1) Where the average rainfall is greater than the evaporation from a water 
surface, a deduction from available storage must be made to cover the loss of 
water by evaporation during a hot, dry summer, representing a 95% dry year. 
A deduction equal to the water held in the top foot of the reservoir is usually 
sufficient. In calculating the required size of reservoir, the allowance may be 
made by putting the flow line 1 ft higher than computed. The allow- 
ance of 1 ft is arbitrary even for the Eastern States. Another rule is 
to use in place of the x ft, the estimated mean annual evaporation from a water 
surface, less two-thirds of the mean annual rainfall. 


(2) Where the evaporation from a water surface is greater than the rainfall, 


“compute the yield for the full capacity of the reservoir and deduct the net loss by 


evaporation, computed as a draft, which is the amount by which evaporation 


_ from water area is greater than evaporation from land area. The net loss in 
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runoff is equal to the evapor: 
face less rainfall. 
and this for practical purposes may 


of the reservoir. ‘The amount so fo 
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The net 


daily capacity of the source. 


Example. What will be the averag 
voir of 850 acres, where the rainfall is 28 in, the runoff is 8 in, 


from the water surface is 40 in? 
The net loss in inches is 40 + 8 — 28 = 20. 


acres 1S 


per day. 


~. Economical Development. 


area is reached when the dam has 


higher is more than the value 
dam corresponding to econom 


fr and value of water, and this o: 
full probable economic development 
taken into account fo the end that 


Sect. 16 


ation from water surface plus runoff from land sur- 
loss in inches is applied to the average water area, 
be taken as 0.9 of the area. at the flow line 


und is. to be.deducted from the computed 


e daily loss by evaporation from a reser- 
and the evaporation 


20 in in depth on 0.9 of 850 


ae 0.9 X 850 X 325 851 = 415 mil gals per annum or 1.14 mil gals 
2 


The economical development of a, catchment 


of 


ical development may increas‘ 
ften leads to raising dams. 

of any supply that is! utilized should be 
partial developments’ first made may be 


arranged to be increased without too much difficulty. 


Tn a general way, in t 
by the storage of an amount equ 
greater than the mean annual flow, 
mean flow is made available for use. 
storage difficult, the limit will be lower. 
and the site is favorable for cheap: s 


. vantageous. 


been built so high that the cost of making it 
the additional water secured. The height of 
e with the demand 
On the other hand, 


he northeastern states the economical limit is reached 
al to at least half the mean annual flow, and not ' 
and when between 75% and 90% of the } 
Tf water is low in value and conditions of 
Where water is especially valuable 
torage, additional amounts may be ad- 


In the western states more storage is required and the proportion of the mean 
flow that can be used is less. 


not uncommon. 


(1) 


PARTIAL DEVELOPMENT. 


Northeastern States North of 


FOR SECOND LINE OF CLASSIFICATION 


Storages, of three times the mean annual flow are 


the Potomac and East of the Alleghanies 


RESERVOIR FILLING EACH WINTER: GROUND STORAGE USED 


Storage in Terms of Mean Annual Flow 


Percent of 
mean flow used Impervious soils, | Average soils. Deep gravel Greatest nat- 
No ground | 30 days’ ground and sand. ural storage. 
storage storage 60 days’ ground | 90 days’ ground 
storage storage 4 
50 0.229 o.188 ©.147 0. 106 
45 0.192 0.155 0.118 0.081 
4o 0.159 0.126 0.093 0.060 
35 0,128 0.099 0.070 0.042 
30 0.098 0.073 0.049 0.024 
25 °.072 0.052 0.031 0.019 
20 0.048 0.032 _ 0.015 o 
15 0.029 0-017 0.004 o- 
To 0.014 | 6,006 ° ° 


5 “ + op yan 
Art. 223 - Data of Vield and Storage 1197 
HIGH AND COMPLETE DEVELOPMENTS:) RESERVOIR NOT REFILLING EACH WINTER. 
RELATIVE VARIATION IN ANNUAL FLOWS MEASURED BY THE COEFFICIENT OF 
VARIATION USED AS THE SECOND LINE OF ‘CLASSIFICATION. * 


(2) East of the Mississippi River: Also Oregon and Washington 


Percent} . > __ Storage in Terms of Mean Annual Flow Deduc- 

of mean| © 1 tion for 
flow hice? fi) . ‘iladidays’ 
avail- | ey. =| ev, = | ev. = | ev. = Iev. =|ev. = |v: = lev. =|c.v. = | ground) 
able | 9.20°| 0.22 | 0.24 | 0.26 | 0.28 | 0.30 | 0.35 | 0.40 | 0.45 poses 
95 baer 1.33 1.46 1,60 | 1.74 | 2.90 | 2.30 | 2.70 | 3.10 | 0.078 } 
go 0.85 0.92 1.00 1.09 | 1.20 | £1.31 | x.60 | 1.88 | 2.20 | 0.074 
85 0.66 0.71 0.77 0.83 | 0.91 | 1-00] 1.23°| 1.47 | 1.70} © 070 
80. 0.54 | 0.57 0.61 0.66 | 0.71 | 0.78 | 0.97'| 1.19 } 1.39 | 0.066 
75 0.45 0.47 0.50 0.53 0.57 | 0.62 |0.77'| 0.95 |-1.13 | 0.062 
7° 0.39 0.40 0.41 0.44 | 0.47 | 0.50 | 0:62 | © 76 | 0.92 | 0.058 
65 0.35 0.35 0.35 0.37 © 39 | o.41 | 0.50 | o 61 | 0 74 | 0.053 
60 Oo 31 0.31 © 31 0.32 0.33 | 0.34 | © 40 | 0 49 | 0.60 | 0.049 
55 0.27 O 27 0.27 0.27 | 0.28 | 0 28 |:0-33 | 0°39 | © 49 | 0.045 
50 0.23 0,23 0,23 0.23 | 0,23 | 0.24 | © 26 | © 32 | o 39 | '0.04r 


* See tables land 4 for classification and data regarding ground storage. For larger or 
smaller amounts the deductions are in proportion to the number of days’ storage. 


(3) West of the Mississippi River, Except Washington and Oregon 


Percent. 2 Storage in Terms of Mean Annual Flow 

of mean | © 

_ flow ] 

avails | ey = |ev. =l/ev. =lev.=lev =l/ev= lev. =| ev. = | cv. = 

able 0.50 0.60 0.70 0.80 0.90 1.00 I.10 I.20° I.50 

go 3.00 | 3.80 | 4.70 | 5.60 | 6.40 vibe Nacho iad link Porro hoy bie Gear 

BEG Brae | 3.00 )| 3.70 | 4.50: || 5/30 16.10 O00 le a. aarti RA He 
80 1.85 2.40 | 3.10 | 3.70 | 4.40 5.10 5.90 6.70 9.30 
75 1.55 2.00 2.60 Saf 3.70 4.40 5.00 5.70 8.10 
vic} 1.28 1.70 2,20 2.79 3.20 3.80 4,40 5.00 7.20 
65 1.05 1.44 1.85 | 2.30 2.85 3.40 3-90 4.50 6.50 
60 0,89 E.ar 1.60 2.00 2.50 3.00 3-50 4.00 6.00 
55 O74 | 1.02 | r.3sqpaetPs) stool 2.85 | 3.10 3.60 5.50 
50 o.61 0.86 1.15 1.50 1.90 2.35 2,80 3-25 5.00 
4s 0.51 | 0.72 | 0.98 | 1.30 | ¥.70 | 2.10 | 2.50 2.90 4 40 
4o 0.42 | 0.6n ) 0784 | £.22) | 2.45 |. 1.80 | 2.25 2.50 3.80 
35 0.34 |. 0.5 |.0.72'.|-0.96'| 4.22 ||. 2.50) |" B.80 2.15 3-30 
30 0.27 2.42 ©.61 0.80 1.00 1.25 1.50 1.80 2.45 
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(4) Statistics of Flow for a Few Selected Streams 


(In any particular case look for local data and recent data, bringing old records up to 
date before using them.) 


Days 
Num- Mean | Coeffi-_| to be 
Place of ber | Last Area |annuall cient of |" de- \ 
River measurement or of year in | -flow Varia- |ducted 
use yeats | of record] Square | in tion in | for 
in miles inches annual |ground 
record flow stor- 
age 
Hudson......- Mechanicsville....| 24 IQII 4.500 | 23.9 | 0.16 73 
Susquehanna.. . Harrisburgh,..... 20 IQII 24000| 20.6] 0.16 |....+- 
OHIOs Fas see Wheeling. .....-- 2u 1905 23 800 | 22.7 | 0.19 |----+- 
Columbia...... Dalles, Ore......- 32 zgr0 | 237 000 | 13-4 | 0-20 J.+-+-- 
Pequannock... Newark, W. W...| 2° IQII 62 | 30.0 0; 2th eee 
Manhan......- Holyoke, W. W...|. 27 IQ17 13 | 26.2 0,21 25 
Wachusett.....| Boston, W. OW... |) 22 1918 og | 22.2.| O.2t 6 
Perkiomen.....| Philadelphia... ..- 25 1909 I§2| 22.7 .| 0.22 33 
Neshaminy... . Philadelphia...... 25 |° 1909 139 | 22.8 | 0.23 ro 
Merrimack. ...| Lawrence....--++ 36 1915 4634 | 20.1 | 0.23 66 ° 
‘ 
Groton... e+): New Vork, W.W.| 45 1912 375 | 23.0 | 0.24 23 "| 
Tohicken.....- Philadelphia 25 1909 102 | 27.5 0.25 2 
Willamett..... Albany, Ore.....-| 17 I9IO 4 860 | 38.4 6.267 Weer 
Sudbury-....-- Boston, W. W....| 44 1918 75)| 20.5 |) 0.27 (25 
Gunpowder... . Baltimore, W.W..| 29 IQIL 308 | 19.2 0.31 QI 
Potomac.....: Pt. of Rocks. ++ -+ 15 IQII 9 650 | 14.5 0,33 
‘Tuolumne....- LaGrange, Cala...| 19 1914 I 500 | 26.2 0.41 
Mississippi... .| Pekegama Falls...| 30° IQI4 3265| 6.8 0.45 
Colorado....-- Austin, Tex....-- 20 1917 37.000| 0.75| 0.57 
Cheesmar......| Denver, W.W...-| 15 1914 1 796 I.30| 0.58 
Rio Grande....| Elephant Butte...) 20 1914 32000] 0.66) 0.58 |.-.+++ 
Crystal Spgs... | San Fr’so, W. W.| 25 IQI4 36 | 10.8 | 0,65 |.-.+.- 
Alameda Creek.| San Fr’so., W. W.| 25 IQI4 620] 4.75) 0,63 |--,«-: 
Bear Creek.... Denver, W. W...-| 14 1914 172 | 4.95} 0.66 |-..«:- 
Sweetwater....| San Diego.....-- 31 1918 186 | 1.64] £1.90 |.----+ 


3. Effects of Storage 


Storage in an impounding reservoir may have important effects on the 
quality of the water, both for good and for harm. By reason of the oppor- 
tunity given for sedimentation, storage tends to remove suspended mineral 
matter such as silt and clay and thus clarifies the water. Bacteria are also 
reduced in number by natural death, by the destructive action of sunlight and 
by the effect of other organisms,-so that the sanitary quality of the water is 
improved. Colored waters stored for long periods in impounding reservoirs 
tend to become bleached. On the other hand, storage offers exceptional 
opportunities for the growth of alge and protozoa which give rise to objection 
able odors and tend to increase the turbidity and sediment present in the 
water. At the bottom of large reservoirs also decomposition of organic 
matter may take place, with the production of foul gases and of carbonic 
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(5) Statistics of Some of the Larger Storage Systems for Municipal Supply in the 
United States, January 1, 1919 


Data in italics are estimated from the best available data. * 
Area Coeffi-. Storage | Actual 
ye insq |} Mean | cient of | Storage in billions} net 
- miles | runoff |variation| in terms | No. of |. of gals avail- 
System tribu- in in of mean | reser- |including able 
“| tary to.| inches | annual | annual | voirs /reservoirs | storage 
reser- flows flow. now in use _ 
voirs building |Jan, 1919 
New York City, 
Croton, Ashokan, 
Kensico and Scho- 
MARIE WSs steps + <4 968 25.7 0.22 0.65 17 281 261 
Boston—Met W. W.| 203 21.3 0.24 0.96 9 72 72 
San Francisco S, V. | - 
Wia@Onmic cect ces 1! a7x' | trio | 0.60 f!'2. 47 4 8r rg 4 
Denver-Cheesman .| 1796 Tg 0.58 0.61 I 25 25 
Los Angeles....... 2740 2.6 0.65 0.19 4 23 23 
San, Diego:,........| 219 2.0 1.50 4.00 SEB. PE 3 15 
BESO Nog Wie bs oct oes 67 20.0 0.20 0.51 I 12 12 
| Hartford, Conn.... 44 23.0 0.22 0.66 7 11.6 11.6 
) Wilkes Barre, Pa...} 152 20.0 0.20 0.18 8 9.4 9.4 
Jersey City, N. vg 121 25.0 0.22 0.16 I 8.6 8.6 
Bridgeport.’ z 86 22.0 0.22 OBA Soho aster te 8.0 8.0 
Newark... ..2.....: 62 30.0 0.21 0.19 3 6.4 6.1 
Be, Pash. cafes leis). 138 4.4 0.45 0.53 7 547 5.7; 
Weseattlerncrsiys de iwt. 79 GON Olah dureker 0,04 I 4.9 4.9 
Oakland-East Bay : 
Water Co....... 7 8.0 0.65 1.73 2 18.0 4.8 
yon, Mass... ..|.- 2... 20.0 act habsl | ool ue Abe wer 4.1 
New Haven, Conn. 88 22.0 0.22 DATETIN otiai te» 3.6 3.6 
Worcester, Mass. .. 22 22.0 0.20 0.40 3 3-4 Ao 
Cambridge, Mass. . 25 20.0 0.24 0.36 4 cies 3-1 
Sprihgfield, Mass .. 48 27.0 0.20 o.11 I 2.5 2.5 
Holyoke, Mass.... 9 27.0 0.21 0.54 4 2.3 2.3 


acid. One result of this is that the water is more liable to attack lead 
pipes. 
Period of Storage. The normal period of storage of large reservoirs is 
“exprest in days and is taken to be the capacity of the reservoir divided by 
the average daily flow thru it. This expression is useful for comparing 
‘different reservoirs, but it means little as far as indicating the Jength of time 
that the water is actually stored on account of the variations in volume of the 
“water entering the reservoirs. For example, in a reservoir that has a normal 
of storage of thirty days there may be one or more times each year 
‘the stream flow is sufficient to displace all the water in the reservoirs 

two or three days. Furthermore, the water entering a reservoir at one end 
reaches the outlet at the other end not always after the displacement of all 
the waters, for, by reason of difference in the density of water due to difference 
| temperature, the action of the wind, etc., part of it may cross the reservoir 
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in-a period much shorter than that required for displacement; so that even 
in a reservoir that has a normal storage period of thirty days the actual time 
of transit of water from the inlet to the outiet may be reduced ‘to a period of 
a few hours. For this reason storage reservoirs cannot be depended. upon 
alone to protect the water supply from a sanitary standpoint. 

Horizontal Currents Induced by the Wind. Wind blowing over the 
surface of a body of water causes a movement of the surface water in the 


same direction. ‘The velocity of such induced eurrents of water varies accord- | 


ing to the intensity and duration of the wind. Experiments made at Lake | 
Erie have shown that for winds blowing in one direction for at least ten hours 
the velocity of the surface water is from 3 to 7 percent of that of the wind, 
For winds blowing long from one direction this percent increases. The depths | 
of such induced currents or the velocity of currents below the surface are not 
well known, but the former are doubtless 10 to 20 ft. 

Stagnation. The lower portions of deep reservoirs are not affected by _ 
wind action and are stagnant. The water thére becomes foul in taste and 
odor, due to putrefaction of organic matter. With intakes located com- 
paratively near the surface the amount of this water drawn is ordinarily small, 
but there is always some, due to currents. Once in the spring and once in 
the fall, however, there takes place & thoro mixing of the top and bottom 
waters, called OVERTURNING, at which times the water is materially affected 
in increased color and in tastes and odors. This overturning is due to change 
in temperature,, During the warm weather the top water is warmer and lighter 
than the bottom water; during cold weather the reverse is true. As the 
maximum density of water is at a temperature of about 39° Fahr., the time 
comes when this overturning takes place. ; aS 

Effect of Stagnation. If there are deposits of organic matter at the botto: 
of a reservoir bacterial putrefaction will take place at the bottom during the 
period of stagnation. The oxygen will become exhausted and the water im= 
pregnated with carbonic acid, sulfureted hydrogen, carbureted hydrogen, and 
compounds of ferrous iron and organic matter. Crenothrix and fungi may 
develop. During the following periods of circulation this stagnant water 
becomes mixt with the rest of the water in the reservoir and may temporarily 
inctease its Color. The ferrous iron beconring oxidized tendsto.actas a coag- 
ulant and thus to exert a purifying effect and facilitate subsequent filtration: 
and decolorization. Tra 

During the period of circulation the spores of various alge and other organisms are 
distributed thru the water together with food for their growth, and under the influence 
of sunlight in the upper layers they grow and remain near the surface by reason of gases 
evolved during the process of growth. Diatoms, in particular, are likely to be abundan' 
in large impounding reservoirs after the spring and fall “overturns.” ‘Bink 
- Alge Growths. Some of the most troublesome forms of alge, such as 
Anabzna, occur only during hot weather. They seldom develop when the 
temperature is less than 65° or 70, altho in the fall. they may linger in the 
water even tho the temperature is lower than that, It is because of the lower 
summer temperature that alge growths are less prevalent in England than 
in America. : te 

Soil Stripping. In order to prevent the growths of alge reservoir sites 
are sometimes cleaned by removing the vegetation and top soil... This prac- 
tise has been followed extensively in Massachusetts reservoirs. It results 
in a temporary benefit, but ultimately deposits of material occur on the bottom 
that contain as mitch organic matter as that found in the soil, and the advan- 
tage of stripping is lost. The organic matter that has the greatest effect on 
the quality of impounding waters is derived from grass, weeds and other 
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vegetation on the reservoir site. This should be removed by cutting and 
burning just before the reservoir is filled. For the sake of appearance and 
to prevent growths of water weeds and filamentous alge the shores of the | 
reservoir from 2 to 5 feet vertically above the high-water mark and for 10 to 
20 feet or more below, according to circumstances, should be cleared of stumps 
and roots. Elsewhere the stumps should be cut to 12 inches or ices above 
the mean surface of the ground. 


Drainage of Swamps. The color of a stored’ water may be sometimes 
reduced by draining swamps on,the catchment area, ‘This also tends’ to 
reduce the danger of the reservoir becoming seeded with alge. The’ advan- 
_ tage is less where) the water is to be purified. 


Penetration of Sunlight into Water. On account of the rapid absorp- 
tion of the sun’s rays by water, the disinfecting effect of sunlight and its bleach- 
ing action on the coloring matter are limited to a shallow Jayer near the sur- 
face. In clear water there is little bleaching effect below a depth of five feet, 
and in turbid waters the effect of the sunlight may be felt only a few inches. 
For this reason growths of organisms are much less likely to occur in turbid, 
silt-bearing waters than in clear waters. 


4. Ground-Water Supplies 


Ground Water is that part of the rainfall that has accumulated in the 
ground, either in soil or in rock, Its upper surface is called the water table, 
or the ground-water level. ‘The water is actually present in the pores of the 
soil or granular rock or in fissures, crevices and seams. ‘These may be con- 
sidered as underground storage reservoirs. 

Classification. The water in the ground, above an impermeable stratum, 
and relatively near the surface, is termed the upper ground water, and wells 
for obtaining it are called shallow wells, Water taken from beneath an 
impervious ‘stratum is termed artesian, or deep-seated water, and wells for 
taking it are artesian wells, or deep wells. Originally the term “artesian” was 
-applied only to deep-seated water that was under a sufficient head to cause it 
to flow naturally to the surface without pumping. All ground water is derived 
primarily from the rainfall. Geologically there are three principal classes 

of ground water, namely, those occurring in underlying stratified porous 
Tock covering large areas, those occurring in old Jake or river beds, and those 
Occurring in deposits of sand and gravel, that is, in the drift. 
_ Ground-water supplies are obtained from (x) sand and gravel deposits; (2), sandstone 
rock; (3) limestone rock. In the first two cases the water is present in the pores of a more 
or less homogeneous material. In the Jast it is present in caverns and fissures, usually 
extending indefinitely into the limestone rock, and replenished by surface waters that flow 
into them or by ground waters from sand and gravel deposits above the limestone. “Water 
from either sand or sandstone is well filtered and of good hygienic quality. _Water from 
limestone is often surface water that has flowed simply thru a limestone cave and may be 
of inferior hygienic quality. 

Percolation is the downward flow of rain water thru the ground under the 
influence of gravitation and capillarity." It varies in amount according to 
the rainfall, porosity of the soil, temperature, etc, Under specially favorable 

| conditions, illustrated by the gands’ of Long Island and the sand. dunes of 

; geoend, percolation may amount to from 30 to 60 percent of the rainfall, 

‘ith less pervious material, such as is found in the South and, middle West, 
ation may be as low as 10 to.20 percent. 

_ Velocity and Direction of Subterranean Flow. The slope of the water 

“table c can be determined by measuring the elevation of the water in a series 


OE 
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/ 
of bore holes, enough measurements being made to determine not only the 
amount of slope but also the direction of greatest declivity. The direction 
\ pf flow is the direction of greatest declivity. The velocity may be estimated 
approximately from the slope for clean sands and gravels where'samples can 
be secured, by making mechanical analyses and determining the average 
effective size of the material; but sich calculations, based upon conditions 
largely unknown, are to be used with caution. The formula for the flow of 
water thru sand is given in Art. 11. : 


Measurement of the’ Velocity of Flow of Ground Water. The actual 
velocity of ground water may be measured by introducing a solution of salt | 
{nto one of two wells and noting the time required for its flow to the second - 
well, the time being determined by making frequent analyses of the water. 
A more-accurate method is that of Prof. Slichter, who used an electrical 
device by: which the conductivity of the water in the lower well and in the 

. ground between the two wells could be determined. Ammonium. chloride 
or some other electrolyte was placed in the upper well and the time required 
for it to flow to the lower well was determined by noting the increase jn con- 
ductivity of water. Ground water in sandy soils often has a velocity of 5 to 
ro ft per day, altho velocities of so ft or more per day are not unknown. 
The deep-seated water found in underlying rock often moves with extreme 
slowness. In some cases calculations have shown the velocity to be as small 
as 10 ft per year. : sae. 


Quantity of Underground Flow. The quantity of underground flow is 
obtained by multiplying the velocity by the area of the cross-section under 
consideration and by the percent of voids in the material. These usually are 
from go to 40 percent in natural gravels and somewhat less in sandstones. 


Flow of Water into Welis. Ifa well is sunk into the ground water and 
pumped, the surface of the ground water adjacent to the well will be de- 
prest and assumie a form similar to that shown in Fig. 5. The shaded area 
: ig commonly called the cone of the depression, and 
the area within which the water table is appreci- 
ably affected is termed the circle of influence. If 
pumping were continued and the ground water 
received no acquisitions, the circle of influence 
would widen without limit. Usually a ground 
water has a natural slope and a flow in a definite 
direction, so that, when the circle of influence has 
/proadened until the ground water flow tributary 
to the area equals the amount of water pumped, 
a condition of equilibrium is obtained. The curve 
, assumed by the water table near the well is para- 

Tmpervious Rock bolic in form, Formulas have been worked out 

Fig. 5) Ground Water to show the relations existing between the various 

elements of the problem, but they are valuable 

chiefly as indicating relative conditions caused by drawing down the water 

table to different depths. ‘They cannot be depended upon to determine with 

any degree of accuracy the capacity of a well or the radius of, the circle of 

influence, except in special cases. where unusual attempts have been made to 
determine the values of the constants involved. F 

Interference with Wells. Wells placeé in the same stratum near together 
mutually interfere according to the size ana spacing of the wells, the radius 
of the circle of influence and the lowering ot the ground-water table. As an 
iustration of this interference Slichter has given the following example. 
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‘Tf in place of a 6-inch well that has a radius of the circle of influence of 60c 
feet, and a lowering of 1o feet in the water table by pumping, there were two 
6-inch wells 200 feet apart, the yield of each would be 85 percent as much as a 
single well, while if there were a number of wells too feet.apart the yield of each 
would be only about one-third as much as that of a single well of same size. 

Tests of Wells are frequently carried out by putting down test wells and pumping 
them for a limited period. Such tests haye little value beyond showing the perviousness 
of the material about the test well. If there is water in the underground reservoir, water 
can be pumped at any rate at which the well is capable of taking it from the reservoir as 
long as the supply lasts. This may be a day, a week, a year, or permanently, according 
to the supply. Actual use thru dry periods is usually the best test. Wells extending 
below sea level, as on Long Island and in New Jersey, may draw fresh water in excess of 
their permanent capacity for several years, while sea water is gradually filling the voids 
previously occupied by the fresh water. 

Yield of Ground Water. The yield. of ground-water-collecting works 
depends upon the area of the catchment area, the rainfall, percolation, evapo- 
ration, etc., as well as upon the nature and efficiency of devices employed 
for utilizing the ground-water flow. ‘The average safe yield is the amount 
of water that can be obtained by complete development under conditions 
of normal rainfall. It is usually exprest in gallons per square mile per day. 
For example: On Long Island the average yield of che original catchment 
area supplying Brooklyn has been estimated at gco, ooo gallons per square 
mile per day. This corresponds to 18.9 inches on the catchment area, or 
43 % of 44 inches rainfall. During a long dry period the safe delivery is 20 % to 
25 % less. The soil of Long Island, on account of its sandy nature, serves _ 
as an extended underground storage basin, causing a more uniform flow 
of ground water than would otherwise be obtained and CrBe the effect of — 
the rainfall over from one year to another. 

Conditions on Long Island are exceptionally favorable for the collection of ground 
water. In other localities where the rainfall is the same the safe yield might not amount 
to 500 000 gallons per day per square mile. In some parts of the country the safe yield 
is as low as 100 000 gal'ons per day per square mile. It is seldom that more than about 
3 million gallons per day can be economically ‘obtained from sand or sandstone at any 
one place, and often the limit is as low as one million gallons or less. When Jarger quan- 
tities are required it is customary to have several stations with pumps operated separately 
or by power transmitted from a central station. 

“Temperature of Ground Water. One of the advantages of a ground 
water supply is its cool and equable temperature. In the case of ground 
_water found in the drift the ordinary temperature of the water is usually not 
far from the average temperature of the air in the same place. 


5. Wells and Pumping 


f Ground water is made available for public water supplies by large dug wells, driven 
wells, infiltration galleries, and springs. There are three principal types of driven wells, 
\ that is, shallow, tubular wells; deep, bored wells in soft material; and rock wells. 
Wells of Large Diameter. The chief advantages of the well of large 
diameter are, the storage that it affords and the possibility of placing the pumps 
at a low level and short suction pipes. The effect of the size of the well on 
_ the yield is comparatively small. Large wells are useful where the pumping 
i is variable and especially in cases where the ground water flows thru fine 
material with low velocity. Dug wells avoid the clogging that occurs in 

driven wells located in iron-bearing sands. As the cost of large wells increases 
ly with the depth, they are seldom made more than so ft. Large wells 
Wary in diameter up to 50 or 100 ft. ‘They are commonly lined with brick, 
‘concrete, or masonry, openiugs being left for the entrance of water. They 
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are covered to exclude light and dirt. The capacity of large wells is sometimes 
increased by driving small wells or galleries horizontally into the ground, 
or by sinking vertical wells in the bottom of the large well. . 

Shallow, Tubular Wells. The ordinary driven well consists of a wrought- 

iron or steel tube, 2 to 8 inches diameter, with a strainer near the bottom. 
‘It is forced into the ground by a hammer or by the use of a falling weight or 
with the aid of a jet of water carried thru a small pipe to loosen the material | 
in advance of the point. The strainers may be merely holes or slots in pieces 
of brass pipe, or larger holes.in the pipe, covered with brass gauze. Porce- 
lain strainers and tile wells also are used. The use of different metals in a 
strainer is objectionable, as it gives opportunity for galvanic action, causing 
corrosion and clogging. The size of the openings must be adjusted to the 
texture of the soil. They must be small enough to prevent the entrance of 
any large quantity of sand but large enough to reduce the entrance yelocity 
to a point where the friction will not be excessive, that is, less than about 
0.2 ft per second. 

Deep, Bored Wells. Deep wells in soft material are bored. ‘The loosened 
material is brought up by. the use of a water jet or sand bucket; such wells 
are usually cased. Wells are bored in rock by the use of a cutting drill which 
is raised, revolved, and let fall with a blow. Where strict artesian conditions 
prevail a casing is put down to the impervious stratum. 

Infiltration Galleries. Infiltration galleries are closed conduits of masonry; 
wood, iron, brick or vitrified pipe, laid with numerous small openings to allow’ 

- the inflow of water. They serve the double purpose of collecting the ground 
water and conveying it to the pump well. To prevent the entrance of fine 
material thru the openings the latter are surrounded on the outside with 
graded gravel and sand. Infiltration galleries are placed at right angles to the 
general line of flow of the ground water, altho sometimes they are placed near 
the shores of streams. In the latter case, as the bed of the stream is generally 
coyered with silt, the greater proportion of water is derived from the land side. 
The attempt to use the bank of the stream.as a filter and collect the stream 
water in a filter gallery beside it has been frequently attended with failure. 

Pumping is required to utilize most ground waters. It is possible to lift 
water by a suction pump not more than 25 ft, and special effort should be made 
to locate the works so that water can be obtained without more than this 
amount of suction. : 

- An air pump on the suction pipe frequently facilitates pumping with high lifts and long, 
suction lines. An ait chamber is placed on the suction just before connection is made 
with the pump, and the air that leaks into the system is separated and removed by an air 
pump, so that the main pump'always draws water without air. . 

A Deep-well Pump is a small pump of peculiar construction lowered 
thru the pipe to the bottom of the well and operated by a connecting rod 
reaching to an engine above the surface of the ground. 


A Screw Pump is a screw propeller, or a series of them, placed in the 
pipe and lifting the water in the well by being revolved rapidly, motive power 
being applied.to the shaft above the surface of the ground. 

The Air Lift is a process of taking water out of wells by the pressure of 
comprest air. The well is extended in depth to a considerable distance 
below the water level. Comprest air is carried to the bottom of the well 
thru a small pipe and allowed to escape. The air mixes with the water in 
the discharge pipe, which must not be too large in diameter. The column 
of mixt material is lighter than solid water, and it becomes higher in propor- 
tion until water mixt with air overflows at the surface into a separating device. 


‘ 4 


vas 
f 
° 


3 


\ 
Art. 6 Tests for Potable Water 1205 


All three of these means of getting water out of deep wells are of very low efficiency 
from a mechanical standpoint. The expense of lifting water from wells 30’ to 50 feet 
deep frequently exceeds the cost of pumping it afterward against a much higher lift. 

Hardness is common in ground waters. . Waters obtained from sands and 
gravels free from lime, as in New England, Long Island, and parts of New 
Jersey, are soft. The glacial drift from central New York westward con- 
tains lime, and waters obtained from it are hard. The hardness depends 
more upon the fertility of the overlying soil than upon the amount of lime 


-in the sand, because rich soil produces carbonic acid, which is taken up by the 


water as it passes thru the soil and this promotes the solution of lime. Waters 
from limestone rock are always hard. 
‘ 


6. Tests for Potable Water 


Sanitary Inspection. No surface water is entirely without danger of 
infection. The closer the proximity of the sources of pollution to the in- 
take of the waterworks, the greater is the danger, altho it is a question of 
time of flow rather than distance of flow. The population on catchment 
areas may be classed as, urban (population above 4000), village (population 
between 4000 and r1ooo), and rural (population below 1ooo). The figures 
are best exprest. in population per square mile of drainage area as\above. 

Sanitary regulations for the prevention of contamination of water supplies are in force 
in many states. The guiding principle should be; to make the sewage pass thru the 
ground and not over the ground, and if this cannot be done,, to remove it from. the catch- 
ment area or purify and disinfect it. In considering the danger of privies located. in 
proximity to watercourses, the character of-the soil and the slope of the surface should 
be taken into account, and also the method of cleaning. Cases of typhoid fever or dysen- 
tery existing on a catchment area should receive special consideration. ; 

Water Analysis. A complete water analysis consists of four sections, 
physical, chemical, bacteriological, and microscopical. ‘The standard methods 
of analysis are given in “Standard Methods for the Examination of Water and 
Sewage,’’? American Public Health Association.. (Third Edition. may, be 
obtained from the Secretary of the A. P. H. A., Boston, Mass.) The standard 
method of expressing the results of chemical analysis is in parts per million by 
weight, which is practically equivalent to milligrams per liter. To, change 
such results to “ parts per 100 000,” divide by 10; to “‘ grains per U. S.-gallon,” 
divide by 17.1; to “ grains per Imperial gallon,” divide by 14.3. Bacteria and 
microscopic organisms are exprest in “ number per cubic centimeter.” The 
expression “‘ degrees of hardness ” usually refers to ‘‘ grains per gallon.” _Degrees 
of hardness on Clark’s scale are “ grains per Imperial gallon.’”’» On account of 
the variety of conditions there are no accepted standards of purity. to either 
chemical or bacteriological analysis. 

Samples of Water for physical, chemical, and microscopical analysis should be col- 
lected in clean, glass-stoppered bottles holding two quarts or a gallon. Bacteriological 
examinations demand special sterilized, glass-stoppered, bottles holding at least two 
ounces. Bottles may be sterilized by heating in-an oven for one hour.at 160° C. Bacteri- 
ological examinations must be ordinarily made within six hours after collection, and the 
sample must be packed in ice for transportation. -Tests for gases, such as dissolved 
oxygen and carbonic acid, should be made at the time of collection of the sample. Chem- 
ists usually prefer to furnish their/own bottles. ; tread 
Turbidity is caused by clay, silt, microscopic organisms and. other fine 
particles. A~ perfectly clear water has a turbidity of zero. Turbidities 
higher than 2 to 5 parts per million are noticeable in drinking water and ave 


objectionable. Turbidities as high as 50 or roo make a water “muddy.” 
In the Mississippi River and elsewhere in the South and middle West, below 


— . Sy > 
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the region of the glacial ‘drift, turbidities of 2000 or 3000 are not uncommon. 
The turbidity of a river varies more or less directly with the stream flow. 
The Standard of Turbidity is a water which contains 100 parts per million of silica in 


such a state of fineness that a bright platinum wire 1 mm in diameter can just be seen 
when the center of the wire!is roo mm. below the surface of the water and the eye of the 
observer is 1.2 meters above the wire, the observation being made in the middle of the day 


in the open air, but not in sunlight, and in a yessel so large that the sides do not shut out 


the light so as to influence the results., The turbidity of such a water is 100. For actual - 


use a standard suspension is prepared from a diatomaceous earth, to contain 1 gram of 


silica per liter and have a turbidity of 1000. From it silica standards are prepared by © 


dilution with distilled water. For turbidity readings below 20, gallon bottles of clear 
whiteglass are used and smaller bottles for higher turbidities. The turbidity of a sample 
of water is determined by comparing it with’ these standards, looking thru the bottles 
sidewise and noting the distinctness ‘of some object, such as a series of ruled parallel 
lines, seen thru them, or looking at a black surface while standing with back to the light. 


” For field use the United States Geological Survey turbidity rod: consists.of a rod with a 
platinum wire, 1 mm in diameter near the end, projecting at right anges about one 
inch, At the other end of the rod, at a distance of 1.2 meters (about 4 feet), is placed a 
wire ring thru which the observer looks when making the examination. The rod is 
graduated, so that the distance from the wire to any mark indicates the turbidity when 


that mark is at the water surface and the wire just disappears from view. This gradua- 
tion is determined by experiment. 

The Color of water is caused chiefly by organic matter derived from de- 
cayed vegetation. Swamp waters are usually high colored. Ground waters 
are usually colorless. The color of the water in large lakes is usually below 
to, River waters are colored in proportion to the area of swamps on the 
¢atchment area. If the color is as high as 20, water will look unsightly in a 
porcelain bathtub or in a glass on a white tablecloth. Higher colors are objec- 
tionable and warrant purification of the water- 

Color is Measured by comparing the sample of water with artificial standards by 
dissolving platinum and cobalt chlorides in distilled water. The unit of co‘or is that 
produced by one part per million of metallic platinum. In the field the glass disk method 
of the U.S. Geological Survey is used. Disks of colored glass, standardized against 
the platinum solution, are placed at the end of a metallic tube, comparison being made 
with the sample placed in a similar tube. { 


Odor. Fishy, grassy, and aromatic odors are caused by microscopic organ=— 


isms such as Asterionella, Anabena, Synura, and are due to oily secretions. 
Moldy and musty odors are due to decomposing orgaric matter. Peaty 


odors are due to the same substances that give water its color. Ground 


waters sometimes have sulfurous odors, due to dissolved gases. 

Hardness is caused by carbonates, sulfates, and chlorides of calcium and 
magnesium. Hard water destroys soap. It has been estimated that the 
loss due to waste of soap for domestic purposes amounts to ten cents per 
million gallons for each’ part per million of hardness. ‘This is based on 


average conditions and a-use of roo gallons per capita daily. “A hardness of - 


ten parts per million is’ practically unnoticeable, and it requires a hardness 
of 20 or 30 parts per million to produce curdling with soap. Water may be 
called hard if the hardness is above roo; very hard, if above 200; and excessively 
hard, if above 300. Hardness is due to the solvent action that water contain- 
ing carbonic acid has on soil containing lime. Sewage pollution increases 
hardness. (See Table on page 1207.) For temporary hardness see Art, 7. 


Chlorine in water represents salt and may be due to sewage pollution, or 
to proximity to the sea, or, in the case of deep wells, to deposits of salt. The 
normal chlorime in waters decreases from the seacoast inland, and normal 
‘chlorine maps have been prepared by the U. S. Geological Survey for New 
England, New York, and New Jersey. Sewage pollution is indicated by 
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‘Hardness of Water Supplied in American Cities 
(Parts per Million) 


70 Newark fpr, ens 25 
56 New Haven.. 2) fo). 2.0 25 
37 * New Orleans... o/s. 000 04 119 to 66 
12 New York, Croton....:... 38 
8 Ashokan... . . be} 
Oakland, Alverado........ 205 
10g San Leandro 142 
*Cambridge. . . 29 
Ohbicago! 120 Onmaliat 62.1972 (WAR 230 
Cincinnati... ; 93 Patersomsdtaat ssya% J 4501 
Cleveland ys ee ue IIo Philadelphia, Schuylkill... . 95 
Delaware.... 55 
*Columbus..........000.. 279 to 100 
Dayton.... : 300 Pittsbutghircj. acicwedsnides 50 
Denver....... 165 Portland, Ore.... 10 
Detroit....... go Providence. ..... 30 
Fall River 7 Richmond....... ss 50 
RochesterAHia, TOA 71 
* Grand Rapids e 
Indianapolis. ........ Ae B i Igo to 102 
Jersey City... 20..... 3 St. 180 
MKansks) City): iio. teas j 9 i 160 
14 
Los Angeles, Old supply-. . 250 SPOKBGC a catncsyasceeingsst «dete “384 
Owens river. . 128 
Hoeuwisvilley, sae. 95 SYSACUSE >,5\ 5a niileee eae 98 
Dwenen Ai eee 25 Roledoty. wit Ginpeeeol.as Sas 224: 
) Milwaukee ...e..0 20.005 +. 215 Washington. ws:dejtieres Yarns 80 
‘Minneapolis... .... aeelaz 158 Worcestieng ian: sia chcnis on Hen i 


*Softening plants. The first figure is the raw water. The second: the water as de- 
~ livered. : ) 


excess above the normal. If the chlorine exceeds rs or 20 parts per million 
‘it is apt to cause corrosion in. boilers and plumbing fixtures. Chlorine is 
_ not removed by filtration or by any artificial process. 

Tron in water is apt to cause trouble if present in quantities of more than 0.3 to 0.5 part 


per million. It is usually present as carbonate or hydrate, occasionally as sulfate, and 
often in organic combination. Manganese causes similar trouble but is less common. 


Dissolved Gases. Carbonic acid is exceedingly soluble in water, but is easily reduced _ 
in amount by exposure to the atmosphere. Oxygen also dissolves readily in water, but 
the amount that can be present depends upon temperature and pressure. In winter _ 
waters normally contain nearly twice as much dissolved oxygen:as in summe?., (See Art. 33.) 
: Microscopical Examinations are required in studying the alge and protozoa in con- 

nection with the subject of odors. The method is in general that of concentration by 
filtration thru a small sand filter in a glass funnel and examination of the concentrate 
with a microscope that magnifies about 100 diameters. Special cells are required, but the 
Operations are not difficuit. 

Bacteriological Examinations require special methods and the use of 
sterilizers, incubators, and delicate pieces of apparatus. Several days are 
Tequired for: making the tests. The reports usually give the number of 
bacteria per cubic centimeters and state the presence or absence of the colon 
bacillus (B. coli) in 0.1, 1.0, and 10.0 cu cm of the sample. 4 

Ground waters contain very few bacteria, seldom more than too per cu cm. Surface 


waters often contain bacteria in large numbers, several inindved and sometimes many 
} has 
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thousands per cc. In silt-bearing streams the numbers vary approximately with the 
turbidity. Pollution generally causes an increase in the number of bacteria. Lake 
waters generally contain fewer bacteria than river waters. Most of the bacteria found 
in water are probably harmless. High numbers, however, are objectionable, because 
among them some objectionable species are more likely to be present. Filtered waters 
contain few bacteria, and the reduction in the number of bacteria by filtration is commonly 
taken as an indication.of the efficiency of the process. The germs of typhoid fever, 
Asiatic cholera, dysentery, etc., may exist in water, but there are no reliable methods 
for detecting their presence, altho certain recent methods are promising. The bacillus © 
coli communis, commonly referred to as B. coli, is a constant inhabitant of the intestines 
of man and warm-blooded animals. It can be detected in water with comparative ease, 
and its presence is often taken as an indication of fecal contamination. 

The Typhoid Fever Death-rate of a community is the number of deaths per year from 
typhoid fever per hundred thousand. | In cities possessing satisfactory water supplies the 
rate is not often above to, but typhoid fever is carried in other ways, and higher rates 
with good water sometimes occur. The substitution of a filtered water, OF bther pure 
supply, for a polluted water usually reduces the typhoid fever death-rate. 


7. Water for Boilers 


A Steam Boiler requires good water as much as it does good coal. Bad 
boiler waters cause corrosion, scale, foaming, overheating, and leaks, resulting 
in loss of heat, increased jabor of attendance, increased cost of operation 
and repairs; a shortened life of the boiler, and increased danger of explosion, 
All natural waters are more or less corrosive. Magnesium chloride and other , 
salts cause corrosion, especially when concentrated in a boiler. Galvanic , 
action sometimes causes corrosion. Local corrosion is termed ‘‘pitting” or 
“ srooving.” F 

Boiler Scale is formed by the precipitation from the water of the carbonates 
and sulfates of calcium and magnesium, together with smaller amounts 
of other salts and suspended matter. Calcium carbonate is quite insoluble 
after its extra molecule of carbonic acid has been driven off by heat; calcium. 
sulfate becomes almost insoluble above .250° F.; magnesium. carbonate is 
changéd to magnesium hydrate and precipitated. Besides these, boiler 
scale often contains iron, silica, alumina, organic matter, etc. Carbonates 
often separate as soft mud which is comparatively unobjectionable; they may 
also form a hard scale. Sulfates always form a hard_ scale. Calcium 
sulfate precipitates in a compact, crystalline form, removed by hammering 
and chipping. It may happen that different kinds of scale occur in the same 
boiler, due to the different temperatures of the sheet in different parts and to. 
the circulation of the water. The scale in the tubes is often different from 
that on the sheets. 

Hard Waters invariably form scale, and comparatively soft waters. may 
also do so if the boiler is used too long without being emptied. Concentrated 
-goft waters are almost as bad in their effects as waters naturally hard. The 
greater the hardness, however, the more troublesome the water.. FoaMING is . 
caused chiefly by an excess of alkaline salts, which cause the water to form 
suds, as if soap had been added. ‘This makes a boiler unmanageable and 
affects the quality of the steam. If grease is present in the water the sludge 
or scale may become very sticky. In this condition it adheres tenaciously to. 
the plates and causes overheating, which usually occurs in spots. ba. 

The care of a boiler has very much to do with the effects of hard waters. “fhe 
frequent blowing off of a oiler tends to reduce the amount of sludge, and to that extent 
is advantageous, but-in the process of blowing off only'a part of the water is removed. 
Better results are obtained by allowing the boiler to cool, emptying it and cleaning it if 
‘mecessary. Corrosion due to gases can be elitninated to some extent by allowing a thin 
scale to form in the boiler, ; 
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’ Boiler Compoinds: are often employed as a remedy and have their legiti- 
mate use. In serious cases of acid corrosion, lime or caustic soda may be used 
with advantage.‘ Nothing will effectually prevent the precipitation of calcium 
carbonate, but the use Of soda ‘will’cause some of the calcium sulfate ‘to 
settle as carbonate instead of sulfate, thus making the character of the 
‘scale less objectionable. To: prevent adherence of the scale to. the boiler 
shell many substances have been used, such as potatoes, kerosene, and all 
sorts of nostrums, organic and. mineral. Most of these are practically worth- 
less. Of the boiler compounds more commonly sold none have given more 
general satisfaction than those which have soda and some form of tannic 
acid as primary constituents.. Tannic acid has a slight action on the iron 
of the boiler, and is reasonably efficient in preventing scale from beeper 
while if properly used its action on the iron is not serious. 

One gallon of hemlock extract with two gallons of water and three pounds of soda ash 
_ forms a good compound. Hemlock extract costs from 3 to '5 cents a pound in barrel 

lots and soda ash costs less than 2 cents a pound. ‘Tri-sodium phosphate is also used 
with excellent results with many waters. 

Chemicals for Water Softening. The following table gives the number 

of pounds of commercial lime (85% available) and soda ash (58% NasO) 
_ which are required to remove each part per million of the substances men- 
tioned in the first column from-oneé million gallons of water. : 
Lime Soda ash 


Bree carbonic: acid {45-45 -i00 00's. oa Rab sise Role denies bade oy) TA b 
Free sulfuric acid (as HeSO ). RO He 9.03 
Alkalinity (in terms of CaCOs).... aa 
Incrustants (in terms of CaCOs)... 8.85 
Magnesium............ eins cele slaged 22.9 


Temporary Hardness is that part of hardness (Art. 6) due to carbonates. 
It produces scale in boilers, but is partly removed by boiling, so that treating 
the water before it goes to the boiler reduces the amount, In most waters 
the temporary hardness is equivalent to the “alkalinity.” Sulfates and 
‘chloride of lime and magnesia produce hard scale in boilers and are_not 
temoved by boiling. ‘They comprise the permanent hardness, or incrustants, 
and ordinarily are equal to the difference between the alkalinity and the totak 
hardness. For purposes of water softening it is necessary to know the total 
hardness, the alkalinity or acidity, the amount of magnesia, and the free car- 
bonic acid. 


PURIFICATION OF WATER 
8. Auxiliary Processes 


Water Purification is frequently spoken of as “filtration,” but the processes 
employed are much broader than are properly covered by the word “ filtration,” 
“and include such auxiliary processes as aeration, straining, coagulatian, 
disinfection, and sedimentation. 
The Capacity of purification works must be sufficient to meet the requirements at the 
__ maximum rate ot use, and it is usually necessary to provide reserye parts so that the 
_ full supply may be maintained while cleanings, repairs, etc., are carried out. Asa general 
tule the capacities of purification plants should be 50% greater than the greatest expected 
_ annual rate of use, but the ratio varies according to circumstances, 
- Aeration consists in bringing water into intimate or violent contact with 
_ air for the double purpose of introducing oxygen and of removing objection- 
te able gases. Aeration is used as a preliminary treatment in all cases where 
ig oxygen is deficient in the raw water. Oxygen is very éasily introduced, 
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Water falling in drops thru a height of two or three feet will take up more 
than half the quantity of oxygen that it will take up by the fullest exposure. 
The fall of water over a dam, or the play thru a jet of a fountain, will serve 
to fully aerate it as far as introducing oxygen is concerned. 

More vigorous. aeration is required to remove the gases of substances that produce 
tastes and odors resulting from the growth and decay of organisms in quiet water in the 
light. Sufficient aeration greatly reduces or removes these tastes and odors. Perforated - 
trays have frequently been used, thru the bottoms of which the water drops in small 
streams. Allowing water to fall over steps is a good method of aeration where citcum- 
stances permit. Fountains furnish one of the best means of aeration where a head of 
five or ten feet or more 1s availabie. Numerous»small jets are better than one large one, 
and they should be controlled separately or 1m groups to permit flexibility of operation. 
The best dispersion of the water in the air is obtained when the water is revolving in 
the pipe*as it approaches the jet. Thin sheet=ron guides may-be introduced to make 
the water revolve. 

Screens are used for removing dead leaves, sticks, etc. Stationary inclined 
screens raked off at intervals are most commonly used. Revolving screens” 
of various types are used for closer screening. Screening thru brass wire 
cloth with as many as 60 meshes per inch is used in paper mills. Screening 
as a preliminary to filtration is advantageous within certain limits, but close 
screening is unnecessary. 


Coagulation consists in the addition of some substance to the water that 
reacts with substances in the water, producing a flocculent precipitate which 
surrounds minute suspended particles jn the water and draws them together’ 
into aggregates that can be removed by subsequent processes which would 
not serve to remove the individual particles. Coagulation is an essential 
part of the treatment of all waters containing (1) large amounts of very 
finely divided mineral matter, or turbidity, and (2) all waters highly colored 
by vegetable stain. Tt is also frequently used for other waters, but is’ not 
necessarily essential. f 


Sulfate of Alumina, commonly called alum, is the most widely used 
coagulant. It is clean to handle, easily dissolved, and efficient in ifs action. 
It requires lime or other alkalinity to decompose it. In most cases sufficient - 
lime is present in the water treated. Otherwise lime or soda ash must be added. 
The approximate quantities of sulfate of alumina (177% Al,O3) required to 
coagulate waters of various degrees of turbidity and color, and the amounts 


of alkalinity required to*react with them, are as follows: 


Alkalinity 
necessary for ‘ 

Teactlon Different kinds of turbidity 
(parts per mill.)) and color vary considerably in 
A the amounts of coagulant that 
ett they require, so that figures 
85 varying considerably from the 
nee above average will be found. 
a Deep reservoir waters contain- 

S ing iron in solution are more 
357 easily coagulated. It is well 
413 to keep the alkalinity of the 
AT4 treated water as high as 10 
557 or 12 parts’ per million’ to 
628 . guard against | corrosion of 

" metals. 

143 ‘At some large filter plants 
286 ‘| alum is manufactured from 
572 bauxite: - 


Turbidity | Grains per Pounds per 
gallon | mill gals 


aaa aes 
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Ferric Salts have sometimes been used as coagulants. They are nearly — 
equivalent j in action to sulfate of alumina but less convenient to at and 
have been used much less widely, - 


~ Ferrous Sulfate, or Copperas, is extensively ged as a coagulant. It is 
Phdaper than sulfate of alumina’ and equally efficient in removing turbidity, 
but requires 4 more alkaline water. For this reason it is always necessary 
to use lime in connection with it, and the amount of lime must be closely 
adjusted to the chemical condition’ of the water. 


Copperas cannot be successfully used except with adecuate chemical supervision. 
The process is therefore preferred principally in large plants where continued close expert 
supervision can be given. 

By a judicious regulation of the amount of lime it is possible to partially soften hard 
waters by this treatment. Lime as a coagulant is used for softening hard waters and is 
not usually to be otherwise classed as a coagulant. The softening results from the appli- 
cation of lime (calcium hydrate) in quantity to combine with the free carbonic acid in 
the water, and with the carbonic acid half combined with the lime already present in the 
water. The amount must be so adjusted that there is neither free lime nor free carbonic 
acid left. Under these conditions the lime is precipitated as carbonate and the water is 
softened. It is not all removed, because calcium carbonate is slightly soluble in water, _ 
because the reaction takes place slowly at the last, and because the adjustment of the 
lime to the carbonic acid is at best only approximate. The calcium carbonate is crystal- 
Jine and not flocculent, and has but little coagulating value, but in applying the process © 
to river waters containing magnesium the magnesium hydrate is thrown down with the 
calcium carbonate and this has a considerable coagulating value. 

Disinfection consists in the addition to the water of some substance to kill 
objectionable organisms.in it, which substance must be so adjusted as not to 
be injurious in the other uses to which the water is put. 


Ozone froma theoretical standpoint is one of the best disinfectants. It is 
produced by the discharge of high-tension electricity thru dried and cooled 
air in special apparatus. The air-is then taken upward thru towers thru 
which the water is falling, or otherwise brought in contact with the water. 
As ozone is another form of oxygen, which in any case soon returns to its 
normal condition, nothing objectionable is added. It has been proposed to 
use ozone on filter effluents. When applied to the raw water too much of the - 
ozone is used up in destroying the organic matter. To kill the bacteria in a 
well-filtered effluent the ozone required is 0.1 or 0.2 part per million, 


The quantity of electricity required to produce ozone in any apparatus thus 
far proposed has been so large and the operation has been so uncertain that the 
‘Process has not received wide application. On account of the i of 


* ozone it is hard to’ secure an intimate mixture with the water. 


Sulfate of Copper has been extensively and successfully used to kill organ- 
isms in reservoirs. It is applied in a crude way by putting in a coarse bag and 
dragging through the water. The quantity required depends upon the organism 
present. It should be used prior to filtration, with the idea that most of the 
copper will be stopped in the filter. Copper sulfate is also used to disinfect 
the water of swimming pools. y 


Chloride of Lime, more correctly hypochlorite of lime, commonly called 
bleaching powder, is chlorine absorbed by lime and is an effective disinfectant. 
When used prior to filtration, from 8 to 15 lbs per million gallons is an aver- 
age dose; when used after filtration the average dose may be smaller. 

Tt is added to waters used without filtration in the pump suction or at other 
_ convenient point. Some bacteria resist the action of the chlorine, but with a 
sufficient dose a great majority of them are killed. Sometimes the raw water 
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contains substances that use up the chlorine in-chemical reactions, and where 
this occurs the dose must be correspondingly increased. ; i 

The application of an excessive dose-to water going immediately to a sand 
filter may interfere with the establishment of the normal process of purification 
in the filter. It would therefore seem better to apply jit some-time before it 
goes to the sand filter, or preferably to the effluent. \ 

Chloride of lime seems to do everything as a disinfectant that is done by | 
ozone and with greater certainty and at much less expense. The chlorine con- 
stantly liberated is very destructive to all metal structures in its neighborhood, 
and the apparatus should be designed and placed to avoid such troubles as far 
as possible. About one third of the weight of chloride of lime is in the form 
of ‘available chlorine.” 

Because of its general availability and ease of application bleaching powder 
is well adapted to emergency treatment. ; 

Liquid Chlorine. Chlorine gas, liquefied and furnished in steel cylinders is 
also extensively used for disinfecting waters. Its advantages over bleaching 
powder are smaller weight, more compact apparatus, less constant attention, 
better admixture with the water and no resulting sludge; its disadvantages are 
danger to operators (gas is very, poisonous) and the delicate character of feeding 
apparatus resulting in occasional interruption of service. Liquid chlorine may 
be applied to the water directly as a gas;, but a better way is to. first dissolve 
it in a small strearn of water. Practically 100% of the liquid chlorine is effective: , 
For clear waters the quantity required is about 3 lbs per million gallons; for, 
waters which contain suspended and organic matter, larger quantities are 
required. One part per million by weight = 8.3 lbs per million gallons. One 
pound per million gallons = 0.12 pact per million: i 

Water after being mixed with the chlorine should be kept by itself, as in a 
pipe or in a small baffled compartment of a reservoir for a few minutes during 
which the action takes place. If the treated water is at once discharged into 
a larger reservoir, the chlorine is diluted before full action and a much larger ; 
dose is required to be effective. : 

Ultraviolet Light is also a powerful germicide, but. methods of use, though 
steadily improving, have not yet reached the practical stage. . 


9. Sedimentation 


The Sedimentation Process of purification consists in taking water thru 
basins in which the velocity of the flow js reduced and hence the heavier 
suspended matters settle to the bottom by gravity. Sedimentation is widely 
used as a preliminary process and is the cheapest way of removing those. 
relatively large particles which settle out in a moderately short length of time. 


Sedimentation Basins are usually large open basins with masonry floors. 
and walls holding from § to 48 hours’ supply. Natural basins much larger 
jn size without special means of cleaning also serve as sedimentation basins. 
COAGULATING BASINS are sedimentation basins in which water that has 
- received a coagulant is settled. They are often smaller, sometimes holding 
less than an hour’s supply. BAFFLES, consisting of light dividing ‘walls 
separating one basin into parts thru which the water passes successively, 
increase the efficiency by preventing the partially cleared water from mixing 
with uncleared water. Too many bafiles increase the length of the hori- 
zontal courses and the velocity to a point where deposition of the finest 
particles is| prevented. CLEANING is usually accomplished hydraulically, 
-by opening a gate and flushing out the sediment. To facilitate this, drains 
are built, and the whole bottom slopes to them. Jets of water from hose — 
are used to facilitate the movement, 
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In the Intermittent System of operation a basin is filled and allowed to 
stand and then drawn off. In the CONTINUOUS SYSTEM of operation water 
flows constantly in at one end and out at the other. 

The Efficiency of a Basin depends upon its area and upon the system of 
baffling employed. A deep basin is not more efficient than a shallow one 
of the same area, but a certain depth is necessary in order to hold an accumu- 
lation of sediment and to prevent the velocity of flow thru the basin from 
becoming too great to permit full deposition. As a rough rule the depth may 
be one-sixtieth of the average course that the water will follow when baffled. 


Settlement of Particles in Still Water at 50° F. 
; m Rate of 
Kind of Diameter:of | sett! ement, 
material particles in mm per Bacteria and other organisms settle 
, mm. second more slowly if at all because their specific 
- gravity is so near to that of water. The 
Coarse sand. . I 100 rate of settling is greater as the tempera- 
0.20 hes es ture is higher. Twice as much water can 
Fine sand... . 0.10 8 be past thru the basin with the corres- 
: i 0.06 3.8 ponding results in summer as in winter. 
0.104 2.1 The limit of size of particles removed by 
; ‘ 0.02 0.6 settling basins can be computed approxi- 
Sa ie ee 0.05 0.15 mately (Trans. Am, Soc, C. E., vol. 53, 
Coarse clay . . 0.001 0, 0015 p. 45) as follows: 
Fine clay... - 0.0001 2.000015 | 


The Diameter of Particles in millimeters, such that 75 percent will be removed with” 
continuance of operation, may be computed by 


million gallons daily 60 


d= 0.0024 f 
area of basinin acres ¥ ¢ +10 


in which / is a factor depending upon the arrangement of basins and baffling. Use 1.73 

for a basin with one inlet and one outlet well separated; 1.41 for two basins thru which 

the water passes successively; ¥.22 for a well-baffled basin or other specially good arrange- 

ment. /=r.00 isa theoretical limit not reached in practise. In the last term? is temper- 

ature in degrees Fahrenheit. . For comparisons use /= 50 in all cases. The rule does not 

apply for separations above 0.05 millimeter. It is not precise, but it affords a SORTEDIERE 
| basis for comparing sedimentation and coagulating basins. 
| Tn a general way basins holding six hours’ supply, well baffled, in connection with 
‘mechanical filters, remove particles more than o.o2 mm in diameter. Sedimentation 
basins for sand filters, 24 hours’ supply, remove particles more than 0.007 mm. At 
Washington., D. C., in a succession of three reservoirs holding a week’s supply, particles 
larger than 0.003 mm are removed. 

The Amount of Sediment removed in settling basins at St. Louis amounts 

_ to 12 cubic yards per million gallons; with less turbid waters it is much less: 
_ For the Hudson at Albany only about o.rg5 cubic yard'is removed. 


| Scrubbers, or preliminary filters, are rapid coarse-grained filters or their 
_ equivalent. Substantially they take the place of sedimentation basins, doing 
| the same work but doing it more quickly and in less space, tho usually at 
greater cost. : 
It is easy to design a scrubber that is efficient in operation. It is difficult to design one 
, that can also be economically cleaned and kept continuously in efficient working order, 
‘om the standpoint of design and construction the cleaning devices are the most important 
‘parts of a scrubber. The object of scrubbers is to lighten the work of the filters at which 
the water is subsequently applied. It is not believed that any improvement in the quality 
of the ultimate effluent results from their use. This is because only the coarser particles 
are: TeeBOveNs The finer particles, which test the resisting power of the filters, cannot be 


1 


em \ 
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removed by them, and the separation of the coarser particles does not materially affect 
the final action of the smaller particles in the filter. 


_ The size of particles in millimeters, such that 75 percent will be removed by a scrubber 
or preliminary filter of sand or gravel 40 inches deep, may be computed by 


; effective size ee % ae of filtration, mill V/ 60 
d= 0.0003 V sili 


saad or gravel gallons per acre daily Y 44 36 


The scrubbers and preliminary filters that have given most satisfactory results are 
cleaned and operated practically as mechanical filters, but with simpler arrangements. 


10. Sand for Filters 


A Filter consists of a horizontal layer of sand thru which water is past 
to underdrains beneath, together with the containing structure and all auxilia- 
cies. Filters act primarily as strainers, the interstices between the sand grains 
being small and serving to stop all particles too large to pass thru them. 
They also serve to purify the water in other ways. Filters are classified as 
mechanical filters, sand filters, intermittent filters, and special kinds of filters 
according to the construction, rates at which they are operated, and the 
methods used for cleaning. 


The Sand. for filtering purposes is best clean quartz sand, free from gravel 
‘and large particles, and also free from excessive quantities of fine particles 
and dirt of every description. ‘The presence of a small amount of fine mate- 
tial often aids the. action of filter sand. For filtering river waters and any’ 
waters carrying carbonic acid, filter sand should be free from lime, as other- 
wise the water will be hardened. Waters containing less carbonic acid, such 
as lake waters, will not dissolve lime and sand containing lime may be used. 


The Size of Sand Grains is determined by sifting thru a set of rated sieves. 
About 110 grams of moist sand are put in a small iron dish and dried over a 


lamp. After cooling, 100 grams are put in the coarsest of a set of sieves, and _ 


the sieves are put in a mechanical shaker. A definite number of turns 
found by experience to be sufficient, is given. The shaking is not continued 
until no more passes, but only until the amount passing is small, so that 
doubling the number of shakcs would not greatly change the result. The 
sieves are then taken apart, the material that has past all the sicves is first 
put upon the pan of the scale and weighed, then the material remaining 
on the finest sieve is added to it and again weighed. The process is repeated 
until all the material is on the scale, when it should equal the original weight. 
The percentages finer than the sizes corresponding to the several sieves are 
then plotted on a diagram, from which the required data are taken. . 

The Effective Size of sand is that size such that 10% of the sand grains by 


weight are finer than.it. The size of a sand grain is always taken as the diam-~ 
eter of a sphere of equal volume. 


The Uniformity Coefficient is the ratio between the effective size and that 
size such that 60 % of the sand is finer than it. 


In rating sieves an ordinary sand is put upon them and the shaking is performed with 
the usual number of revolutions. The sieves are then taken apart, each sieve is taken 
separately, and is given a further slight shaking. A small additional amount of sand 
passes. The grains so passing are substantially larger than all the grains that have 
previously past and smaller than those that remain. This small quantity of sand 
represents the size of separation of the sieve. A certain number of sand grains are 
counted out and weighed on an assay balance and the average weight is obtained, The 
diameter is obtained by the formula 


3 — 
3 +) tre Te 
Din mm= 0.9 w = Vee Gr pg w=weight in amis 
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“There is but little difference in the results of using round-grained and sharp-grained 
sands, and between grains of different shapes, but the rating is best carried out with vari- 
ous representative sands. Rating of sieves once made does not change appreciably 
with use until some openings become’ enlarged or some wires become broken. When 
this happens the sieves should be at once replaced. When a set of sieves is rated a litho- 
graphed sheet is made for plotting the results, in-which one line represents each sieve in 
the set. The best results are with a mixt plotting, partly logarithmic and partly natural, 
laid out so that normal sands plot as nearly straight lines, On this system accuracy is 
obtained with a smaller number of sieves. Enough sieves so that each has a size of 
separation not more than twice as great as the next below will suffice, except where the 
uniformity coefficient is under 2. In that event one intermediate sieve should be used 
between each two, 

- The following represents approximately the relation between commercial brass wire 
cloth and the sizes of separation: 

Meshes per inch. ....,. 200 140 I00 50 40 30 20 

Separation in mm......0.10 0:13 0.17 0.33 0.48 3.63 0.95 

Owing to variations in weaving, individual sieves will vary 15% either way, and no 
sieve should be used without rating. In selecting wire cloth make sure that the spacing 
of the wires is even and that the number of wires per inch in, one direction is not more 
than 10% greater than the number in the other direction. Coarser sieves are best of 
brass plates perforated with round holes and rated in the same way as wire cloth sieves. 

Turbidity of Sand is the measure of clay in it. Put ro grams of moist sand intoa 
glass vessel holding one liter and fill with clear water. Agitate vigorously until all fine 
matter is in suspension. Allow to settle one minute, take the turbidity with a rod. 
Multiply the turbidity so found by roo to obtain the parts per million of turbidity in 
the sand. The weight of clay is froni 4% to % the turbidity, depending upon the size of 
the clay particles. Turbidity of sand prepared from stock containing clay should 
always be taken, but when there is no clay in the stock it is unnecessary to do it. At 
the Washington filtration plant the turbidity of the filter sand was not allowed to ex- 
ceed 4000 in’parts per million, or 0.4%, corresponding to about 0.2% actual clay. 


11. Use of Filter Sand 


Loss of Head is the frictional resistance of the sand to the passage of water. 
_ It is measured by the vertical distance between the level of the raw water 
over the sand and the level of the water in a small standpipe connected with 
the drains below the sand. Filters are provided with loss-of-head indicators, 
For any given condition ofthe filter bed the loss of head is directly propor- 
tional to the rate of filtration. The loss of head is made up of two parts, the 
frictional resistance of the clean sand and the resistance due the accumulation 
of dirt on the surface of the filter. ‘The initial loss of head is that at the begin- 
ning of a run, but’ even this is more than for clean sand because there is some 
dirt on the surface from the very start. 
The Frictional Resistance of sand to water when closely packed, with the pores com- 
snag filled with water, and in the entire absence of clogging, is indicated by 
7 h ea + =) 
é v=ca*~ I eA 
where v is the velocity of the water in meters’ daily in a solid column of the same area as 
‘that of the sand, or approximately in million gallons per acre daily; cis a factor depending 
upon the uniformity coefficient, the shape of the sand grain, the chemical composition, 
the cleanness, and closeness of packing, commonly yarying from 600 to.1200 for new sand _ 
and from 400 to 800 for old sand; d is the effective size in millimeters; 4 is the loss of 
head; I is the thickness of sand thru which the water passes; /° is the temperature (Fahr.). 
_ Accuracy depends more upon good work in determining d, the effective size in milli- 
meters than upon any other matter. The formula applies to filter sands with uniformity 
_ coefficients less than 3, but also less closely to those with uniformity coefficients to 6, and 
even 10. It does not apply to coarse gravels in which the viscosity of water is no longer 
- eontroliag. 
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_ Reauized Head in Feet for Clean Sand One Foot Thick., c=800, t=50°F 


Rate of filtration,| . Effective size of sand, millimeters 
million gallons 
per acre daily 


The adjacent table covers 
the fanges most commonly 
used in filtration. It applies 
to clean sand with no surface 
clogging. For thicker sand 
layers the head is greater in 
direct proportion. 


Preparation of Filter Sand. Occasionally natura] sand is found suitable 
for use in filters, especially sea sand. Most bank and river sands require 
treatment. Coarse particles are removed by screening. Fine’ particles are 
removed by washing. [If the stock contains clay it must first go thru a pug 
mill or otherwise be agitated to break up all the lumps of clay and loosen the 
particles from the sand grains. It is then past thru a washing box in which 
the sand moves horizontally and the water vertically at a rate corresponding 
to the rate of settlement of sand grains of the size of the required separation. 
‘The washt sand is drawn off with but little water, ‘The box should have one 
square foot of area for each cubic yard per hour to be handled, ‘ 


Filter sand can be prepared from a great variety of raw stocks. ‘The essential require+ 
ment is that the stock contain a sufficient proportion’ of sand grains of the right size. 
To find the amount of filter sand that can be prepared from a given raw stock make a 
mechanical analysis of it and find the percentage finer than the desired effective size and 
the percentage finer than the 60% line. ‘The difference between these percentages multi- 
plied by 2 is the theoretical amount of filter'sand that can be obtained. Actually from 
75 to 95 percent of this amount should be obtained by a suitable plant. It will not 
often pay to work stock from which more than 10% of fine material must be removed 
because-of the difficulty of washing, nor stock that has more than 50% of gravel to be 
excluded, nor stock where the size of separation of gravel to maintain the required results 
is lower than about 3 mm. For method see Trans. Am. Soc. C. E, vol. 57, D- 327+ 

The size of separation in sand washing depends principally upon the area of the boxes 
containing the mixt sand and water to which the mixture is coming, and from which the 
sand is drawn to the bottom, while the dirty water overflows, and upon the volume of 
water, taken always as the volume of the waste that overflows at the top. ‘The approxi- 
mate size of separation such that 75% of the particles of that size will be retained may be 
computed by 
gallons per minute of water overflowing 


square feet of box area 


Din mm. =0,.0068/ 


in whith f ranges from 3.0 for ordinary single boxes to 1.5 for specially designed boxes 
with water entering steadily at the bottom and overflowing at well-distributed points 
at the top. ‘The rule does not apply for sand grains less than 0.10 mm. in diameter. 

Voids in filter sand range from 35 fo 45 percent, according to the uni- 
formity coefficient and the method of packing. Close packing is obtained 
with sand either perfectly dry or saturated with water. Sand packed moist 
always has more voids and settles from 4 to 8 percent when it is filled with 
water. Voids in sand are determined by driving a cylinder of sheet iron 
into the sand in the filter, carefully cutting away the adjoining material with 
a mason’s trowel, and taking out sand equal to the exact contents of the 
cylinder. The sand is dried, weighed, and the volume of the solid particles 
somputed, taking into account the specific gravity which for nearly all filter 
gands is 2.65. This is compared with the volume of the cylinder. 

Results obtained by filling voids of dry sand with water are invariably too low because 
all the air is not driven out, even when filled in the most careful manner, from below. 
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Gravel is required in filter construction, usually in several sizes, prepared 
by screening. Crusht rock is used where gravel is not available., Gravel, 
especially in finer grades, is often obtained as a by-product from the prepa- 
ration of the filter sand. Gravel should always be, washt free from sand, 
clay, and fine particles... Where the water nonfabas carbonic acid it is pref- 
erable free from limestone. 

Washing and Handling Sand. Filter one is commonly handled ‘and 
washt hydraulically. Water thru a jet under a hundred pounds pressure 
passes thru an open space and enters a throat a little greater in diameter than 
the jet and carries with it sand loosened by water which surrounds the space. 
‘The mixture of sand and water will flow as a liquid thru pipes to the washers 
and from the washers to the points where it is stored. 

At the Washington filtration plant, with dirty sand, one volume of water is required 


to take up one volume of sand to make slush, which s‘ush ca about 60% of the solid 
sand and a specific gravity of 1.59. 


12. Sand Ejectors 
Sand Ejectors and Flow of the Water and Sand in Discharge Piping 


Best Percent y Pressure Friction in ft per 

diameter | sand im | sand of 1000 in discharge piping 
for throat,} discharge per discharge 

inches |by volume] hour in feet 214 | 3/7 

0.87 20 5.0 28 I50 | 140 

I.O1 25 7.28 20 176 | 150 

1.21 30 10.0 14 206 | 168 

I.04 20 72 28 178 | 124 

war 25 10.3 20 222 | 144 

1.46 30 14.3 14 275 | 170 

1.06 1s 6.5 39 200 | 154 FO" aoc 

1.21 20 9-7 -28 250 | 140 88 

I-41 25 14.0 20 345 | 7S |) Boa |...) 

1.21 15 8.5 39 298 | 145 0 Nora 

1.39 20 12.7 28 370 | 180 89 | 73 

1.61 25 18.4 20 480 | 240 | 1cg | 82 

1.20 10 6.5 52 350 | 160 61 | 42 

1.37 15 10.8 39 435 | 202 | 80 | 56 

1.56 20 16.1 28 540 | 250 | to2 | 71 

0.87 20 ey, 38 54° 30 ie « aaltete aie 

1.01 25 8.3 27 T86-] 245 |b ~ <0 |e ee 

1.21 go II-5 18 245 iGO Woks ac] ate « 
> 1.04 20 3.3 38 128 s 

1.21 25 11.9 27 

1.46 30 16.5 18 

1.06 15 7-5 52 

Ds2% 20 rE.2 38 

T.41 25 16.2 27 

I.21 15 9.8 52 

I-39 20 54.7 38 

1.61 25 21.2 27 

1.20 10 49-5 70 

1.36 15 12.4 52 

1.56 20 18.6 38 
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The Resistance to be overcome in the discharge piping is made up of 
actuat lift and friction. For the lift, multiply the actual lift in feet, by the 
specific gravity of the mixture. For friction of sand and water in 3 and 4 inch 
pipes, compute the friction for water alone, and add 3.5 feet per thousand for 
each percent of sand in the mixture. For 6-inch or larger pipe add: 2-5 ft 
and for 2.5-inch hose, add 4.5 ft per thousand. These figures: will be ‘close 
enough for velocities’ ft per second or over. Sand and water mixtures will 
flow well at all velocities aboye..5 ft per second and fairly well from 4 to 5 ai di 
per second. Between 3 and 4 ft per second there will be more friction than 
catculated and some stoppages; and below 3 ft per second sand and water 


mixtures will not flow. 
Velocity in j a 137.5 cuyds per hour 
ft per second Per cent of sand in discharge x (diameter of pipe in inches)? 
Per cent sand x velocity x diameter? 
137-5 ; 


Cubic yards per hour = 


Sand Ejectors and Flow ofthe Water and Sand in Discharge Piping 


Pressure Friction in ft per 
: diameter | sand in sand » of tooo in discharge piping 
P Jet for throat,| discharge per discharge 
inches inches |by volume hour in feet’ |.2147] 3!” gl |osit 


Best Percent Cu yds 


0.5 - 0.87 _ \20 6.4 47 162 | 126 |----.|---- 
0.5 I.OL 25 9.2 34 200 | 143 |----- Deieyel 
0.5 T.2t 30 12.9 23 250 | 164 | 120 |..-- 
0.6 1.04 20 9.2 47 230 | 133 | 87 |---- 
0.6 Ton 25 13-3 34 300 | 165 | 103 |-.-- 
0.6 1.46 30 18.5 23 380 | 210 | 118 |105 
0.7 1.06 15 8.4 65 292 | 144 Mil eyatets 
0.7 P2real 20 12.6 47 360 | 180 88 | 71 
0.7 1.41 25 18.1 34 108 | 83 
0.8 Te2T 15 II.o 65 

0.8 1.39 20 16.4 47 

0.8 1.61 25 23.7 34 

0.9 1.20 10 8.3 87 

0.9 1.3008 15 13-9 65 

0.9 1.56 20 20.8 47 

0.5 0.87 20 7.8 71 

0.5 I.or 25 TI.4 4 

0-5 1.2 30 15-8 35 

0.6 1-04 20 X13 91 

0.6 1.21 25 16.3 5r 

0.6 1.46 30° 22.47 35 

0.7 1.06 15 10.3 98 

o.7 12r 205 Lilie B54 7a: 

O.7 I-41 25 22.2 5r 

0.8 Du2T 15 13-5 98 

0.8 1.39 20 20.0 q1 

0.8 1.61 25 29.0 51 

0-9 1.20 ro 10.2 131 SB o35 335 5° 
0.9 1.36 bay oe 17.0%/| 98 § |e---- 129 | 67° 
0.9 1.56 20 25.508), lvl Opde ose 
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| Hydraulics of Ejecto.. The best form of throat is one approaching the 
| shape of a venturi meter. The calculations on page 1220 are for a throat of this 
| shape but somewhat worn by use and not quite in the best condition. With 
| accarefully turned new throat ‘the results may be A 
higher and with worn throats lower. With the 
best size and shape of throat for any given con- 
dition, the tables on pages 1217 and 1218 show 
‘the approximate relations. . 
Fig. 6 shows the method of removing dirty sand 
from the filters at Washington. It is shoveled to 
@ movable ejector which throws the sand thru a- 


Fig. 6. Sand Ejector, Washington, D.C. 


line of hose and pipe to the sand washer outside. ‘The washt sand is thrown 
by another ejector thru pipe to an elevated sand bin. From the sand bin 
the sand was formerly replaced in the filters by carts drawn. by horses, but 


| Bazzaz 


Fig. ge Action ‘of Sand Ejector 


it is now replaced hydraulically, another ejector serving to throw it from the 
bin to the place where it is to be deposited. _Fig. 7 shows the working parts 
‘of a sand ejector and indicates the way in which it operates. 
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Percent of sand in water thrown by vol.. 5 10 1 20 25 30 
Specific gravity of mixture resto 1.48 1220. 1-25 ~1s3e 
Percent slush-by volume... ..-- ; 25.0 33-3 4147 50-0 


-- Percent nozzle water by volume % 75.0 66.7 58-3 50-9 
- Weight of slush per part water from » 
nogzle....--------------*+2°7° feo. (O.Ts ~ Orga OLS! 0.86, 1.14. 1-59 
Q=ratio total weight of discharge to . 
weight of jet water...---------++-- 1.75 1.32 1.553 ° 1-80 2.14 2.59 
P=proportion of jet pressure developed h 
in discharge. .--.----+----++*++-+--- 0:50) // 0337) 0.28 0.20) 0214 0. TO 
T =ratio of diameter of throat to diam- 
eter of jet.....----------- =o. qFeeh 1.18 1433,/) F-5E., 1-73)), 2-02) 2248 
V =ratio of velocity in throat to velocity 
injjeth-=- ¢ce=see---- lees - 72-2" 0.79 0-68 0.59 0150 0-42 0.35 


The formula (P+ V)-71-°= 1.65 applies to well-shaped venturi throat ejectors throwing 

sand. The best results are obtained when QV 0.9 with 5% or 10% variation either way, 

and within this approximate range PQ?=0.65. This is the most conyenient equation 
for comparing efficiencies. 


13. Mechanical Filters 


Mechanical filters are filters operating at a high rate with mechanical 
appliances. for cleaning the sand without removing it from the filter. The 
filter tank containing the ; 
sand was formerly of eotent Piel 
wood or sometimes of 3 
steel, but reinforced con- 
crete is how used almost 
exclusively. Itis essential 
that the filter tank should 
be air tight as well as 
water tight, to prevent 
the entrance of air from 
the outside in the last 
portion of the run. 


The Sand is commonly 
from r8 to 36 inches deep, 
and with effective sizes 
ranging from 0.35 to.0:50, 
commonly about 0.49 
mm. The | uniformity 
coefficient should be as  naotertologtoal Eab. Plaw 
low as possible and must Os : ; 
auterexcted. xGc; Sand : Fig, 8. Layout of a Mechanical Filter 
with high uniformity coefficients jis separated into coarse and fine parts in the 
act of washing, and full filtering cannot then be obtained. The sand is sup- 
ported at the bottom by layers of gravel, which must be heavy enough and 
open enough to allow the wash water to pass without lifting. In some 
designs the gravel is held down by wire cloth on top, but with carefully pre- 
pared gravel this js not necessary. : . 

The Strainer System serves the double purpose of introducing wash wate! 
to wash the sand with a’ reverse current and of carrying off the effluent. i 
order to serve its purpose of carrying off the effluent the frictional resistanc 
of the system must not exceed one-fourth the frictional resistance of the sant 
at the beginning of the run. “Otherwise the near parts of the filter woul 
operate at higher rates than the remote parts. Eee S 
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The fundamental requirement of the strainer system when used for washing is that it 
shall give an equal dispersion of wash water over the whole area of the filter. There is 
a tendency for the sand to lift at one place.. When this happens the pressure on the 
strainers at that place is reduced and there is a tendency for all the wash water to go 
out at one place. ‘This is controlled by putting restrictions on the outlets having resist- 
| ance at the rate of use greater than the resistance offered by the sand, so that these throats 
‘ control the position of overflow of the water. The throats must be small enough to give 

the desired rate of wash with a frictional resistance that wiil insure the even distribution 
Of the wash water, and large enough so that it does not exceed the economical head appli- 
cable to this purpose. The area of main drains should equal twice the area of all the 
throats supplied by them, and kateral piping should have 214 times the area of all the 
throats supplied. 

Phe throats are necessarily small in size and the full'area of each is needed to carry 
off the effluent in the operation of the filter. Itis we i necessary to protect the throats 


Water # 
|_ Level 


Fig. 9. One Unit of.a’ Mechanical Filter 


so that the gravel will not come over-them and reduce their area in the operation of filtra- 
tion. This is commonly done by putting strainers above them but in some cases simply 
| pesending them with gravel is relied upon. 
- Mud Balls are accumulations of dirty sand on the bottom of the filter, 
_ Tesulting from the settling of masses of dirt at the top at the beginning of the 
| wash. Mud ballsare prevented in three ways: (1) By a mechanical agitation 
| of the sand by a revolving rake, most used in the early designs. (2) By air 
‘blown thru the bottom of the filter during washing to agitate the sand, used 
| in a large part of recent designs. .(3) By pulling them out with wire nets 
' on poles by the attendant while the filter is being washt. This is not to be 
_ recommended, as it tends to disturb the gravel. 
4 In some recent designs the wash water is used at a higher velocity, and ‘this alone is 
depended upon to prevent the formation of mud balls, In this case the filter sand must 
ag coarser than would otherwise be necessary. 
i@ The Rate of Washing is commonly from 9 to 24 vertical inches per minute, 
a inches being the commonest figure. Gurrers to carry off the wash water 
uld not be less than 12 nor more than 18 inches at their edges above the 
\ BBariace of the sand. The eddying action of the water entering them reduces 
velocity, and the size of the gutters must be larger than is computed by the 
usual hydraulic formulas. 
Regulating Apparatus, or rate controllers, is automatic apparatus on the 
utlet for controlling the rate of filtration. There are two general types, 
ose operated by floats, which are incapable of acting submerged, and 
hose operating by the difference in pressure on two sides of a diaphragm or 
piston, which are capable of acting submerged. 
Loss of head ranges from 2 ft or less at the beginning of a run to the limit 
is allowed, which may be anything from 4 to to feet. With the loss of 
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head limited to 4 ft, no suction exists in the filter, and the whole operation 
said to be performed by a positiv head. With loss of head going to 6 
and over the outlet pipe acts as a draft tube and produces suction in 1 
filter in the latter part of the run. This is known as negativ head. 

Negativ head is efficient in making a filter operate, but practically its action is limi 
because with it air is extracted from the passing water which fills the voids in the s: 
and soon cuts off the suction. The first foot of negativ head is only a little less us 
than the last foot of positiy head, but each additional foot utilized yields a smailer ret 
than the last. The full effect of negativ head may be utilized by putting an air cham 
on the outlet pipe and pumping the air from it in the latter part of the run, thereby mak 
the full negativ head available. 

The Frequency of Washing depends upon the character of the wa 
and especially on the size and manner of operation of the coagulating bas 
and commonly ranges from 8 to 48 hours. Washing requires about |! 
minutes and the auxiliary operations more than as much more. From twe 
five percent of the water filtered is required for wash water. 


The Rate of Filtration is generally 2 gallons per square foot per mim 
equal to 125 million gallons per acre, or 117 cubic meters per square me 
per day. 347 sq ft of filter pass water at the rate of one mill gals per 24 ho 
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Sand Filters differ from mechanical -filters in that the rate of filtration 
much lower and the filter is cleaned when dirty by scraping off the suri 
layer of dirty sand, which is washt and ultimately replaced. The s 
should have an effective size between 0.25 and 0.35 and a uniformity co 
cient not exceeding 3.0. Many old filters had sands with uniformity coeffici 
up to 5, but such sand is much more difficult to keep in good order: S 
suitable for sand filters is more cheaply obtained than sand with a low ' 
formity coefficient required for mechanical filters. ’ 

The Gravel is commonly placed in three layers. The lowest layer 7 in 
thick and with 34-inch to 2-inch screens having an effective size of about 20 m 
the second layer 3 inches deep, $6 to $4 inch screens with an effective siz 
about 8 mm.; and the top layer 2 inches deep, with an effective Size of f 
2 to 3 mm. 

Underdrains must be designed so that, at the proposed rate of filtrat 
the frictional resistance of the whole system will not be more than about 
the frictional resistance of the sand when clean. Otherwise when the filt 
started that part of the filter near the outlet would do most of the work. 

In very large filters compensating orifices are used, artificially utilizing resistan 
equalize the rates in different parts and prevent undue increase in the size of drains. 


Underdrains for Sand Filters (no compensating orifices used). 


Rate of filtration, million gallons per acre daily. - 5 6 8 ro 
Average resistance of clean sand in feet....--.- 0-150 0- 180 0.240 0.300 « 
Total allowable friction and velocity head in 
underdrainage system... .----------------- 0.037 0.045 0.060 0.075 «< 
Approximate ratio of filter area to area of main : 
Grainceartsi cece Se Soa Se ease Sk 5100 4700 4200 3800! 
Approximate maximum velocity in main drain : : 
(varying somewhat with size)......--------- 0.90 1.00 1.18 1-34 
Approximate maximum yelocity in laterals (vary- ; 
ing somewhat with size).-..-.------------ . 0.55 0.6 0.72 0.82 | 


Masonry Covers for sand filters are required where the winters are se 
in general for all of the United States north of Washington, Cincinnati, 
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st. Louis. Open filters, sometimes built north of this line, are operated with 
lecreased efficiency and at increased expense during periods of ice, but for 
pecial service such as removal of iron, or tastes and odors from summer 
srowths, they are sufficient. The net height inside the masonry structure 
S commonly 12 feet, to give convenient head room for cleaning operations. 

Filters are built in units, Tanging from an acre in the largest plants to half an acre and 
ess in small plants. There should always be enough units so that the supply can be 
Maintained with one unit out of service, in small places, and with two or more out of 
ervice in large plants. 


Maximum Areas of Filter Beds Drained in Square Feet 


Sha pe and kind Rate of filtration, million gallons per day 
of drain 


5 6 8 10 


Round lateral... - 264 245 200 
Round lateral...’ - 420 390 
Round lateral... - 610 570 460 
Split lateral bE 490 400 
Split lateral 717° 630 
Split lateral | 1120 


Round main....- 2 §00 

: 3 600 
5 800 i 
8 300 


Automatic controllers are sometimes used on the outlets of sand filters, but as the 
hange in loss of head is slow, hand control in connection with adequate devices for indicat- 
ng at all times the rate of filtration and loss of head is sufficient. 


The Period of a sand filter is the time between cleanings exprest in 
nillions of gallons per acre. That is to say, if a filter operates 20 days at 
| 5-million rate the period is 100. The average period for a plant is found 
yy dividing the number of million gallons filtered in-one year by the total 
tumber of acres of filter surface cleaned. 

Periods are“increased by drawing the water off when the loss of head has reached the 
llowed limit and raking the surface of the sand and then proceeding. It does not usu- 
lly pay to rake more thanonce in one period. Thoro sedimentation lengthens the period. 
[he application of coagulant lengthens it if applied sufficiently long before filtration, 
mit with a short period of settling after application it shortens it. Preliminary filters 
engthen the period. “Periods commonly range from 50 to 200. If they average less than 
‘© there is something wrong with the arrangements. 

The Loss of Head in sand filters is commonly limited to 4 ft, but this 
s arbitrary and losses up to 5 or 6 ft are sometimes permitted. The RATES 
mployed with sand filters filtering river waters without preliminary chemical 
reatment are about 3 million gallons per acre daily. For lake and reservoir 
vaters rates twice as high are used. For filtering river waters with pre- 
iminary chemical treatment and settling when the water aS it, corre- 
ponding rates can be used. 

Cleaning. At the end of a period the dirty sand to a depth of from % to 
Y% inches is removed. It is best shoveled to movable ejectors throwing the 
vater thru the piping system to sand washers outside. Scrapings are repeated 
or a considerable period, averaging 2 years, when washt sand is restored 
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bringing it back to the original level. Cleanings in very cold weather may be 
done with the dirty sand piled up on the surface of the filter, where it remains 
until spring. The quantity of water, under pressure required for handling 
and washing sand is commonly from 0.4% to 1.0% of the quantity filtered. 

An old filter is commonly more efficient than a new one, and the water filtered during 
the last part of the period is frequently better than in the first part. It has sometimes 
been recommended that the first water from sand filters be wasted. It is better practise, 
however, to start the filter at a lower rate, at which the first effluent will be good, and gradu- 
ally increase the rate after processes of purification become established, 
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The Cost of installing filters may range from $10 000 to $50 o00 per million 
gallons daily capacity, figures between $20 000 and $30 000 being most 
common. As the filters must usually be 50% greater in capacity than the 
average output, the cost based on the average output will be 50% greater. 
Operating costs range from $x per million gallons and less for sand filters 
treating clear waters to $5 or $6 per million ‘gallons for mechanical filters with 
highly turbid and colored waters: The whole cost of filtration, including 
both operating expenses and interest and depreciation charges on the capital, 
commonly ranges from $7 to $15 per million gallons. 


Sand filters are often more expensive to build but cheaper to operate than 
mechanical filters. Lake waters are cheaper to purify than ‘river waters, and 
reservoir waters are intermediate. Large amounts of color and turbidity 
add greatly to the cost of treatment. Softening is more expensive than ordi- 
nary filtration. 

_ In filtering river waters 99% removal of bacteria is commonly obtained. 
The efficiency is usually somewhat higher in summer than in winter. 
Growths of bacteria in the underdrains occasionally occur. These have no 
hygienic significance but reduce the percentage apparent removal. Thesé ~ 
are most likely to occur in filters operating at‘low rates. © Purification as 
practised does not absolutely remove infection, but it reduces the risk to one 
so extremely small that it may be considered negligible. Experience with fil- 
tration extending over half a century has shown that well-designed, well- 
constructed, and well-operated filter plants can be relied upon to furnish a 
safe and acceptable supply of water. 

Intermittent Filters are sand filters in which fie oxidizing action of the air 
is more important than the straining action of the sand. They are built 
of coarse sand with large underdrains freely open to the outlet and with no 
controlling or throttling devices. Water is applied generally once a day 
and generally for a period of not more than 12 hours. It is essential that the 
water on the filter should draw down, leaving the surface entirely exposed 
for some time before the next application of water. This fills-the pores of 
the filtering material with air and the water next filtered is brought in contact 
with this air. The oxidizing action of an intermittent filter is similar to the 
oxidizing action of an intermittent filter or sprinkling filter which is used for 
treating sewage. 

fntermittent filters are used for treating badly smelling waters, especially from shallow 
reservoirs and reservoirs that have at times high temperatures, as in the! tropi¢s. Such 
waters may contain large quantities of organic matter and be incapable of being filtered 
satisfactorily by either mechanical filters or sand filters of the ordinary type. ‘The rate 
of filtration depends upon the amount of organic matter in the water, and may be from 
3 to 6 million gallons per day. Cleaning the sand is done by the same methods as those 
used in rent filters., 
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DISTRIBUTION OF WATER . . 
16. Systems of Distribution as 


A Waterworks System must secure its supply when and where it can be 
gotten, and must deliver it when and where required by its customers, or 
“takers.” Waterworks structures are required to collect the water; to hold 
it from times when it is available until it is required; to pump it to a higher 
elevation; to convey it from the point where it is available to the points’ where ~ 
it is required, and to allow the water to be measured and controlled at all 
points. Water is required by the takers at very unequal rates, following the 
requirements and emergencies that arise in their business, and the fundamental 
requirement controlling the design of works is to secure the ability to supply 
water wherever and whenever required and in whatever reasonable amounts 
may be needed. 2 


The Distribution System includes all the main pipes and lateral pipes, 
the standpipes and distributing reservoirs, gates, meters, all services and con- 
nections as far as owned by the water department within and near the area 
that is actually served with water. The piping in a distribution system must 
be designed so that water can be supplied to any point at any time at the 
greatest rate at which water may be fairly demanded at that place. 

Gridiron System. This is a system in which all pipes are connected with all other 
pipes at street intersections, so that in case of a fire at any point water comes to that point 
thru pipes from all directions. This arrangement is more advantageous in supplying | 
water for fire protection than the branching system, which would be sufficient and often ' 
best for supplying water for all purposes except fire service. The gridiron system is 
practically universal in American cities. 3 ‘ 

An economical system for the distribution of water for routine uses only would con- 
sist of a system of branching pipes, each branch being made sufficiently large to supply 
the water to the territory served by it at the time of day when use is greatest. 

High-service Systems. - Where there are considerable parts of a city 
where the ground is high, so that the service and pressure used in most of 
the area do not suffice to supply them properly, it is common to cut them off . 
and make special high-service systems for them. Each high-service system 
has its own distribution and distributing ‘reservoir, (or else direct pump-_ 
ing), and it is to be considered as if it were an entirely separate system of 
waterworks. Water is/commonly taken from the low-service mains, and 
those mains must be large enough to supply the high-service water in addition 
to their other functions. “In all other respects they may be treated as if the 
high service did not exist. In nearly all cases water is pumped specially 
into the high-service pipes. : 

The Direct Pumping System is used in the middle states and in general 
wherever the ground is flat. With it there is no distributing reservoir, but 
water is pumped into the pipes at all times as needed, Pumps of special 
design are required for this service. . When but little water is used the pump 
must go slowly and automatic regulators must close the throttle so that it 
will not go too fast and increase the pressure. When water is to be used 
rapidly the pump. must increase its speed and deliver the increased volume 
of water at full pressure. é 

Pumps operating on this system are not as efficient as pumps operating at constant 
speed with a distributing reservoir connected with the system- The pumps must have 
much greater capacity than where there is a distributing reservoir. The capacity of the 
pumps must always be equal to three times the average annual rate of consumption, 
and in small works the capacity of the pumps must be four or fiye or more times as 
great. In general the capacity of pumps must be sufficient to maintain the fire service 


we 
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and the domestic service at the same time, It is further good business as far as possible 
to have one pumping unit in reserve beyond this capacity. 

Reservoirs with Direct Pumping. Wherever the water is filtered or 
ground water obtained there is a limit to the rate at which pure water can. be 
provided in emergency, and it is commonly necessary to have water during 
large fires at a greater rate than can be furnished by the filters or wells. To 
meet this condition pure-water reservoirs at the pumping stations are pro- 
vided. The size of reservoir is to be determined by the same considerations 
that determine the size of an elevated distributing reservoir. With a reser- 
voir of this kind kept ordinarily full or nearly full the supply works may oper- 
ate at a continuous rate thruout the twenty-four hours, and there will always 
be a reserve of pure water that can be pumped as fast as the pumps can take 
it in case of fire or other emergency. Such reservoirs are always covered. 

Auxiliary Fire Service Systems consist of high-pressure pumping station 
and pipes laid in central portions of cities where the greatest values of prop- 
erty subject to fire hazard are concentrated. These pipes are built to with- 
stand pressures up to 300 lbs, and are connected with hydrants. of ‘special 
design and painted some other color than the hydrants connected with the 
ordinary pipes. The pumps may be operated by gas engines, electricity, 
or by other power. Such systems are used only in case of fires In case of 
need the pumps are started up and the pressure is raised on the system to 
such a point that efficient fire streams are obtained by attaching lines of 
hose to the hydrants. No steam fire engines are used. 

Salt Water is sometimes used and is believed to be more efficient in extinguishing fires 
than fresh water. It also results in more damage to goods and property not destroyed 
by fire with which it comes in contact. Otherwise water is taken from the nearest lake, 
river, or reservoir or from the ordinary water mains. Where auxiliary fire systems are 
used there is obviously less demand upon the regular supply system for fire service, and 
its capacity for rendering fire service may therefore be reduced somewhat. Frequently 
more money is spent on auxiliary fire service systems than would suffice to reinforce the 
regular waterworks system to the extent that good service could be obtained frora it. 

Increased Pressure for Fire Service is obtained in some direct pumping systems 
by having additional boilers kept under steam and turning on more steam when a fire 
alarm is sounded. By this means the pressure thruout the city is increased and hose 
streams are obtained from hydrants without the use of fire engines. This system is much 
used with direct pumping in the middle states. It is best adapted to small places. The 
expense of the system and the disturbance that comes to the distribution from increasing 
the pressure in the whole city are too great in large cities where fire alarms are sounded 
frequently. - 
bins 17. Water Consumption 


Per Capita Consumption is the amount of water used per day for each - 
person living in the city of area supplied on the basis of the annual average 
figures. In other words, it isthe whole quantity of water supplied in gallons 
in one year, divided by 365 and divided by the total population of the district 
supplied with water. ; 

Maximum Monthly Rate of Consumption. During that month in the 
year when the consumption is highest, from 15 to 25 % more water is us.d 
than the average for the year. Insome cases 40% more water is used. 

High monthly rates of consumption are usually associated with either a very dry period, 
with more than the usual sprinkling of streets and lawns, or an exceptionally cold month, 
with a continued draft of water thru many services to keep exposed and imperfectly 
protected pipes from freezing. Where services are metered the excess consumption in 
cold weather largely disappears, It is cheaper to cover the pipes or otherwise to protect 
them from freezing than to pay for the water that it is necessary to allow to run in order 
to protect them. a a ; 
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a aCA on 


Approxi- 
mate |Consump- 
Estimated| total tion per | Percent | Percent 
» Place Year Popu- daily capita, | consump-| services 
rf lation | consump-| gals tion metered 
tion, daily metered 
mill gals 
Boston, Met. Dist..| 2917 —_|1,215,840 IIo GO | ok. tee 72 
Buffalox. qadinie ea 1917-18 | 505,000 167 331 29 5 
Cambridge... «+. ++ 1916-17 | 114,000 9 nee fissile! 36 
Cincinnatin cr isd s|o, 2916 425,000 52 126 50 69 
Columbus.,,..++-++| 1915 211,000 17 80 64 95 
Detroit...... Perel 1915-16 | 781,133 128 163 53 36 
Fall River. ...+...- 1917 124,799 6 50 43 98 
Hartford... ......... 1917-18 | 157,000 r2 76 8r 99 
Haverhill 1976 | 50,534 6 116 22 ci mae 
Kansas City.......| 1917-18 | 391,000 37 sol Wee Geen aE 
Louisville. ..... 2.0. IQ17 250,000 28 roe Wes i td Hien Ree 1 
Lowelliis. sas8 ine. 1918 125,000 8 60 58 - 86 
Memphis. . wit es aeEOES 151,877 12° 78 43 Dy 7° 
Milwaukee....,.... IQI7 475,000 60 125 71 99 
| Minneapolis......-.| 1918 386,000 31 Bon lisa ama setae 100 
Newark.......02.++ 1916 412800 | - 47 115 57 65 
New Bedford....... IQI7 II5,000 9 81 85 | 96 
New Orleans....... 1017 384,000 30 a7) 66 100 
Philadelphia........ 1916 =| 1,720,500 321 TSF Se. ate 16 
Providence....:..,-| © 1917 289,700 19 66 70 94 
Reading. . -.<.++0» 1915 106,780 |, 13 125 38 32 
Rochester... sien aes | 1918 260,000 28 r08 60 98 
St. Louis, I917-18.| 765,000 104 135 30 7 
GE Pal oe. uric oct ROLL 276,000 16 58 64 ei QE 
Springfield......... 1917 109,089 12 1O9- | 7B 98 
San Francisco...... 1918 555,000 37 yao Sameer 100 
i Wo) (<6 (or Tors | 244,242 16 63 85 78 
Washington.......- 1917 359,997 54 TAQ ly tenes eatelleeraianas 
Wilmington........ IQI4-15 95,000 10 102 64 93 
Worcester.....,.,.- 1915 169,599 13 75 72: atlanta 


Maximum Weekly and Daily Rates. There will be some weeks and some 
days when the quantities will considerably exceed the average for the maximum 
month, Generally a maximum daily consumption of 10 or 15 gallons per capita 
jn excess of the average for the maximum month must be expected. 


Hourly Fluctuations in Flow. Water is required primarily for domestic 
and manufacturing purposes, and for these purposes is required in quantities 
that are fairly well determined and at times that do not vary very much from 
day to‘day. The greatest normal use of water is in the morning hours. The 
afternoon use is a little less. ‘The night use of water is comparatively small. 


The hourly fluctuation is found to be more nearly in proportion to the populatior 
supplied than in proportion to the quantity of water supplied. This is because the wast 
of water is in general at a nearly constant rate thruout the twenty-four hours, while thi 
use of water is mainly concentrated during the hours of daylight. For example: If th 
actual use is at rates ranging from 40 to 80 gallons per capita daily, with no waste, thes 
the range in actual rate would he from 40 to 80 gallons per capita daily, or 33% each wat 
from an average of 60 gallons. With roo gallons per capita daily of waste and the sam 
proportions in use, then the range in rate of supply will be from 140 to 180 gallons pe 
capita daily, or 12 percent each way from an average of 160 gallons: . 


. 
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- The Ordinary Range in Rate is from 20’ gallons per capita daily below 
to 20 gallons’ per capita daily above the average per capita rate. This will 
cover the fluctuations for most of the time. Less numerous fluctuations 
extend from 30 to 40 gallons’ per capita daily above, and still less frequent 
fluctuations to 60°and 7o gallons per capita daily above the per capita con- 
sumption. The last ‘may’ be’ taken as an extreme figure for American’ con- 
ditions. Ifthe pipes are capable of supplying water at the rate of the average 
annual consumption, and 70 gallons per capita in addition, they will serve 
to take care of all the fluctuations that are to be reasonably anticipated, except 
those occasioned by fire service. 

Fluctuations above so gallons per capita are comparatively rare, but the additional 
cost of providing pipe capacity for 70 gallons per capita daily not being very great, and 
such fluctuations being occasionally exper‘enced, it is better to use the larger figure 
for design. 

Waste of Water. The amount of*water ‘that must be supplied at: the 
source is always greater than that actually needed for use. There is leakage 
from the main pipes, and from the service pipes, and from a considerable 
percentage of the plumbing fixtures in the houses, and water is allowed to 
run uselessly from many openings. In many American cities four times as 
much water is supplied as is actually used. The greater part is wasted 
without benefit. It is mainly for this reason that there are such great differ- 
ences in the per capita consumption of American cities. 

Waste from Service Pipes. Bad plumbing and the unnecessary draft 
of water from fixtures.are best,.checked-by putting meters on the. services and 
adopting a schedule of rates by which the payments of takers are dependent 
upon the amount of water passing thru the meters. If the water that is 
wasted is paid for at a fair price, then the water department has no occasion 
to object to the waste. The waste beyond the meter becomes entirely a 
matter for the taker to consider, ) 

Loss of Water by Leakage from Mains is best detected by dividing 
the system by. closing the valves into comparatively small sections and by 
supplying water ‘to each small section, in rotation thru ameter. Meters 
may be put on the mains temporarily or permanently for this purpose. 

* It is often possible-to shut ali the gates on a) section and maintain the supply tovit ‘thru 
a line of fire hose, connecting one hydrant inside the area with another hydrant outside, 
a meter being placed in the line of hose. 

By opening and closing gates, a number of adjoining sections may be tested, with the 
same equipment and in the course of a short time. Tests of this kind are best made 
between midnight and five o’clock in the morning, when the normal use of water is at a 
minimum and there are practically no fluctuations in the rate of draft, Such tests show 
the relative tightness of different parts of the system, and the lengths of pipe where the 
greatest leakage occurs are then to be dug up and repa’red or replaced with pipes that 
donot leak, | Ny 
_ Amount of Growth to be Anticipated. In’ designing pipe lines, it is 
necessary to anticipate growth to a certain extent in order to avoid the necessity 
of duplicating the lines at an early date. On the other hand, anticipating 
future growth to an unreasonable extent results in’ burdening present takers 
with the cost of facilities provided for the future to an’ unreasonable extent. 
In general, all new pipe lines should be designed to serve a population 50% 
‘greater than the present population, and in cases of special difficulty, where 
an additional line would be specially difficult or expensive, a greater growth 
than this should be anticipated. f 

Increasing the diameter of the pipe 1% increases the carrying capacity 
2.63%, and increases the cost of the pipe from 1% to 1.5 %, according to the 
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size and class of pipe and the conditions. under which it is laid. On ‘this 
basis adding 1% to. the investment adds from 1.75 % to 2.63 % to the carrying 
capacity, $100 invested now in increasing the size of the pipe adds.as much 
to the capacity as from $175 to $263 invested ina new pipe line at some time 
in the future if the new line is of the same size as the present one... $100 in- 
vested now at 5% will amount to $175 in rz years and $263,in 20 years; at 
4% the increase will be reached in 14 years and 25 years respectively. In 
general these represent economical limits of time to be anticipated. 

As a general rule design should be made for ten or fifteen years only. where the growth 
is over 3% per annum or where money is hard to get, and design for twenty-or twenty- 
five years where growth is under 2% per annum or where money is obtainable at a low 
rate, and also in all cases where pipe is less than 12 inches in diameter or where pressure 
is light. There are many exceptions to this rule under peculiar conditions and it must 
be applied with caution. 


18. Fire Protection 


The Requirements of Fire Service vary greatly. In European cities, 
with fire-proof buildings, but little water is required for the extinguishment 
of fire. In tropical countries, where buildings are widely separated and 
represent but small value, and. often in wet climates, it does not pay to fur- 
nish fire service. It is better to let buildings burn now and then than to 
provide long and larger pipes and other equipment that would be required 
for fire service. In American cities wooden construction is common and 


wooden floors are used in many buildings having brick walls. A large pipe ; 
capacity is required to provide the water which is required for’ extinguishing ; 


fires in such buildings. 

The Amount of Water required for extinguishing fires is.not very large 
{n the aggregate, but when fires occur it is wanted ata high rate, and pipes 
must therefore be provided of large capacity to meet this demand. Pipe 
sizes required for fire protection in American cities are always larger than 
those required for other uses, and the size of pipe to ‘be selécted within the 
area of the distribution system. and between it and the distributing reservoir 
or pumping station where direct pumping is used, is. mainly controlled by 
questions of fire protection. b 

Water Required for Fire Service. ‘The amount of water to be provided 
for fire service depends upon many matters; among othérs, the size of build- 
ings; the materials and methods of construction; upon how near the buildings 
are together; the pressure at which the water is available; upon whether - 
auxiliary fire systems are available; upon how great a loss of life and property 
might result from a bad fire, and upon the cost of making a given quantity 
of water available and the financial ability of the system or community to pay 
for doing it. Z j 

For Average American Conditions, take the square root of the population 
in thousands and this indicates the rate in millions of gallons of water per 
day at which water should be provided for fire service, 


For example: If the population is 9 thousand allow water ata rate of 3 million gallons _ 


per day for fire service. If the population is 25 thousand allow 5 million gallons per day, 
and if 100 thousand.allow zo million gallons of water per day. {ja 
The pipes must be designed large enough so that the quantity of water for 
fire service will be available even tho the firc occurs at a time when water is 
being used at a high rate for other purposcs. It is not necessary to assume 
the extreme maximum rate of draft for other, purposes; some chances can 
be taken. To find the required capacity add, first, the average annual rate 
of consumption; second, 20 gallons per capita to cover ordinary fluctuations; 
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third, the amount of water allowed for’ fire protection. If the fluctuations 
are unusually great, take 30 or 4o gallons per capita in place of 20, 

Concentration of Water for Fire Service. In the case of cities up to 
16 000 inhabitants it is generally necessary to provide pipe capacity so that 
the whole amount of water provided for fire protection can be delivered with 
some loss of ‘pressure in the neighborhood of the ‘closest, largest, highest and 
most valuable buildings; and at each of such points if there are several; else- 
where piping capable of delivering smaller quantities varying with the kind 
and. value of construction and the proximity of the various buildings. 


Population that can be Supplied by Pipes of Various Sizes 
Based on an average use of one hundred gallons per capita daily 


With no fire service. . Max- 


With an average amount of i 
imum draft 170 gallons per 


fire service * 


capita daily 
bared ell tect Ph tke oe 
in sq ins Flat Steep Flat Steep 
Sectional |slopes and Average slopes and|slopes and A VerTage | slopes and 
area of long lines Hone short lines| long tines Sondindns short lines 
i i =F, | V=4 V=2 Hes V=4 
12 ts a7si| * 48 660 990 I 530 
61 132 228 1.490 2,240 2950 
182 392 666 2 650 3 980 5 320 
425 goo 1 500 4150 6 190 8 280 
835 1720! | | 2850 5.950 8 950 12 000 
2 320 4 620 7 400 10.6005. 5-900) -| /;21 300 
4940 9 520 14 900 16 500 24 800 33 200 
8 g00 16 700 25 500 23 900 35 800 47 800 
17 200 32 000 48 000 37 400 56 100 474 800 
30 300 53 300 78 200 53 800 80 500 | 108 000 
"46 600 80 400 | 117 000 43.200 | T10000 | 146000 
67 100 | 114.000 | 163 000 95 300 | 142,000 | 190000 | 
91 600’ | 153.000 | 219 CoO | 12t 000 |' 181 000 | 242 000 
200.000 | 282 000) | 148.000 | 224 000 -| 299 000 


* Gallons daily = 120 pop.-+ 1 000 000V Pop. in thousands. t+ V = velocity, ft per sec, 


This table may be used as a very general guide. With high per capita consumption 
and bad fire conditions 'the sizes should be increased. Under opposite conditions they 
imay be reduced. | It will often pay to: make pipe sizes a little smaller in the distribution 
and larger in the supply mains without changing the total capacity of the System. 

A Standard Fire Stream. is one flowing 250 gallons per minute thru a 
smooth’ nozzle 1% inclies in diameter, with a pressure at the base of the tip 
ef 45 pounds. Such a stream is effective to a height of 70 feet aboye the ground 
or witha horizontal carry not exceeding’ 63 feet. When: fei thru the best 
quality 2%-inch rubber-lined hose’ the hydrant pressure required to throw 
such a stream taken while the stream is running is as follows: 


Feet.of hose = 50 100 200 400 . 600 
Lb per sqin = 56 63 a7 106 135 


The hydrant. pressure is less during the fire than at other times, because more head is 
lost in friction in the pipes, and the ordinary pressure must be greater to insure standard 
conditions during fire. The best hydrant pressure for general use is considered’ to be 
from 80 to 100 Ibs, but as other conditions are frequently ewe] fire service must be 
largely adapted to what is available. 


The best statement of the hydraulics of fire streams and nozzles is ina paper by John R. 
Freeman, Trans. Am. Soc. C. E., 1889, vol. 21, p 303. 
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Pressure for Domestic Service Only. At the street line 20 Ib per sq in 
will raise water to the upper floor of three-story residences and allow a. fair 
service, but generally 40 1b per sq jn is the least allowance for fair domestic 
service, For business blocks and higher buildings higher pressures are 
needed; 60 or 70 lb per sq in is not too much to give fair service in mills and 
business blocks that are not especially high. High steel buildings generally 
pump their own water and no effort is made to supply them without such 
pumping. 2 

Pressure for Fire Service. If steam fire engines are used and depended 
upon as in many American cities, the only requirement for pressure is that 
during fires and with the heaviest draft the pipes shall have sufficient capacity 
to supply water to the steam fire engines and at the same time retain as much 
pressure as is needed for domestic service. If the pressure is higher, hose 
streams can be obtained from the hydrants without the use of the fire engines. 
The additional pressure to permit this to be done is very desirable. 70 lbs : 
during fires is the lowest pressure that permits effective hose streams to be 
obtained for use.on buildings of moderate size. If only residences are in- ~ 
volved, so or 60 lbs will give fair streams. In business districts with large 
buildings better hose streams are obtained with higher pressures, and in 
general the higher the pressure the better the fire service. 100 lbs gives a 
good working service without steam’ fire engines. Higher pressures up to 
150 lbs and more are available in many cities. 


19. Reservoirs and Standpipes 


Distributing Reservoirs are connected immediately with the distribution 
system and as near as possible to the center of population supplied. Their 
function is to take water when it comes and to make it available when it is 
needed, ‘They are especially to maintain the service at times of fire and on 
other occasions when water is drawn rapidly. Frequently they also serve 
the purpose of allowing the pumps supplying the service to be shut down 
during certain hours of the day or at night, thereby economizing labor. This 
js especially the case in small plants. OPEN RESERVOIRS with earth embank- 
ments or masonry walls have been frequently used. Ground: waters and 
filtered waters always deteriorate in quality in such reservoirs, owing to the 
growth of certain organisms in the sunlight. COVERED RESERVOIRS are 
always ‘to: be preferred. for distributing reservoirs. Roofs are sometimes 
used to exclude the light and keep the water from deteriorating. A light 
roof not nécessarily water-tight serves this purpose. : 


Masonry Covers for distributing reservoirs are often used. At Washington, DEES 
Springfield, Mass., and elsewhere, groined arch construction has been used. Floors to 
carry the weight of the roof and distribute it over the whole base are built as inverted 
groined arches. ‘The piers are of concrete, as thick as 12% of, the span on centers, and 
not more than. x2 times as high as thick, Tf the reservoir is deep, large piers will be re- 
quired to meet this condition, and the span of the arches is increased to correspond. The 
roof is of groined arch vaulting without reinforcing. The outside walls, with a minimum 
thickness of about 12% of their height at top and 16% at bottom, are braced at the bottom 
by the floor blocks and at the top by the roof blocks, and are calculated as reinforced 
beams, with breaking moment at about 43% of the distance from the bottom to the top, 
equal to 4h, h being the height of the wall in feet. In deep reservoirs economy is 
secured by carrying the floor on a slope of about x in 6 to the raised base of the walls, 
thereby reducing the height of the walls. The masonry is backed up by solid earth em- 
bankment, and two feet of soil is placed over the top to keep frost from the masonry. Ven- 
tilators are provided to allow the passage of air as water rises and falls in the reservoir. 
‘The top is covered with grass and shrubbery, but trees or any plants with strong heavy 
roots should not be planted, 5 | Ras 
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Data for Steel Standpipes (Cont’d on p. 1234) 


Approximate relative costs 


Capa- Total 
Dia. |Height| city in . |Founda-| with 10% 
in i thou- Tank |hion sfeet|added for Per 


at thou- 


deepat | appurte- 


gallons 5 cents $7.00 per| ances sand 
per Ib cu yd | and con- gals 
nections 
20 47 $880] $540 | $ 1560 | $33 
7 I 237 540 ~ 1 960 28 
94 1590 549 2 350 25 
118 2,040 540 2840 24 
25 74 1155 800 2150 29 
110 I 505 800 2 640 24 
147 2 090 800 3 180 22 
184 2 640 800: 3 780 aI 
221 3 390 800 4 600 2r 
258 4210 800 5 510 2I 
30 105 1450] I110 2 820 27 
158 1980] 1110 3 400 22 
211 2640] 1110 4 130 20 
264 3700] 1110 5 300 20 
316 4680] 1110 6 370 20 
359 5870] 1110 7 680 ar 
422 7200] 110 9 150 22 
475 8920] tr110 II 350 24 
y 528 10550] I110 12 830 24 
| 580 12 400| 1110 14 890 26 
633 I4 400] I110 17 Q90 27 
35 144 1770] 1480 3580 | 25 
| 215 2470) 1480 4 350 20 
| 287 3680] 1480 5 670 20 
359 4830] 1480 6 g50 19 
432 6 130 1480 8 380 19 
502 8o10o] 1480 10 450 21 
574 9 770} 1480 12 400 22 
646 Tr 850] 1480 14 700 23 
718 T4100] 1480 17 100 24 
79° 16 580} 1480 19 900 25 
862 19 §30] 1480 23 100 27 
934 22 500| 1480 26 400 28 
40 188 2150] 1900 4450 24 
282 2990| 1900 5 49° 19 
376 4500] 1900 7 040 19 
47° 5980] 1900 8 670 19 
564 7750| 1900 10 620 19 
658 1o1T20| 1900 13 220 20 
751 12.500] 1900 15 850 21 
) 846 15 140| 1900 18 750 22 
941 Th 400 1900 22 359 24 
1035 2146cc} 1900 25 $50 25 


25100] 1900 29 700 26 
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Data for Steel Standpipes — Continued 


= “BI 
Rees Approximate relative costs 
of lowest 
ee plate | Thick- ages P Total 
shone with |ness of) aioe | Tank Founda- with 10% 
stress not| bottom,| ; & tion sfeet|added for 
sand . | ecceed-, | inches |\ ™ ane eg : ts| deep at | appurte- 
gallons | “ing tons 5 sty $7.00 per) Dances | sand 
I¢ 090 sg cu yd | and con- 
Ibs, in nections 
238 yy yy 25 2 480| 2350 $5 320 
357 38 % 40 4020} 2350 7 030 
476 2) 8 55 5 500| 2350 8 650 
594 &% % 14 7 380, 2350 To 700 
713 5h Wy 10 ro 100} 2350 13 700 
833 iB % 128 12 780} 2350 16 640 
95st BUA) y% 156 |r5-640| 2350 19 800 
1070 1hHe &% 193. ~|19 300] 2350 23 900 
1190 1%6 5B 230 23.020| 2350 27 900 
293 Pe Uy 30 2970| 2870 6 430 
440 te 36 50 4950| 2870 8 600 
586 eo 8 68. 6 820| 2870 10 660 
733 ive Wy 97 9 680| 2870 13 800 
880 1346 Wy r24-—'||12. 430 | 2870 16.820 
1025 1546 we 1s6 |15 620| 2870 20 300 
1170 ie 5% .| 398  |15 800] 2870 24 900 
1320 1%46 5b 238 23870 | 2870 29 400 
423 Ae Wy 38 3.830 | 4050 8 670 
633 i 36 66 6 600 | 4050 II 720 
846 % 38 pr 9120} 4050 14 500 
1060 1% 6 Wy 132 13 200| 4050 39 000 
1270 16 Ve 170. ~—-|t7 030] 4050 23 200 
1480 11% o% 224 22 440} 4050 2), 200 
1690 114, o&% 276 27 600] 4050 33 700 
574 % %% 61 6 140 | 5400 12 700 
861 %e % 87 8 760| 5400 15 600 
1150 5 Ww 133. |13 370] 5490 20 600 
1438 1549 % 178 17850} 5400 | 25 600 
1725 ly | & 241 [24 160 5400 32 500 


Cverflows should invariably be provided for distributing reservoirs and 
should have sufficient capacity to discharge all the water that the pipes or 
pumps are capable of bringing to them. “Many reservoirs have been lost and 
great damage done by failure to provide sufficient overflow capacity. 

The Gost of Covered Masonry Reservoirs ranges from $15 000 to $20 000 
per million gallons capacity for small reservoirs and reservoirs on difficult 
sites to $7000 or $8000 for large reservoirs and reservoirs on favorable sites; 
$10 000 to $12 000 are common figures. Open distributing reservoirs com- 
monly cost from $2500 to $10 000 per million gallons, $4000 being a common 
figure for a medium-sized reservoir on a favorable site. : 

Capacity of Distributing Reservoirs. With the water coming to the city 
thru a gravity line at a steady rate, a storage ot about 0.15 of one day’s 
supply serves to balance all the fluctuations in hourly consumption, not 
including fire drafts. With a pumping system where all the pumping is 

done during the day a reservoir should hold at least one day’s supply. Con- 
xiderations of fire service frequently determine the size of reservoirs. so that, 


a 
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in addition to meeting the ordinary service, drafts amounting to not more 
than one-quarter or one-half of a day’s supply can be made to maintain full 
fire service for a period of two, four, eight, or some other number of hours, 
depending upon the size of the city and the amount of property that is to ae 
protected. 

The Elevation’ of distributing reservoits is a matter of great importance, as it’con- 
trols the pressure of water in the entire distribution system. Reservoirs have been gen- 
erally built at levels to, give necessary pressures at. the time that they were built and in 
the district to be served.. As time has gone on larger buildings and higher buildings 
and buildings upon higher ground have been erected, and there is demand for, and need 
of more pressure than is available. ‘This sometimes involves the abandonment of old 
reservoirs and the construction of newer ones at higher levels. Abandonment of dis- 
tributing reservoirs because of insufficient elevation has been common. : 

Standpipes are elevated reservoirs built of sheet steel entirely above the 
surface of the ground, and are commonly used where the desired water level _ 
is a considerable distance above'the surface of the ground. The limitations of 
steel construction do not in general allow standpipes to be used in large 
works. Roofs should be provided on all standpipes holding waters deteriorat- 
ing in the sunshine, that is, in general, for ground waters and filtered waters. 

Reinforced concrete standpipes have been used with satisfactory results. It does not 
appear that any very large financial saving has been made by their use.. Towers of 
masonry are frequen‘ly built about .standpipes for ornamental purposes, and to protect 
them from wind pressure, and to make very tall standpipes small in diameter safe. 

Elevated Steel Tanks supported on steel trestles are used in place of standpipes where 
the quantities of water to be stored are not large and the elevation above the surface of 
the ground is considerable, The East Providence tank holding 1 000 000 gallons, from 
135 to 205 feet above the ground, was erected in 1904 ata cost of about $100 000. (N: E. 
W. W.A., vol. 19, p. 55). WoopEN TANKS are frequently used in railway supplies and in 
jndustrial operations, but are stidom to be recommended tor public water supply. 


20. Cast-iron Pipes 


Designs and specifications have been adopted by the. New England Water 
Works Association for cast-iron pipe, and most foundries are prepared- to 


furnish pipe as specified. The American Water Works Association has 


adopted standards which differ slightly from those of the New England 
Water Works Association. BRACKETT’S FORMULA for the thickness in inches 
of cast-iron pipe is (P + Pr ‘ 
Ls O25 
/ 3300 
in which P is the maximum static pressure in pounds per square inch for 
which the pipe is designed, P’ is the allowance made for water ram, and 7 
is the radius in inches. ‘This includes a large factor of safety to cover inequal- 
ities of the castings, water ram, strains brought on the pipe from other causes 
than the water pressure, and. to give sufficient thickness to insure the pipe 
against excessive breakage in shipping and laying. The amount of allowance 
depends upon the character of the service. For ordinary waterworks con- 
ditions for the larger pipes, that is, from 42 to 60 inches inclusive, 70 lb per 
sq in is enough for P’, but for smaller pipe Brackett allows the following 
values: f 
Diam. pipe, inches = 36 30 24 20 16 12 10 to3 
P’, |b per’sq in = 75 80 85 99 100 = 110 120 

The thickness calculated in this way may be used for average conditions; for city work 
where great damage would be caused by breakage and for sing’e lines with no reserve 
where an interruption of the supply would be a very serious matter the pipes may be made 
thicker than computed by this formula. For reverse ec nditions,some engineers use 
thinner pipe. : : 
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Coating. Cast-iron pipe is always coated by dipping in coal tar at a temper- 
ature of about 300° F. Redistilled coal tar of good quality is to be used. 
With continued heating it loses its more volatile parts and becomes brittle. 
To prevent this a heavy oil obtained in the distillation of the tar is added to 
the dipping tank from time to time. } 

Depth of Cover. In the latitude of New York and Philadelphia pipe is 
laid with a cover of about four feet of earth, but large pipe, that is, pipe two 
feet in diameter and over, may be safely laid with a little less cover than © 
smaller pipe. In the latitude of Boston, Albany and Chicago the depth of 
cover is increased to 442 or 5 ft.. Further north still greater depths of cover 
are required. In the latitude of North Carolina and south it is only necessary 
to give the pipes sufficient cover so that they will not become exposed in the 
street, or, in other words, to protect them from physical injury aside from 
frost. In countries where there is ho frost main pipes outside the city are 
sometimes laid on top of the surface of the ground. In other cases they are 
just covered with soil. The former arrangement leaves them open to inspec- 
tion for leakage. The latter arrangement protects them against excessive 
heat. The cost of pipe laying is greater as the cover is greater. 


Cost of Cast-iron Pipe. Cast-iron pipe is sold by the net ton. It was 
formerly sold, and is still occasionally sold, by the long ton. The maker 
guarantees the weight. Pipes underrunning the standard weight by more 
than a certain percentage (the percentage depending upon the diameter 
and class of pipe) are rejected, and pipes overrunning the standard weight - 
by more than a certain percentage are accepted, but the weight beyond 
the allowed excess is not paid for. From 1875 to 1909 the price of cast- 
iron pipe in the northeastern states has ranged fram $17 to $35 per net ton. 
The average price has been not far from $25, and this was approximately the 
selling price in 1909. Prices of over $30 per ton ruled in 1875, 1880, 1883, 
1884, and 1907. Prices under $20 ruled from 1895 to 1898 inclusive. 


Maximum Bends in’ Cast-iron Pipe Joints 


Approximate 
radius in feet, 


Deflection of afar 


Bend in 


ae z2-ft length Special bends are used for shorter 

Sane in ae i produced by | curves than those in the table. SPE- 

succession | cjars are all castings other than 

oiiouis straight pipe in 12-ft lengths. Bends, 

4 4 10.0 170 reducers, increasers, crosses, tees, 

12 Be 9.5 230 branches, are some of the common 

16 2° at’ 6.8 260 forms of specials. Standard designs 

20 2° gf 834 320 and weights for all the more fre- 

24 eG? 4-5 390 quently used specials have been 

“30 7° 26" 3.6 480 adopted’ by the New England Water 

36 re oels 3.0 570 Works Association, and the Amer- 
42 aoe Tay 2.6 660 ican Water Works Association. 

48 ou east 2.3 450 


‘An average price for specials is $60 per net ton, The weight of specials in long line: 
of supply pipe in the country is less than 1% of the weight of the pipe. In the distribu. 
tion system in villages and small cities the weight of the specials will average 2 14% of th 
weight of the pipe: In city work, with short blocks and many obstacles to be past 
specials will average 4% of the weight of the pipe. . 

The following table gives dimensions and weights for lead joints of cast 
jron pipes. An average price for lead is 5 cents per pound.* hts) 


* For year 1910, 


_ Att. 20 Cast-iron Pipes’ - 1237 


Amiount of Lead Required for Joints 


Dimensions in inches Lead required, pounds per joint 


Range in 
weights. |’Po be used 
for 
estimate 


oo009090090000 
ANUAUNUUnAUAKnPpP AL 


. 


x Data for Cast-iron Pipe (Cont'd on p. 1238) 


Relative cost per lin ft for 
Working average conditions: 4-ft cover, 
Approx- Weight} pressure 3% rock, pipe at $25.00 per 


Diam: Thick-| 5 nate net ton, 
eter, Class, Safi pounds eee labor at $2.00 per day 
inch | N.E.W.W, rt | Pet | ienath Country | Village |City con- 
lineal i iti 
Ibs | Lb work | and sub- | ditions, 
foot, . ae average | urban brick 
sq in | °°} condi- work and 
tions |macadam| asphalt 
Cc 0.36 18 215 65 | 180 | $0.53 $0.74 | $1.20 
E 0.39 19 230 | 108 | 20 | 0.55 0.75 1,21 
G 0.42 2t 250 | 152 | 350] 0.57 0.78 1.24 
2 0.45 22 265 | 195 | 450] 0.58 0.79 1.25 
K 0.48 23 280 | 238 | 550] 0.60. 0.81 1.27 
Ic 0.42 29 B59 65 | 1g0 0.72 0.95 I.40 
E 0.46 32 380 | 108 | 250] 0.76 0.98 1.43 
G 0.50 38 420 | 152 | 380 | ‘0.80 I.02 1.48 
I 0.54] 37 445 | 194 | "450 | 0.83 1.05 1.5% 
ic 0.48 44 530] 65 |] 150] 0.96 1.20 1.67 
E 0.53 43 575 | 108 | 280} 1.00 1.25 I.72 
G 0.58 53 640 | 152 | 350] 1.08 1.32 1.79 
I 0.63 57 690 | x95 | 450] 1.13 1.38 1.85 
Cc 0.53 60 420 | 65 | x80] 1.21 1.47 1.97 
D 0.56 63 460 87 | 200 1.25 I.51 2.02 
E 0.60 68 810 | ro8 | 250 5.31 1.57 2.07 
F 0.63 Ves 850 | 130 | 300} 1.35 1.61 2.12 
G 0.67 "4 890 | x52 | 350] 1-39 1.66 2.16 
H 0.70 78 935 | 174 | 400} 1.44 |) 1.975 2.21 
ic 0.57 76 910 | 65 | s50] 3.47 | (1.74 2.28 
D 0.61 8x 970 | 87 | 200 1.53 1/81 2.34 
E 0.65 87 | 1040 | to8 | 250 | 1.64 1.88 2.42 
F 0.69 2 1120 | 130 | 300 1.67 1.95 2.49 
G 0.73 97 | 1160 | 152 | 350 | 4.73 2.02 2.56 
H 0.77 102 1220 | 174 | 4oo | 1.80 2.08 2.63 
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Joints are made Deeper where the pressure is high, and not so deep where it is light. 
Workmen often make the joints heavier or lighter than specified. Some lead is oxidized 
in melting and pouring, and otherwise wasted and lost. Variations in the diameter of 
bell and spigot make a difference in the amount of lead. A small fraction of an inch 
variation makes a large percentage difference in the amount of lead required. For good 
management find out how much lead: is required, and require inspectors to hold the 
dimensions of bells and spigots to the design, and the workmen in the trench to the depth 
of joint required, and investigate closely any large discrepancy between the computed 
and required amounts of lead. 

Leakage in pipe should always be tested under full working pressure before 
the trench is backfilled, and all joints showing leakage calked until they are 
tight. It is impossible to keep lines of cast-iron pipes permanently tight. 
The expansion and contraction from temperature changes are accompanied 
by a slight slipping of the lead on the iron at each joint; settlements cause 
movements in the joints. : 


Data for Cast-iron Pipe (Cont’d from p. 1237) 


Relative cost per lin ft for 
average conditions: 4-ft cover.) 
3 % rock, pipe at $25.00 per 
net ton, 

labor at $2.00 per day 
Country | Village |City con-~ 
work and sub- | ditions, 

average | urban brick 

condi- work and 
tions |macadam | asphalt 


Working 
pressure 


0.65 116 2.10 2.42 3.03) 
2.21 2-53) \\nisexS 
2.34 2.66 3.28 


9.89 10.61 11.84 


10.42 11.22 12.80 

11.33 r2.18 13-78 \ 
12.36 13-23 14.88 _— 
15-36 


13-27 


10.57 I1.3t 12.57 | 


€ 
D 

ue 
F 0.80 143 17190 2.45 2.77 3-40 
G 0.85 | 151 1810 2.55 2.88 315i 
H 0.90 158 1900 2.65 2.98 3-62 
Cc 0.72 | 160 |. 5920 2.80 - 3.16) 3-85 
D 0.79 174 2.990 2.98 3-35 4-05 
E 0.85 188 | 2260 3-16 3-54 4.24 
F 0.92 202 2420 3-33 3-72 4-42 
G 0.80 | .2173 | 255° 3-63 4.03 4.80 
D 0.88 232 2780 3-87 4-28 5.06 |. 
E 0.95 250 3.000 4-11 4-53 5-31 
F 1.03 270 3 240 4-37 4-79 5-59 
c 0.91 300 .| 3600 4-98 5-45 6.35 
D ror |..329 |.395° 5-35 5-84 6.75 
E z.10 | 362 | 434° 5-76 6.27 7.19 
F t.20 | 392 |.470° 6.15 6.66 7-60 
Cc t.02.| 403 | 484° 6.52 7-104] 8575 
D 1-13.| 443 5 310 7-02 7-62 8.69 
E z.25 | 492 | 590° 7-65 8.27 9-36 
F 1.37 | 533 | 649° 8.19 8.83 | 9-93 
Cc 1.13 | 523 | 627° 8.34 9.01 10.19 
D E127 s8r | 6970 9-09 9-78 10.99 
E 
F 
Cc 
Ds 
E 
F 


‘ 
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With well-tested work under average conditions in a waterworks system a leakage of 
three gallons per 24 hours per lineal foot of lead joint under a pressure of 100 lb per sq 
in may be anticipated. On this basis the leakage per thousand feet of pipe in gallons 
per 24 hours will be as follows: 

Ins. diam. ..... 6 8 -) 30, 12), orb 20 24 30 36 48 
Gallons........ 500 650 775 900 1200 1500 1800 2200 2600 3400 
Lines of pipe when first Jaid should have less leakage, and those that have been down for 
many years may be expected to leak more. It will pay to dig up pipe and calk joints 
whenever and as far as the value of water saved during an assumed period of five years 

exceeds the cost of locating and stopping the leakage. 

Sixty-inch Cast-iron Pipe is sometimes used, but often when more capacity is needed 
than is furnished by one 48-inch pipe, two or more such lines are laid. Larger sizes of 
pipe are most frequently made of steel. 

Cost of Cast-iron Pipe Laid. The table on p. 1237 shows the approximate 
cost of pipe of all the sizes and thicknesses in most common use, laid under 
average conditions. These prices include the cost of the pipe, specials, lead, 
and all costs of laying, assuming 3% of the trench rock excavation; pipe 
$25 per ton and labor $2 per day.. The column for country work may be used 
for outside pipe lines where there is no special difficulty. The column for 
village and suburban work includes taking up and replacing macadam pavye- 
ments. The column for city conditions includes taking up and replacing 
brick or asphalt pavements. 

In Congested District of cities where there are many existing pipes, 
conduits, sewers, and other structures to be met and past, the cost per foot 
may be increased very greatly above the figures given, which are intended to 
cover only ordinary city conditions. Many local conditions affect the cost 
of the work, and prices fluctuate, and the costs will often be found differing 
considerably from those given, which are intended to represent average con- 
ditions, and to show approximately the relative cost of pipe nh different sizes 
and the’ thicknesses under ordinary conditions of use. 
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Steel pipe-is used principally in long supply mains, leading from the 
‘source of supply to the city. It is not generally adapted to use in city streets 
or in the distribution system. : 

Steel pipe is generally cheaper than cast-iron pipe in sizes 36 inches in 
diameter and upward. It has occasionally been used for 30-inch pipe and is 
seldom to be recommended for smaller sizes. 

Riveted Pipe. The older lines of steel pipe were all riveted. Generally 
the sheets of steel are seven or eight feet wide, and are bent so that one sheet 
goes entirely around, forming one section of pipe. Four of these sheets 
are riveted together in the shop, making a length of pipe 28 to 30 feet long. 
This is tested for tightness and dipped in protective coating, and then shipped 
to the place where it is to be used. 

‘The circular seams may be single riveted. The longitudinal seams which alone are 
required to carry the stress due to the pressure of the water are double riveted, in all 
cases, except where the pressure is very low. 

In-AND-OUT COURSES are used, alternate rings being larger and smaller. Taper 
LENGTHS are also used in which one end of each pipe is smaller than the other end and 
will slip into the large end of the next length. Pipes have also been made with all the 
lengths the same size fastened together with butt straps on the outside, but as this is a _ 
__ more expensive method it has not been often used. 

_ Lead Joints have been used in Australia on long lines at Coolgardie and 
_ Sydney. Cast-iron or steel sleeyes are used in making them, The lead acts 


[ | | 
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as an expansion joint an 


with the temperature changes, the steel slipping 


Place 


ge oar Seeds oe 
: Rochester, N. Y,- 
Rochester, N. Y..----- 
E. Jersey Water Co. -- 
E. Jersey Water Co ..- 
Rochester, N. Y------- 
Cambridge, Mass- --- 
New Bedford, Mass. - - 
Allegheny City, Pa... -- 
Brooklyn, N. Y.---+-- 
E, Jersey Water Co... - 
E. Jersey Water Co... - 
Adelaide, Australia... - 
Minneapolis, Minn... - 
Passaic Water Co., N.J- 
Albany, N. Y.-.--- seb 
E. Jersey Water Co.. .- 
Atlantic City, N. J.---- 
Pittsburgh, Pa... 
rsey City, N. J 
‘colgardie, Australia. - 


Lynchburgh, Va 
Wilmington, Del-...- - 
Passaic Water Co., N.J. 
Pittsburgh, Pa. .- 
Springfield, Mass 


Continuous Riveting has bee 
- that is, each length of pipe in the 


Practical experience with t! 
Temperature Stresses, 
ature of water and consequently of the 
or for average conditions the range is about 45°. 
so that it will not moye with expansion 


ditions the change in temperature, which t 
t under stress. 
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d each length of pipe is free fo expand and contra 


over the lead to permit thi: 


a Thick 
Diam., eS ee Kind 
4 51 c00| Riveted wrought ior 
1873 24 oth ts 400| Riyeted wrought irot 
1891 48 ¥4-%% | 116 000| Riveted steel 
1891 30 V4 26 000 = p 
1893 140 000 a he 
1895 Lid Ld 
1896 “ “ 
1896 “ o 
1896 e # 
1896 “ Lk 
1896 42 v7 “ 
1897 \15-24-26 A 63 472| Lock-bar steel 
1897 50 54o38 34 400| Riveted steel 
1897 42 i. o895).| se eOga) s ft 
1898 48 546 7,900 Siete 
1899 5X) |eeeteeee| > 47500 ade 
got 30 Wy - |(2)27,000 f ss 
I90I 51-42 |d2onc- oe 26 000 st SE 
1902 72 54g—7Ag| 91 000 if oe 
1903 30 ¥,-5Ag |1 848 000} Lock-bar steel 
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Double-riveted pipe 
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| pres- 
sure 
with- 
out 
allow- 
ance 
for 
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ram 
and 
deteri- 
oration 


Safe work= 
ing pres- 
sure after 
allowing 
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and 
corrosion 
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ance 
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water 
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ing pres- 

sure after 

allowing 
for average | depth 
water ram | 
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Corrosion 
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oration 


Feet 
of 
head 


180 
240 
300 
360 
420 
200 
250 
300 
33° 
400 
| 370 
214 
257 
300 
343 
150 
187 
225 
262 
300 
167 


267 


144 
_ 192 


"240 


288 
331 
160 
260 
240 
280 
320 
187, 
171 
206 
240 
274 
120 
150 
180 
210 
240 
133 
160 
187 
ae 
267 
120 
144 
168 
to2 


| 240 


100 
120 
r4o 
i60 
200 


199 
273 
347 
420 
483 
b 224 
284 
347 
408 
468 
187; } 
240° 
293 
347 
‘400 
161 
208 
254 
300 
347 
182 
| 224 
265 
305 
388 
161 
201 
235 
273 
347 
132 
161 
I9t 
224 
284 


with a sufficient number of rivets to hold the temperature stresses; and these 
lengths of pipe are surrounded with concrete reinforced with steel rails 
_of such a: shape as to’ be capable of withstanding; the computed amount of 
stress. In some lines anchorages have been omitted and» expansion. joints 
provided at all gates, ends, and other places when continuity of riveted con- 
nection catthot be maintained. The temperature push or pull on the anchor- 
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age in tons of 2000 lbs for steel pipes of various diameters and thicknesses is 
shown in the last-column of the preceding table. 

Gates on Steel Pipes. ‘There are two ways of connecting gates in steel 
pipes: (x) By flange connections, the flanges being riveted to the steel pipe 
and bolted to flange gates. The gates must have cases heavy enough and 
strong enough to withstand the temperature stresses in the-steel pipe. This 
is essential. If flange gates, of ordinaty construction are used the cases are 
gure to be broken by the expansion and contraction of the pipe. (2) The 
gates may be connected with the steel pipe thru short pieces of cast-iron pipe 
and lead joints. In this case it is necessary to build anchorages on the steel 
pipe on either side of the gates. The two anchorages haying equal and oppo- 
site temperature strains to hold may be conveniently connected by old steel 
rails laid in concrete, : 

Lock-bar Steel Pipe is made by upsetting the edges of the plates and 
connecting them by ‘a lock bar in the shape of an H going over the opposite 
edges and being forced down over them by hydraulic pressure. _This takes 
the place of the riveting in the longitudinal joints. The circular joints may 
be made by riveting or otherwise as for riveted pipe. While double riveting 
develops only about 72% of the strength of the steel plate, the lock bar is 
capable of developing 100%. 
Owing to occasional defects in 
material or workmanship on 
the lock bars, in’ making cal- 
culations it is recommended 
that only 90% of the strength 
of the plate should be used ; 
forlock-bar pipe. Two sheets Fig. 11. Lock Bar for Steel Pipe 
of-steel each 30 ft long are 
joined with two bars, at their edges to make a 30-foot length of pipe. Th 
circular joints between these lengths are usually riveted in the field. Thu: 
far lock-bar pipe has been made from plates ranging from %4 to Ve inch it 
thickness. 

Carrying Capacity of Steel Pipe. Lock-bar steel pipe has a compara 
tively smooth interior and has substantially the same carrying capacity a 
cast-iron pipe. Riveted pipe is less smooth in the interior, the projectin; 
rivets increasing the friction of the flowing water, and also the numerou 
joints in the plates with either in-and-out! joints or with taper joints. Fo 
these reasons steel pipe carries from ro to 15 percent less water than lock-ba 
pipe or cast-iron pipe. In comparing riveted pipe with lock-bar pipe an 
cast-iron pipe, a riveted pipe should be taken with a sufficiently greater diamete 
go that it will carry as much water as the others. This may be accomplishe' 
practically by making the riveted pipe 4 % larger. ; 

The Diameter of Steel Pipe, either riveted or lock-bar, can be made ¢ 
any required diameter. In this respect it differs from cast-iron pipe, whic 
is commonly made only of the sizes for which the foundries have mold: 
The diameter should always be specified as the smallest. diameter of th 
smallest ring, where the rings are not all of the same size. 

~ ‘Weight of Steel Pipe. The finished weight of steel pipe per lineal foo 
either riveted or lock-bar, including the excess weight of plates rolled so thi 
the thinnest points in the plate will be approximately of the nominal thicl 
ness, and including thelaps, rivets and lock bars, material in the joints an 
coating, may be found approximately by the formula: . 


Weight, in Ibs per foot = (2.5 x diameter x thickness) + 10 Ibs 


“x 
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in which diameter and thickness are to be taken in inches. The weights of 
commonly used sizes are given ip the table on page 1241. 


Thickness of Steel Pipe. The required thickness is computed by 
Diameter in inches x Pounds pressure 


Thickness in inches = : ENTE 
2 X16 000 X efficiency of joint 

To the thickness thus computed it is customary to add something as an 
allowance for weakening of pipe by corrosion. In other words, make the 
pipe heavier so that it may rust to a certain extent and still have needed 
strength. The strength of the metal with open-hearth steel under standard 
specifications is taken at 16 000 Ib per sq in, which allows a factor of safety 
of about 344. The efficiency of the joint may be taken at 55 % for single- 
tiveted. pipe, 72% for double-riveted pipe, with the best spacing of rivets, 
and at 90 % for lock-bar pipe. 

. In the steel-pipe table, p. 1241, are entered under lock-bar pipe and double-riveted 
pipe separately, first, the gross pressures, in Ibs per sq in, that can be carried by pipe 
of various dimensions without making deduction for water ram and for deterioration, 
and second, the fair safe working pressures after making reasonable allowances for water 
ram and corrosion under average’ conditions. 

Proper allowances for water ram and for corrosion necessarily vary with local condi- 
tions. Generally speaking, where great variations in rates of flow are to be expected and 
where a great deal depends upon the continuous service of a pipe, thicker pipe should be 
used, while under conditions of steady flow and where pipes are in duplicate or otherwise 
safeguarded thinner pipe may be used. 

Depth of Cover for Steel Pipe must not be excessive or the weight of the 
earth will flatten and deform it. A slight flattening is not objectionable, as 
it does not cause the pipe to leak and does not greatly reduce its carrying 
capacity, : 

The table, p. 1241, shows the greatest depth that should be placed over various sizes _ 
and thicknesses of pipe under average conditions. In bad trenches and slippery material 
keep the depth of cover somewhat less than indicated. With firm material carefully 
placed around the pipe and well rammed on the sides a somewhat greater depth of cover 
for short distances may be permitted. If it is necessary to cover the thin pipe to a greater 
depth it may be stiffened by angle irons riveted to it at frequent intervals. A more sub- 
stantial result is obtained by surrounding the pipe with concrete. ~ 

Cost of Steel Pipe. The relative cost of steel pipe laid complete under 
average conditions is shown in the table. The costs represent generally 
those in the northeastern states in the years 1905-09. They include pipe 
excavation and average amount of water in trench, and of rock excavation, 
anchorages, brook crossings, etc., but do not include river crossings or special 
and unusual obstacles or difficult conditions. Steel pipe has usually been 
placed under contract at a price per foot laid, including the pipe and laying, 
but rock, valves, river crossings, and all other auxiliary works are usually 
paid for separately. 

Bends in Steel Pipe are usually made by cutting off some of the plates 
at the joint. Both horizontal and vertical bends are made in the same way. 
It is easier to lay out the work if the horizontal and vertical bends are made 
in separate joints, but in case of need they can be combined, 

* The amount of bend that can be made in one joint depends upon the size and thick- 
ness of the plate. With 54-inch plates bends up to 5° in one joint are easily made; with 
- %-inch plates 4°, and with 749-inch plates 3°. Sharper bends are made when necessary 
but it is harder to calk them tight. With crooked lines the lengths of pipe may be cut, one 
bend made eyery 15 ft or every 74% ft. With sharper bends special arrangements are made, 

Tt is better to make all bends in steel pipe of steel plates riveted up, rather than of 

castings, ‘and in case of sharp bends the pipe should be anchored on both sides, to carry 
_ the resultants of the temperature stresses. 


‘ 


ee 
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Coatings for Steel Pipe are more important than coatings for cast-iron pipe, becaus: 
the steel is thinner and if unprotected may rust thru more quickly. ASPHALT was usec 
for some of the earlier lines. Asphalt is entirely ‘stable in a dry atmosphere, but it i 
quickly oxidized and becomes brittle when kept under water. Asphalt coating on stee 
pipe has actually become brittle and pulverized and has ceased to act as a protectiv: 
coating in periods usually not exceeding tem years. Coatings made from the residue 
from the distillation of petroleum are now frequently used; these are often sold as asphalts 
REDISTILLED COAL TAR used on cast-iron pipe has usually been more durable than th 
asphalts and special preparations used on the earlier steel pipes. Part of the Rocheste 
pipe line, 1893, was dipt in equal parts of coal tar ‘and asphalt, At Springfield, th 
42-inch pipe line, 1909, was dipt in coal tar alone. A JAPAN COATING has been use 
in some cases for steel pipe. The protection has been good where the coating remaine 
unbroken, but brittleness and liability to cracking have resulted in many places. 

The Life of steel pipe seems to be limited in general by perforations of the plate whic 
start with imperfections in the steel and first snow after a considerable number of year: 

Wood Staye Pipe. Wood was one of the earliest materials used for wate 

pipes. Old methods limited its usefulness, and other materials have largel 
superseded it. Recently methods of manufacture have been developed and 3 
is again findimg increased use. It has been largely used in cantonment 
for somewhat temporary services under war conditions. Decay is less rapi 
in pipe laid in impervious soil and under pressure that tends to keep th 
wood constantly saturated with moisture. If laid in loose ground, or in an 
situation which permits the material of the pipe to become dry at times, 
will rot. 

Wood pipe may be either “ machine made,” in sections running up to 20° 
or more in length, shipped to the work to lay; or “ continuous,” built up 
staves and banded in the trench. Tightness in the longitudinal joints 
secured by grooves and beads on the edges of the staves, pinched into tig] 
contact by the bands. Tightness in transverse joints is obtained by the u 
of metal plates set into the joints. Properly built and placed, wood sta. 
pipe gives good service at moderate pressure within the elastic limit of tl 
bands. 4 

For small sizes, up to 24 in, machine made pipe is usually used. For larg 
sizes the pipe is built continuously in the trench. F 


Wood stave pipe will carry as much water as cast-iron pipe when new al 
as it is not subject to tuberculation, when old it will carry more than ir 


or steel pipe of equal age. 


: 22. Gates and Gate Valves 


Gate Valves are placed at intervals on all pipe lines of considerat 
length. In city streets four are placed at each intersection, one on each li 
of pipe, Outside the city valves are placed less frequently, and are be 
placed on summits where thé pressure is least. The gates serve the purpe 
of facilitating tests of the pipe and shutting off portions of it for repairs 
case of emergency. ‘4 


Gates Smaller than the Pipe are often used on pipes 30 inches in dia1 
‘eter and over, connection being made by reducers on either side. The cc 
is less and the smaller gates are operated more quickly and easily. The 
is a little head lost, and the smaller the gate the more head is Jost. This 
controlling in determining how much smaller than the pipe it is best to ma 


the gates, 
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Loss of Head in Gates with Taper Cone Connections 


Diameter of pipe in inches 


“ The figures given are 
in velocity heads (or in 
feet, when the velocity 
in the main pipe is 8.03 
ft per sec) They may 
also be takenas tenths of 
feet when the velocity in’ 
the main pipe is 2.54 ft 
per sec, 


Basis. Loss of head in a gate, o-15 yelocity head. Loss of head in cones, 0.20 of the 
amount that the velocity head at the throat is greater than the velocity head in the pipe. 

The actual amount of head lost in a gate depends uron the form of gate, and consider- 
able variations are to be anticipated with gates of different designs. The amount lost 
in the cones depends upon the taper design and smoothness of the surfaces, and con- 
siderable variations either way are to be anticipated. 

Generally 24-inch gates may be used on 30 and 36 inch pipes, 30-inch 
gates on 42 and 48 inch pipes, and 36-inch gates on 60 and 72 inch pipes; 
but if head or elevation is very valuable the gate should be one size larger 
than above indicated. 

The Cost of Standard Double Disk Gates with bronze working parts 
of the best and most permanent design varies with market conditions The 
following are given as relative representative prices, including gears where 
needed, but not including by-passés. These prices are not very different 
from those which ruled in fair-sized contracts in the years 1905-09. 


Cost of Double Disk Gates 


20 |b per sq in test 300 |b per sq in test 
pressure suitable | roo Ib per sq in test| pressure for work- 
for filter plants pressure for work- | ing pressures not 
and for working ing pressures not exceeding 150 Ib 

exceeding 50 lb per| per sq in suitable 
ceeding 10 lbs i for nearly all water- 
per sq in : works purposes 
$7 
10 
15 


Connections and Accessories of Gates. Gates are furnished with eithet 
flange or bell ends at about the same cost, Bell ends are generally used in 
pipe lines in street work; flange connections are used in gatehouses, pump- 
ing stations, and about filter plants. Gate Boxes are metallic boxes cover- 
ing the wrench connection and gate, extending to the surface of the ground, 
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with an expansion joint to protect them from damage by frost and with a 
removable cover to allow the gate to be opened from the surface with a suitable 
wrench by removing the*cover. 


Manholes of masonry are often built about gates of special importance, 
large gates, and gates operated by gears, especially when located under pave- 
ments or in other places not easily accessible. It is not necessary to build 
such manholes about small gates nor about gates on supply mains outside 
the city, because such gates can be readily and cheaply dug up in the infrequent 
cases of access to them being necessary. 


Gears are used on large gates and gates under heavy pressure. In general 
_ 36-inch gates, 10 Ib per sq in working pressure; 30-inch gates, 50 lb per 
sq in working pressure; and 20-inch gates, 150 Ib per sq in working pres- 
sure, are the smallest gates to be geared. SPUR GEARS are used on gates 
set yertically and opening upward, and BEVELED GEARS on gates set hori- 
zontally and opening sideways. “The latter are to be used wherever the 
vertical space is not sufficient to put in the spur-geared gates. 

By-passes are provided in many cases on large gates operating under 
heavy pressures. These are built into and form part of the main gate. A 
small gate on the by-pass is opened to equalize the pressures in the pipe on 
either side of the gate before the main gate is opened. This allows the main 
gate to be opened with less effort than would otherwise be required. 


Hydraulically Operated Sates in which the screws of the ordinary gate , 
are omitted, have hydraulic cylinders provided with plungers attached directly 
to the moving parts. A small control valve allows high-pressure water to act 
on one side or the other of the plunger, opening and closing the gate. The 
cost is about twice that of ordinary gates. Gates should not be placed where 
they cannot be inspected and tested and kept in good order, They are 
especially useful for gates that have to be opened and closed frequently in 
pumping stations and about filter plants. : 

Electrically Operated Gates are furnished with electric motors geared 
to the screws that open and close them. Such gates are used occasionally 
in pumping stations and about filters where electric current is available. 


Sluice Gates are of simpler construction, arranged for being built into 
masonry of reservoirs and other structures, and for holding water against 
moderate heads only, There is great variety in the design of sluice gates. 
They are usually cheaper than standard gates, and for the services to which 
they are adapted are fully-as satisfactory. ; 


23. Auxiliaries 


Air Valves are smalt valves attached to pipes for the purpose of automati- 
cally letting out air. They are placed on summits only. Automatic air 
valves need only to be placed on summits of cast-iron pipe lines where the 
pressure is light and variable, that is, on summits nearly up to the hydraulic” 
grade line. On all summits where the water is under considerable pressure 
it is sufficient to put on a petcock or a larger valve to be opened while the pipe, 
is being filled and which can be closed at all other times. As air is more 
soluble in water under pressure there is no danger of the separation of air 
at summits under considerable pressure, and should air be accidentally 
introduced to them it would be slowly dissolved and removed by the passing 
water. Asa general rule air valves with a diameter of one inch for each foot 
in diameter of the water pipe are sufficient. The air valves must be pro- 
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tected from frost by sieclally comsteeléted boxes to'insure their being in ‘readi- 
ness to act in winter. 


ForSteel Pipe air valves are Blso vearined to letair into the pipe rapidly in case 
of need, as the pipe is not strong enough to support itself against outside pressure 
with a vacuum in the inside. A break i in a pipe at a low point, allowing the 
Water to run out rapidly, would cause a vacuum in higher parts of the pipe, 
which would cause the pipe to collapse. Consideration of this feature has 
led to placing air valves for automatically admitting air on summits of steel 
pipe. Generally the air valve for this purpose should have a net’ area’ equal 
to one sixty-fourth the area of the pipe. 

Air valves are to be insisted upon in all steel-pipe lines, but it must be remembered that 
they are called upon to act very rarely indeed, and for’ this reason a’ defective valve or 
arrangement may be used without the discovery being made that it is defective, and the 
fact that a simpler or cheaper type of air valve has been used in certain cases where there 
have been no breaks and consequently no demand that has taxed. its capacity is not to 
be taken as.an indication of the sufficiency of that particular design. 

Blow-offs are small pipes attached at low points for the purpose of drawing 
off and wasting the water contained in the pipe during times of inspection 
and repair.) ;:Blow-offs aré usually much smaller in diameter than the main 
pipe. The necessity of blow-offs depends upon the character of the water 
and the service of the pipe. 


-Manholes consisting of saddles attached to the pipe and Pernpahble covers 
capable. of being bolted. securely to the frame are placed, on steel pipes at 
distances ranging from, 1000 to 2000 feet apart, to allow the pipe to be entered 
during construction and afterward. for inspection and. repair. Iny some cases 
manholes have been placed on cast-iron pipes, altho most!lines have been built 
without them, 

Twin Lines of pipe are used in places of special danger. | Hither line will 
maaintain at least’a partial supply in case/of break in the other. Incase twin 
lines are Jong, there should be cross connections with gates so that in‘case of 
a break in either line a section only can be cut out, the flow at other points 


* continuing thru both lines. With this arrangement, the amount of water 


flowing thru the system will be more than would flow thru one line only. 


The Cost of Twin Lines with cross connections is from jo to 50 percent 
greater than the cost of a single line of pipe of the same strength and capacity. 
Where no other purpose than safety is secured by dividing the flow, it is 
generally better to spend the added money, or a part of it,,in strengthening 
one line and making it secure beyond question rather than dividing it 
between two smaller lines. River crossings, lines over coal. fields, where 
there are sure to be settlements, and other points of special hazard are best 
crost with twin lines. THREE LINES of pipe cost from 60 to 80 percent more 
than one line of equal strength and capacity. 

Tubercles in Cast-iron Pipe. ‘The carrying capacity of cast-iron pipe 
is reduced in course of time by the growth of tubercles upon the interior of 
the pipe. In a general way the ‘capacity of the pipe, other things being equal, 
is reduced from this cause by as much as one percent per annum. In small 


- pipes the deterioration is more rapid. Generally the deterioration is less 


rapid with clear lake waters and more rapid with turbid river waters, and 
especially waters carrying organic matter. Filtered river waters act more 
nearly like Jake waters. 

Tubercles can be Removed by sending an instrument driven by the water pressure 
thru the pipe. This instrument is called a “go-devil.” Scraping off the tubercles in 
this way increases the carrying capacity of the pipe. After the pipe has been scraped 
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tubercles grow tore rapidly than beforé, so that the rertiedy is a tempotary ahd not a 
permanent one. When the pipe is once scraped it is usually necessary to scrape it again, 
and the process becomes an annual one, or the period may be even shorter. 

Effect of Cleaning upon the Quality of the Water. ‘The corrosion 
and tuberculation of iron pipes always adds iron to the water, and this iron 
gives it a color, tends to deposit, and is objectionable. Scraping the pipes 
frequently increases the rate of tuberculation and increases whatever objec- 
tion there may be to the iron in the water from this source. 


Hydrants are attached to pipes in a distribution system to allow water to be 
drawn for fire purposes. Hydrants have 4-inch connections to allow them 
to be connected with steam fire engines and 24-inch connections for hose 
connections.. A hydrant having one 4-inch and two 21-inch connections 
is a common arrangement. The water is commonly shut off from the hydrant 
by a 6-inch gate valve at the bottom; closing this shuts off water from all 
connections. Hydrants aré also made in which the different connections can 
be shut off separately. The cost of hydrants varies from $30 to $100 accord= 
ing to size, type, and the way in which connection is made with the pipe. 
Hydrants are commonly placed at intervals of two hundred feet where build- 
ings are ‘large, close together, and inflammable, and further apart elsewhere, 
but in ho case more than: §oo feet apart. 

Domestic Meters are small instruments set on the service pipes of the 
takers to meastire and record all water drawn thru them. The most commonly 
used meters in the United States ate disk meters, consisting of an oscillating 
disk in a case moved by the water and communicating the motion which 
represents a certain volume of water to'a gear train which indicates the amount 
on a dial. Rotary displacement meters are also used. 

Water meters are least accurate with the smallest flows. It is comparatively easy to 
make a meter that is accuraté with large flows: Meters that are accurate at such flows 
often fail to register very small flows, especially after they have been some time in use, 
In testing meters therefore it is necessary to pay particular attention to low rates of flow, 
as otherwise small leakages which when sufficiently numerous would sap the system 
may fail to be registered by the meters. = 

The Cost of Meters varies with market conditions. In a general way the 
following have been about representative costs in the years 1905-09. 


Cost and Discharge of Domestic Meters 


f | Capacity of disk meters with 
} : | Joss of head of about 5 Ibs. 
| Nominal |Approximate’ |Approximate Manufacturers’ | = 
i = 5 i Million cu ft 
“size, cost of disk |cost of rotary | rating, gallons Gatfons per arinum | 
| inches meters meters per minute per minute running all 
j \ 7 ; the time 
Bm Ol. $8 » $12 2I 7 0.50 
yo t2 21 Y 35° r2 b 6.85 
te 16 | 30 62 21 1.50 
| 284 30 50 TOO: } 43 Lh BNOO 
l ene 50° 65 , 160 qr . 5.00 
3 q go 135, 390 142 10.0 
Wi pend E75 250: ; 570 } 213. | 5.00 
} 6 375 500 ; Too0o 427 eK ole) 


Disk Meters of different makes vaty in frictional resistance. The figures 
given in the above table should be approximately reached by any standard 
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make: Rotary mbTERS differ much more in frictional resistance than disk 
meters. In some makes resistance would be from 50 to 1oo percent greater 
than given in the table for disk meters. Other makes have less resistance 
than shown in the table: INFERENTIAL or CURRENT METERS have considerably 
less frictional resistance than disk meters, the results differing widely for dif- 
ferent designs. 

The Load Factor of a métér is the petcentage which the average sales from 
it are of the capacity shown in the last two coltimns of preceding table. Thus 
a 2-inch meter recording 40 ood cubic feet pet annum is said to have an’8 percent 
2s = 0.08). Meters of the smallest size, 5¢ inch, dre large 


enough to give service under ordinary conditions to practically all private 
housés, and will normally be used on from 80 to 98 percent of all services: The 
average load fa¢tor on 54-inch meters in an average system will be between 
and 2 percent.’ Méters 34 inch and larger used on the remaining 2 to’20 percent 
Of ‘the services, most commonly have load factors between 4 and 8 percent. In 
some industrial establishments with roof tanks load factors of 26, 40 and very 
rarély roo percent are found. Establishments having large services for fire 
protection and using but little water have low load factors. Meters should 
not be too large for the service, and when load factors are under 4 percent, inquiry 
| may well be made as to whether a smaller size would not answer. ‘Too large a 
! meter results’ iti loss of unregistered water. PRoTECrOR METERS AND COM- 

POUND METERS are used where large capacity is essential and where ordinary 
use results in a very low load factor, 

Classification of Services has been made by the New England Water Works 
Association for uniformity in stafistics and rates. 'Three classes are’ used. 

t. Doméstic, all using Iéss than 820 gallons pér day, equal to 10 000 ¢éu ft 
per quarter or 300 ooo gallons per annum. 

2. Intermediate. 

3- Wholesale or manufacturing, all using over 8200 gallons per day, equal to 
Too 660 cu ft per qfarter, or 3 cco do gallons per annuni. 


load factor ( 


| Statistics for 33 Completely Metered Systems for ro15, 


i} Percent of Average daily sales | Percént of total 
' number of . | | per service in sales in 
ary takers: gallons gallons 
t. Domestic. .:. 95-17 159 38.4 
‘2. Intermediate. Aestic | 4.37 I 750 19.6 
. gt Wholesalévi soi. 5.025. 0.46 35:700 42.0 


Systems vary greatly in sales to takers of the several classes, and especially 
in sales to large takers, 
t] The Resistance, in all meters, increasés nearly as the square of the quantity of water 
ig passing. Resistance is added intentionally by makers of meters to prevent them from 
fe pei used for flows so large that the meter would not be durable. 
j 


The use of meters on domestic services is the most.efficient means of preventing 
useless waste of water thru leaky plumbing fixtures. The growth in the use of meters 
diiring the last years has been very rapid. Many cities sell water only by the meter 
and fhe system’ promises to become as universal as in the sale of gas and electricity. 

r “Water Not Accounted for. In completely metered systems thé total quantity. 
of water registered by meters of the takers is always much less than the total 
output. The loss is made up of (1) leakage from the street mains; (2) leakage 
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from service pipes and abandoned services; (3) under registration of meters; 
(4) loss by seepage and evaporation from service reservoirs; (5) water used for 
special purposes not metered, such as fires, sewers, flushing, etc. With present 
American methods there are but few systems so tight and well managed that 
80 percent of the water is accounted for. ‘The average is about 7o percent but 
there are some systems where no more than 60 percent or even 50 percent can 


be accounted for. The records of 27 completely metered systems for the year . 


1915 showed an average loss equal to 130 gallons per service daily. 


The Venturi Meter, invented by Clemens Herschel, consists of contraction 
of the pipe thru the throat of which the water flows at an increased velocity. 
As the velocity. increases the pressure decreases. A differential gage connected 
at its two sides with the water at the entrance and throat of the meter indicates 
the rate of flow. A mechanical integrating device shows the total amount 
of water which flows through the pipe. There are several devices for accom- 
plishing this, but the principle of the meter in all cases is the same, see Sect. 9, 
A-t. 20. With a good registering device the results are accurate within one 
or two percent. Attachments are made by which the rate cf flow is shown 
by a pen on a chart, the paper being. replaced daily or weekly, so that a per- 
manent record is made not only of the rate of flow at all times but also of the 
total discharge since a specified date. ‘ 

Venturi meters should be placed on all important supply lines to! show the quantity 
of water used. In connection with the pumps they serve to show the amount of water 
actually pumped, and form a basis for computing the slip of the pumps and to show any 


falling off in the efficiency. They are especially useful on the outlets of distributing ° 


reservoirs and-elsewhere, where they show at all times the actual rate of consumption, 
the fluctuation at different hours of the day, and the rate of flow during the early hours 
of the morning when there is but a small amount of use and the bulk of the flow usually 
represents leakage, and they also serve to show when fire drafts commence and end and 
how much water is used during fires and at what rates. 

Service Pipes extend from the main in the street to the limits of the street- 
The same pipe usually extends within the taker’s property, but he pays for and 
owns all beyond the street line or curb line. A majority e!-works furnish the 
service pipe to the property line without cost to the taker. Lead service pipes 
are permanent and therefore desirable. Their use eliminates cutting pavements 
to remove less durable pipe when it must be removed. Lead is not strong 
enough for large sizes or the highest pressures. Lead lined iron pipe is stronger. 
Tt is made by forming a‘thin lead pipe inside an iron pipe. Some very soft or 
acid waters dissolve lead. Lead poisoning is serious, and lead pipe cannot 


be used with such waters... In case of doubt, thoro test of the water should be- 


made. Galvanized steel or galvanized iron pipe is used where lead pipes cannot 
pe used. It is cheaper than lead and for many localities it is sufficiently durable. 
Galvanized pipe should be from 14 to 1 inch greater diameter than lead for the 
same service, and at least 34 inch, as its capacity will be gradually reduced by 
corrosion while it is still otherwise serviceable. With lead pipe the size of 
meter may correspond with the diameter of the pipe, but with iron pipe the meter 
should always be smaller than the pipe. The service cock, tapped into the street 
main, may be smaller. A flexible connection between the tap and the service 
pipe, most often a lead goose neck, is necessary to prevent damage from tem- 
perature change and settlement. 


On an average from 5 to 7 people are served per service (more in very large 
cities) and there is one service for every 5° feet of main pipe. For statistical 
purposes the number of services should correspond .with the number of live 
accounts, abandoned or dead services and services placed in anticipation of 
business not being counted, 
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24. Electrolysis 


Electrolysis in Cast-iron Pipes is caused by stray return currents of 
electricity from various sources, especially from trolley cars. These stray 
currents find their way into water pipes thru the soil or thru service pipes or 
hydrant connections or gas pipes or telephone conduits or any other metallic 
structures coming in contact with the water pipes or the services connected 
with them. Such currents flow in the pipes, leaving them at points near the 
power stations, or go thru other metallic conductors to the power station. 

Destruction of a Pipe by electrolysis occurs in two ways: (1) By a current 
collected by the pipe, following it for a distance and then leaving it in moist 
soil, the electrolysis occurring at the point where’ the current leaves the pipe. 
(2) By the flow of electricity*in the pipe, a part of which leayes the pipe at 


‘lead joints or other points of extra resistance, coming back into the next 


length of pipe. These two kinds of electrolysis, while haying the same 
effect on the pipe, are to be sharply distinguished. Electrolysis of the first 
kind may be corrected in great measure by connecting the pipe system with 
the negativ poles of the dynamos at all power stations. This has the effect 
of taking the return current out of the pipes directly thru a copper wire and 
avoiding the necessity of currents leaving the pipe in moist .ground on the 
return journey. This method of treating the electrolysis question was pro- 
posed in the early days of electrolysis and used to:a considerable extent. 
The principal objection to it is that it produces electrolysis of the second 
kind, ‘This system is openly followed in some works, and is actually followed 
by unknown and indirect connections in others. 
_ In cast-iron pipe lines the lead joint is a point of high resistance. The temperature 
of the melted lead is not sufficient to burn off the tar coating, and actual metallic con- 
nection is not made in all cases. ‘The electric current goes thru the soil around the joint 
in sufficient quantity to produce electrolysis on one side of the joint. This takes ‘place 
in wet soil only. Dry soil is a non-conductor. _When electricity makes a passage it 
goes thru the water contained in the pores of the soil, and not thru the soil particles. 
Water is a non-conductor, but. it becomes, a conductor when mineral substances are 
dissolved in it. 

Electrolysis of the interior of pipes is extremely rare, because the water used for public 
water supply is not sufficiently mineralized to act as a conductor. If the water in the ~ 
soil outside the pipe were equally pure from an electrolytic standpoint there would pre- 
sumably be little trouble from this kind of electrolysis. 

Electrolysis occurs because the ground water contains mineral matter and 
salts which increase its conductivity. The mineral matters in ground water 
may result from many sources, among them: (1) From cesspools and similar 
sources, which are known to increase the chlorine contents of ground water 
to from ro to 100 times the natural amounts, in villages and cities, and to 
less extent in rural districts, (2) Urine of horses falling on public roads, (3) Sea 
water brought by the rain, this being a matter of importance only when pipes 
are not very far from the ocean, (4) Solution of mineral matters from the soil. 

Insulation Joints are joints made of some non-conducting material to 
prevent the flow of electricity in pipes. Such joints have been made by 
driving wooden wedges between the spigot and bell of the cast-iron pipe in 
place of the lead. To be effective they must be repeated at short intervals, 
as the electric current will jump a number of such joints, passing thru the 
surrounding moist soil and causing electrolysis at each of them. . 

Electrolysis of Steel Pipe. The riveted joints of steel pipe are almost 


_ perfect conductors of electricity. There is no evidence that a current flowing 
_ ina steel pipe injures it in any way as long as it does not leave the pipe. An 
_ electric current flowing in steel pipe and leaving it results in lee at the 
‘point where it leaves the pipe. , 
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SEWERAGE SYSTEMS 
25. Definitions and Purposes 


A Sewer is an underground channel for carrying off waste waters and 
liquid filth, and especially those containing a mixture of fecal matters. 
Srwacr is waste water, especially water carrying fecal and other polluting 
matters. A SEWERAGE SYSTeM is a collection of sewers with all their appurte- . 
nances, combined so as to operate together and serve a certain district. A 
DRAIN is a channel for removing waste waters in which there is no admixture 
of fecal or other polluting matters. A sub-drain is a channel built beneath a 
sewer for the purpose of gathering ground water and of preventing it from 
entering the sewer, A Storm SmweEr is a large channel built to carry away 
water falling upon city or other areas rapidly in time of storms, and not- 
ordinarily carrying séwage, A LaTeRAL SEWER is a small sewer serving 
one particular street. A TRUNK SEWER is a sewer of larger size to which 
yarious laterals are tributary. AN INTERCEPTING SEWER is a large sewer, 
generally parallel with a stream, collecting the water from a number of trunk 
sewers' and carrying it to a point of discharge. A RELIEF SEWER is a sewer 
built generally parallel with an old sewer of inadequate capacity and sharing 
its work. 

In the Absence of a Sewerage System some.of the most commonly used means of dis- 
posing of fecal matters are the following: Vautts are brick or masonry structures more 
or less water-tight, in which fecal matters are deposited in a comparatively dry state and 
from which they are periodically removed. EARTH CLOSETS are yaults of less substan- 
tial construction, in which dry earth is frequently thrown to become mixt with the fecal 
matters. THE Pam System is where water-tight metallic receptacles are used to receive 
fecal matters, and which are frequently changed. This system allows a most complete 
sanitary control, and for this reason it has been frequently used where more than ordinary 
precaution was required. CxrsSPoots are pits dug in the earth, usually lined with loose 
rubble walls, into which water carrying fecal matter from a single house or small group 
of houses is discharged. ‘They are of two types, (1) without overflows, where all liquid 
matters are absorbed by a pervious soil and from which solid matters only are removed 
at considerable intervals, and (2) with overflows thru which the liquids, or a portion of 
them, flow by a waste drain to a neighboring watercourse. 

The Purposes Served by Sewerage Systems are: (1) Removal of sewage, 
that is, liquid fecal and household matter. (2) Removal of trade wastes, 
that is, waste waters from manufacturing establishments. carrying organic 
or inorganic waste products which make, or tend to make, them objection- _- 
able. (3) Removal. of storm water. (4) Remoyal of ground water entering 
the sewers either intentionally to get rid of it or accidentally and unavoidably . 
because the sewers are not water-tight. (5) The removal of run-off from 
areas beyond the limits of those served but most conveniently carried thru the 
sewerage system. : 

A Combined System of Sewerage is one in which all purposes are 
served by a single set of sewers, so far as they are served at all, and especially 
where both storm water and sewerage are carried in the same channels. 


A Separate System of Sewerage is one in which it is the object to carry 
only sewage and ‘trade wastes in the sewers and from which ground water, 
storm water, and all other wastes are excluded as far as possible. Storm 
sewers, and often other drains or channels, are required for the separate 
remoyal of waters that would otherwise be troublesome. eee 


The Capacities of Sewers are fixt to carry off the greatest volumes of the 
respective liquids that it is proposed that they shall carry, taking into account 
the maximum rates of discharge from the various sources and the times 


-when the maximum rates are likely te occur. The VoLuME oF SEWAGE > 
“t ; 
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is closely connected with the volume of water supplied by the waterworks 
system. Some water is used in boilers, is evaporated from sprinkled lawns, 
and is used for other purposes not contributing to the volume of sewage. 
In general, however, the volume of sewage is nearly equal to the volume of 
water supply, The monthly, daily, and hourly fluctuations in the volume 
of sewage follow closely those in the volume of water supplied, as mentioned 
in Art. 17. For the purpose of design it will suffice to take the volume of 
sewage to be provided for as the average per capita consumption of water, 
with from 7o to 100 gallons per capita added to cover fluctuations. The 
VoLuME oF TRADE: Wastes yaries with industries and local conditions. 
Sometimes the trade wastes in a small city will exceed the volume of sewage. 
In such cases separate and independent disposition of the trade wastes is 
often better than taking them into the sewers. Where trade wastes are smaller 
in amount and of a polluting character they are generally best discharged 
into the sewers. 

The Amount of Ground Water entering sewers varies with the character 

~ of the soil, the natural level of the ground water with reference to the level 
at which: the sewers are laid, and the tightness of the sewers. If sewers 
were built entirely water-tight no ground water would enter them. It is not 
possible to build sewers water-tight. If effort is made to make them as tight 
as possible and they are below the ground-water level, then, within limits, 
the amount of leakage will depend upon the excellence of construction, and 

' will be proportional to the diameter and length of the sewer. If, on the other 
hand, the leakage into the sewers is great enough to seve for the entire removal 
of the ground’ water from the drainage area, then all that part of the rainfall 
not otherwise carried off and evaporated will ultimately find its way into 
the sewers as ground water. This proportion will be larger with sandy or 
gravelly soil and in a flat country, and will be smaller with clayey or imper- 
vious soils and with steep slopes. 

Where the tightness of the work controls, leakages of from 5000 to 50 coo gallons per 

‘mile per day may be reasonably anticipated in lateral sewers and larger amounts up to 
too coo gallons and more per mile of trunk sewer, even when every reasonable effort 
has been made to make them tight. 

Where the sewers are not especially tight, the average amount of ground water enter- 
ing the system thruout the year may range from one million gallons per day per square 
mile of drainage area, with very sandy soils, to almost nothing with steep slopes and 
clayey soils. ‘Two-thirds of the maximum amount, or approximately 1000 gallons per 
day per acre, may be taken as a roughly average amount. In the spring of the year the 
maximum rate of discharge of ground water may be expected to be two to four times 
the average rate for the whole year. Outside areas contribute their proportion of ground 
water as well as of surface water, and with a large area of higher ground adjoining the 
area sewered the amount of ground water may be very much larger than could have its 
origin in the area actually served by the sewers. 


26. Storm Flows 


The Volume of Storm Flows is one of the most important matters enter- 
ing into the design of sewerage systems. ‘The volume that must be carried 
depends upon (zx) the climate, that is, upon the rapidity with which rain 
sometimes falls; (2) upon the character of the soil, whether pervious or 
impervious; (3) upon whether a large part of the area is covered by build- 
ings, pavements, and roads, which are in general impervious and throw off 
water rapidly. and complefely; (4) upon the rapidity with which the water 
reaches the sewers, this in turn depending both upon the average slope of 
the ground and upon the completeness of the provisions made for carrying 
waters to the sewers; (5) upon the area tributary to a given point; and (6) upon 


t e 
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the shape of that area, short compact areas bringing the maximum rates of 
discharge from all points to the outlet nearly at the same time, while the 
maximum rates of discharge from the lower parts of long narrow areas have 
past before the water from the more remote portions reaches the same point. 


Empirical Formulas have usually been used for computing storm flows, 
altho these leave out of consideration elements known to be of importance, 
such as the shape of the area drained, the arrangement of the sewers, and 
the respective times required for flows from the several parts of the system 
to reach the outlet. Methods of calculation taking into account these ele- 
ments have been used by many engineers. McMath’s formula for determining 


maximum quantity-of rain water to be removed by a sewer is 0 =CRY/SA‘ 
jn which Q is the quantity in cubic feet per second; C is the proportion of 
rainfall that will reach the sewers, that is, it makes allowance for loss by 
evaporation, absorption, and retention; its value for any locality is a matter 
of judgment, taking into consideration the season at which the heaviest rain- 
fall occurs; the condition of the surfacc, paved or naked; the soil, porous 
or impenetrable; the kind of ground, whether urban or suburban, park or 
lawn; for St. Louis the proportion is three-fourths of the rainfall. Ris the 
number of cubic feet of water falling upon an acre of surface per second 
during the greatest intensity of rain, and practically it is the same as the rate 
of rainfall in inches per hour; for St. Louis R is taken as 2.75. Sis the mean 
surface grade in feet in a thousand. A is the area im acres. 

The surface slope S is taken by McMath for St. Louis at rs. No precise rule for 
determining the value of S has been given, and uncertainty of this determination is one 
of the most unsatisfactory matters connected with the use of this formula. Fortunately, 
considerable variation in S makes only a relatively small difference in the amount of dis- 
charge, so that a roughly approximate value of S is sufficient. 

The proportion C of water reaching the sewers has been frequently discussed. Per- 

_ haps as accurate results as any may be obtained by taking C=o.90 for all areas covered 
by roofs and impervious, or nearly impervious, pavings, and C =o.10 for naked areas of 
sandy or gravelly materials, and C=o0.20 for naked areas of clayey or but slightly per- 
vious materials. The areas for which sewers are commonly designed are partly naked 
and partly covered, and the coefficient for the combined area may be obtained by apply- 
ing these factors to the parts and adding them up for the total. 

WVicMath’s Formula is the one in most general use. The following tables 
enable approximate computations to be rapidly made. 


Values of crs in McMath’s Forthula to be Obtained as a Preliminary to 
Taking the Run-off from the Following Table by Use of the 
- Identification Letters 
R taken as 2-75 inches per hour in all cases. 


Percentage of- total ‘| 
area covered by . Steep Average Flat 
Jroofs and pavements Vv alue slopes, slopes, slopes, 
Sandy Clayey of C 58 per 1000}15 per 1000 
soil soil * " 
100 100 o.go | 5-s8=A | 4.25=B 3-24=C 
73 79 0.70 | 4.25=B | 3-24=-C 
53 46 0.50 | 3-24=C | 2-47=D 
37 28 0.40 2.47=D_ | 1.89=E 
25 15 0.30 | 1-89=E | 1.44-F 
16 5 0.23 1.44=F | 1.10=G 7 
0.18 1.10=G | 0.84=H 
0.14 | 0.84=H | 0.64=I 
o.10 | 0.64=I | 0.49=J 
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» Run-off in Cubic Feet per Second per bee camenppaaine to Data of 
: bsp Preceding Table 


To use the tables find in the first place the nearest percentages of area to be covered 
by roofs and impervious surfaces, under sandy soil or clayey soil as the case may be, 
and opposite this in the first table find a letter in the one of the four columns for steep: 
slopes, average slopes, flat s!opes and very flat slopes thai is selected to represent the 
conditions. With this letter go to the second: table, and follow under it to find a figure 
opposite the area most nearly equal to the area under consideration. This figure repre- 
sents the run-off in cubic feet per second per acre that is to be used, and this is to be multi- 
piied by the number of acres. The product is the quantity of storm water in cubic feet 
per second to be provided for in the sewer. ‘The result is only roughly approximate and 
is to be accepted with caution. 4 

At Baltimore Kenneth Allen used values between Aand B. Hering, Gray, and Stearns 
recommended) for Washington quantities approximating B. “McMath’s formula, as 
adopted by him for St. Louis, is slightly more than C. At Winnipeg with very flat 
slopes yalues are used approximating H. At Chicago with very flat slopes assumed to 
be 1 in 1000 for developed areas between 100 and ro 000 acres, figures approximating J 
are used, and for undeveloped suburban areas values approximating K. Fanning's 
figure for overflow weirs, based on New England experience, with generally sandy water- 
sheds of 640 acres and over, natural conditions, no buildings, is about G, Stony Brook 
Conduit, report of Francis, Clark and Herschel, for a generally flat and sandy water- 
shed of 8000 acres near Boston, with prospect of development, is on line F. Kuichling’s 
study of flood flows in the Mohawk Valley, natural conditions, 10 000 to 100 000 acres, 
steep slopes, generally impervious material, gives for “floods which occur occasionally, ”” 
about D; and for “floods which occur rarely” between B and C. ; 

Local Data. McMath’s method of analyzing local data was to note 
every case where a sewer proved inadequate, to compute the drainage area 
tributary to the sewer at that point and the carrying capacity of the sewer, 
and to plot these two figures ona large diagram. After a considerable num- 
ber of such points had been plotted, a line was drawn on the diagram repre- 
senting sewer capacity enough to go above all the points. The line so found 
corresponds to the McMath formula as deduced for St. Louis. The same 
procedure can be carried out for any other city and is one of the best ways 
of getting a basis for local design. 


~A More Rapid Method of finding indications of local data may be adopted 
where time does not permit carrying out the above program. Make a tabu- 
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lation of the drainage areas of all sewers; the sizes of sewers at outlets; their 
controlling slopes, which controlling slopes represent the slope between 
points in the top of the sewer some distance apart and near the outlet, and where 
that slope is least, ahd frequently and usually less than the actual physical 
slope of the lower end of the-sewer. The discharging capacity of the sewer 
in cubic feet per second is then calctilated and the capatity in cubic feet per 
second per dcré of drainage area. The character of the soil, the general 
steepness of the slopes, and the percentage of the area covered by roofs, 
streets, and other impervious surfaces should also be estimated as closely 
as possible and tabulated, Special inquiry should be made as to whether 
each of the sewers has proved sufficient or insufficient. The McMath formula 
may then be solved backwatd, the value of C that.can be met by existing 
conditions being obtained for each sewer, or more simply, the letters in the 
second part of the above table may be found corresponding most nearly te 
those conditions. Comparing the results so found with the observed suffi- 
ciency or insufficiency of the sewers’ im the. different cases; an itdication will 
be obtained of the value of the coefficients or of the line of figures in the second 
part of the table that will give satisfactory results. 

Storms of extreme intensity occur only at very rare intervals. The sewerage system 
may be designed for a certain rate of discharge and its capacity may not be overtaxed 
for twenty years. A rain may then occur more severe than any previous ones and the 
capacity of the system will be overtaxed and trouble caused. In laying out a’ system the 
probable amount of damage caused by overflows in such extreme storms at Jong inter- 
vals must be taken into account, and more liberal allowances made in closely built up 
sections where fhe resulting damage would be very large; while im outlying districts 
where overflows would find and flow thru natural channels with but little damage; less 
liberal allowances may be made. 

Run-offs from Outside Areas, where such areas exist, must always be 
taken into account in designing sewerage systems. This is one of the most 
troublesome features of design, Itoften involves designing works to provide 
drainage for districts entirely outside of the municipality building the sewers. 
Failure to so provide results in inundation of the sewered area sooner or 
later at times of extreme rainfall. 

Some of the best American discussions on the amount of storm water to be removed 
by sewers ate in Trans. Am. Soc. C. E,: R. Hering, vol. 10, p. 361;.R. E. McMath, ‘vol. 16; 
p- 149; EB. Kuichling, vol: 20, p. ry R. L. Hoxie, vol. 25, p. 70; C. E. Gregory, vol. 58, ps 4583 
C. E. Grunsky, vol. 65, p. 294. 


27. Sizes and Grades of Sewers 


The Capacity of Combined Sewers is controlled substantially by the allow- 
ances made for storm water, the amount of such flows being greater than the 
amounts of sewage and of ground water to be ordinarily removed, For 
Separate sewers the capacity is based on the estimated amount of sewage 
plus the estimated amount of ground water. 


Future Growth to/a reasonable extent is always anticipated im sewer design. 
The additional cost. of building a sewer larger to provide for increased 
population is less in proportion than the corresponding increase in the cost 
of a larger water pipe: Sewers aré laid deeper than water pipes, and the - 
expense and inconvenience of taking them up are greater. Therefore in 
designing sewers it is good business to! anticipate growth to a greater extent 
than in designing waterworks. ie ie 

Im designing ‘separate sewers, especially with laterals’ and small trunk sewers, it is 
well to assume the greatest population to be reasonably anticipated ultimately im the areas 
that are served. This ultimate population may be estimated by, experience with other 
_ €ities in similar country with similar population. Populations of 3o to 70 per acre may 
be assuthed for suburban and outlying areas, and from yoo to 300 per acré for tae 
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built up down- aie districts, but no fixt rules can be given. In designing combined 
Sewers a great increase in buildings and in the extension of paved areas should be assumed. 

The Size of Sewers is computed by the ordinary hydraulic formulas, but 
owing to grease and other foreign matters carried, the walls ordinarily become 
roughened, the velocities are less, and the required sizes are somewhat greater 
than they would be for the same volume of clean water. A coefficient of 
discharge of roo in the Hazen and Williams formula may be generally used. 
Velocity head, that is, the head required to produce the velocity, must always 
be taken into account. 


The Elevation of a sewer, unless otherwise specified, always refers to the 
elevation of its inyert; that is, to the center of the bottom on the inside. The 
SLOPE of a sewer, for the purpose of calculating self-cleaning velocities, is the 
actual physical slope of the structure, or in general, the slope calculated by 
dividing the difference in elevation at two points by the distance between. The 
slope of a sewer, for the purpose of calculating capacity when running full, is 
the average slope at the top, and when the sewer increases in size between 
two points, the slope is the difference in elevation at the inverts at the two. 
points, less the increase in vertical diameter between those points, divided hy 
the horizontal distance, 

Old sewers built on irregular grades often have short) sections where the computed 
Carrying capacity is less than for sections above. Within certain limits sewers will 
act under pressure at such places, and the carrying capacity of the sewer as a whole will 
be represented by the average of a section of some length, and may be greater than 
computed for a short section of less than average capacity. 

Near Outlets sewers will carry more than computed by the usual formulas, 
because a drop in water level at the outlet increases the hydraulic slope for 
a certain distance back, and with it the velocity and wp to a certain point, the 
increase in velocity more than offsets the decrease in area. A part of the head 
is required to produce the extra velocity, and only the remainder is available 
for overcoming increased friction, but in short stretches with large sewers 
the gain may be considerable. 


Submerging the Outlets, due to high water in the stream into which dis- 
charge is made, reduces the capacity of the sewers. Sewers discharging to 
streams that have high flood levels with reference to the districts served are 
often submerged, and this condition is unavoidable. A sewer that’ has its 
outlet submerged frequently or for long intervals becomes filled with deposits 
and this condition is to be avoided as far as possible. 

Flushing consists in the artificial addition of water in large quantities, 
usually from the waterworks system at intervals, to temporarily increase the 
velocity and clean the sewers. Sewers with slopes great enough to produce 
self-cleaning velocities do not need to be flushed. Flushing is used especially in 
sewers that must be built with slopes so flat that they are not self-cleaning. 
Flushing may be done by putting temporary dams in the manholes, filling 
up a section of sewer and manholes above with water from a fire hydrant 
discharged thru a hose, and then quickly removing the dam and letting the 
water flow rapidly and flush the sewer below. 

Automatic Flush Tanks are masonry tanks built underground to which 
water is constantly allowed to flow from the water pipes, with automatic’ 
siphons that discharge their contents to the sewer whenever the tank becomes 
full. Automatic flush tanks usually waste a great deal of water, thereby 
increasing the required capacity of both the waterworks system and the 
sewerage system. They are difficult to regulate, and commonly discharge 
much more frequently than needed for flushing purposes. For this reason 


the other means of flushing are preferred. 
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A Gelf-cleaning Velocity is that velocity at which no permanent deposits 
will be formed. ‘There is no general rule for this. Heavy sand and silt will 
deposit at a higher velocity than finer materials. Two feet per second may 
be a self-cleaning velocity for a separate system, while three feet per second 
is commonly taken as the minimum for the combined system carrying street 
wash. ‘The slopes of sewers should as far as possible be made great enough 
<9 produce self-cleaning velocities which will prevent the formation of deposits. 


Minimum Slopes for self-cleaning must produce velocities to prevent ? 


-deposits when average or minimum quantities are flowing, and the slopes 
must therefore be steeper than would serve to produce self-cleaning ve.ocities 
when running full. Generally with the following slopes flushing will net be 


needed: 6-inch sewer, 10 per thousand; 8-inch, 7; 10-inch, 5; r2-inch, 4; 


rs-inch, 3; 21-inch, 2; and 36-inch, 1 per thousand. The accuracy with which 
lines and grades are maintained in laying and the smoothness of finish of the 
interior surface materially influence the minimum slope that will suffice. 


Pills are balls of wood a little smaller in diameter than circular sewers, 
-that are put in at one manhole and allowed to go thru the sewer to the next 
manhole. Water accumulates behind the pill until sufficient pressure is 
developed to drive it forward. As the pill tends to float, most of the water 
discharges underneath and scours out deposits on the bottom of the sewer, 
thereby cleaning it. Other more elaborate methods of cleaning are used in 
large sewers with flat grades. : 


Flat Grades are necessary in many cases where the slope of the ground 
is slight. In such cases the largest possible grade should be secured, and the 
work of cleaning and removing such deposits as are unavoidable should then 
be systematized and made as simple as possible. Pumping must’ be used to 
increase the flow where sewage is carried for long distances-in flat country, 
as, for example, to a remote tidal outfall. 


28. Materials and Shapes of Sewers 


Vitrified Tile Pipe is the commonest material for sewers 24 inches in 
diameter and under. It is also used occasionally for sewers up to 36 inches 
jn diameter. ‘The pipe is made in lengths 24, 30, and 36 inches, with bell 
joints which in laying are filled with jute gaskets and cement mortar. The 
diameters commonly used for sewers are 6, 8, 10, 12, 15, 78, 27, and 24 inches; 


also less commonly 27, 30, 33, and 36 inches. With pipe having a thickness _ 


equal to 42 of the diameter, but little trouble will be experienced from break- 
age in the deepest ordinary trenches. With especially strong pipe and with 
trenches that are not very deep. 

satisfactory results are sometimes 
obtained with pipe only as thick 
as Y% of its diameter. CEMENT 
PIPES are used to a considerable 
extent for sewers of small size. 


Brick Sewers (Fig. 12) laid 
in portland-cement mortar, the 
brick being especially. hard (“) 

_ burned, were formerly used for Fig. 12. Brick Sewers at Boston 
sewers of all sizes, and.a majority fiers 
of the old sewers now in use are of this construction. Brick sewers on 
slopes that produce velocities of more than from 7 to ro ft per second 
wear rapidly, especially on the bottom. Such velocities are produced in 
48-inch sewers by slopes of more than 6 per thousand and in 72-inch sewers 
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by slopes ot more than 4 per thousand. Inverts of vitrified paving brick or 
of concrete well mixt, of good cement and hard durable sand and. ballast, 
wear well under high velocities and probably are durable at any slope at which 
large sewers are required (Figs. 13 and 14). 


Steel Rods 


Planking. 


Fig. 13. Plain Concrete Sewer Fig. 14. Reinforced Concrete Sewer 


Concrete and Reinforced Concrete are generally both the best and the 
most economical materials for the construction of large sewers at the present 
time. These sewers are usually formed 
in place, but sometimes are made in 
sections in advance, the sections after- 
wards being laid in place (Fig. 15). 

Round Sewers are most commonly 
used for all sewers up to 24 inches in 
diameter, and very often for larger 
sewers. The round sewer is the most 
economical of material for a given carrying capacity. 

_Egg-shaped Sewers (Fig. 16) are small at the bottom and large at the top. 
The small bottom concentrates small flows, thereby giving greater depth, 


Fig. 15. Reinforced Concrete Pipe 


Brick Lining 


Fig. 16. Egg-shaped Sewer Fig. 17. Reinforced Concrete Horseshoe Sewer 


and increases the velocity and reduces the likelihood of deposit. The large . 
top gives increased carrying capacity for storm water. The advantage of 
egg-shaped sewers is that they are self-cleaning at lower slopes. Egg-shaped 
sewers are most conveniently rated and spoken of as of a size equivalent in _ 
_ area or carrying capacity, preferably the latter, to circular sewers. 
Horseshoe-shaped Sewers (Fig. 17) are often used in large sizes with ample 
slopes because cheap to build. The sewage with low flows is spread over a 
wide bottom, and velocities with small quantities are low and the slope for 
a self-cleaning velocity is greater. : 
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Wide Sewers ir proportion to their height are used where head room is 
desired, and especially where wide fluctuations between high and low water 
levels of the sewage in them are objectionable. 


Sewer Arches with walls following the lines of thrust and slightly arched 
bottoms are, after circular sewers, the most economical in material. Such 
sewers, with reasonable cover, can be built so that the cross-section of the 
concrete does not exceed from 0.75 to 0.90 of the clear area. With rein- 
forced concrete still lighter sections have been used. On bad foundations 
and in deep cuts larger sections are needed. Taylor and Thompson give the 
rule that the minimum thickness at the top in inches should equal the diam- 
eter in feet plus one. : 

A sewer with the smallest section of concrete is not always the cheapest, because the 
shapes reached by purely theoretical considerations are not cheap to build. By approxt 
mating the theoretical lines, but simplifying them, the forms can be cheapened and the 
work done for less money even tho more material is used. . 

Common types of sewers are shown above. Fig. 12 shows two brick forms used ir 
Boston, Fig. 13 a plain concrete sewer with brick lining used in Baltimore, Fig. 14 < 
reinforced concrete type used in Brooklyn, Fig: 15 one section of a reinforced concret 


pipe, Fig. 16 an egg-shaped section, and Fig. 17 a reinforced concrete horseshoe forn 
which has been used in St. Louis. 


29. Sewer Appurtenances 


Siphons are pipes or conduits under pressure connecting sections of sewers 
They are used to carry sewers under rivers, across valleys, and in other place: 
where the continuous grade cannot be maintained. Siphons have ordinaril; 
smaller areas than the sewers with which they are connected, so as to increas 
the velocity in them and diminish the tendency to form deposits. At the sam 
time, some extra slope or head must be allowed for siphons, both to giv 
the added velocity and to overcome resistance due to partial silting up of th 
channels. . 

Siphons serving large sewers in which the flow is very variable are best made of twi 
or triplicate pipe lines. Low flows then pass thru one line of pipe, the other lines bein 
brought into service automatically for the flood flows. Siphons should be so designe 
that the maximum velocities thru them will be sufficient to scour out even considerab! 
deposits of sand. Maximum velocities can sometimes be provided artificially by flushin 
when they would not occur otherwise. Siphons of considerable length and drop ai 
best made of cast-iron or steel pipe. Small siphons with but little drop may be mac 
of tile pipe, and large siphons ‘with but little drop of reinforced concrete. 

Manholes are masonry structures reaching from the channel of a sewer 1 
surface of the ground, closed at the top with a cast-iron frame and cover, an 


- affording access to the sewer for inspection, cleaning and repair. Manholes ar 


usually placed at allstreet intersections, and frequently at intermediate point 
with small'sewers. Manholes are provided in larger sewers wherever latera 
enter, and in general not more than three to five hundred feet apart. If th 
sewer is large enough so that it can be inspected by passing thru on the insic 
readily, there is less necessity for frequent manholes. 

‘Inlets for Storm Water are provided for combined sewers or storm drain 
on each of the four corners at street intersections, and in the middle of lor 
blocks. Rain water is cartied to these points by the gutters. 

Catch Basins are masonry pits built in connection with, and frequent 
directly under, the inlets, thru which the storm water flows, and in which tl 
coarser mineral matters from the street wash are deposited. Catch basi! 
fequire to be cleaned at intervals. They should be used on all sewers exce 
those having very steep slopes and where the discharge of coarse-grain 
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mineral matter at the outfall is not objectionable. ‘The idea of the .catch 
basin is that it is easier and cheaper to remove heavy matter collected from it 
.than from the bottoms of the sewers. 


Outlets are the ends of sewers, where the sewage is discharged into 
streams or other bodies of water. Outlets for small sewers are most. con- 
veniently made of cast-iron pipe of sufficient length to be well anchored into 
the bank. Larger sewers have outlets of masonry built on stable foundations, 
and sufficiently massive to resist the action of ice and logs or other mena 
carried by floods. 

Sewer outlets are best placed so as to discharge directly to the thread of the stream, 
zo that the sewage will always mix directly with flowing water. With streams having 
great range in flow and elevation it is often impractical to carry the main outlet to such 
a point of discharge. In such cases a cast-iron pipe sufficient to carry the low-water 
flows may be laid under the bed of the stream, reaching the main channel, the pipe being 
connected with the bottom of the sewer back of a low dam. ‘The low flows will then pass 
thru the pipe, while storm and other large flows will overtop the dam and find their 
way directly to the river. 

‘In very cold climates, cold air enters the sewer outlets, chilling the sewers and their 
onnections to an objectionable extent. In some cases sewer outlets are filled with straw 
in winter to protect them from extreme cold. This is. safe because any flood requiring 
the capacity will force out the straw, making a channel for itself. F 

Where size is increased the axis of the sewer may be continued thru such increase, or 
the bottoms may be brought flush, an offset being made at the top, or the tops may be 
brought flush, the offset being made at the bottom. Where the slope is not steep it is 
always best to bring the bottoms flush, because this gives the greatest velocity for self- 


Intercepting Sewers do not carry storm flows. They are often much 
{onger than lateral and trunk sewers, and are most frequently built after 
other parts of the sewer system and to correct defects, and especially to change 
the point of discharge or to allow other disposition of sewage to be made. 
The areas involved are often large, and it would be so difficult as to be almost 
impossible to build intercepting sewers large enough to carry all sewage 
and storm flows to the new point of discharge. It usually suffices to take 
to that point the dry-weather or ordinary flows, and to allow the storm flows 
with the sewage mixt with them to continue for the most part to discharge 
as formerly. 

The Capacity of Intercepting Sewers is computed as if for the Separate 
system, even tho combined sewers are used ina whole or a part of the area 
tributary to them. For example, the intercepting sewer is made sufficiently 
large to carry too gallons of actual sewage per capita daily, 100 gallons per * 
capita daily in addition, representing fluctuations in rate of flow, and further 
00 gallons per capita daily, representing ground water entering the system, and 
all other waters, making a total capacity of 300 gallons per capita daily, reckoned 
on the population to be ultimately provided for in the area under consideration. 
With an intercepting sewer so designed all of the sewage can be carried except 
when there are considerable quantities of storm water or melting snow. 


Storm Overflows are structures built at the connections of the trunk 
sewers and the intercepting sewer, arranged so that the low water flows will 
be diverted to the intercepting sewer, and so that storm flows in excess of the 
capacity of the intercepting sewer will automatically go thru their old channels. 

Storm overflows usually consist of long weirs with their crests a little way above the 
hottom of the trunk sewer. arranged so that the water that does not pass over the weir 
goes to the intercepting sewer. With this arrangement the storm overflow will not 

_ ordinarily operate until the full contribution has been diverted to the intercepting sewer 
and until that sewer is running full. 


. 
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Automatic Valves operated by floats have been sometimes installed so that 
when the intercepting sewer becomes filled the connection with the trunk 
sewer is shut and no more sewage goes to the interceptor until the level in it © 
falls. Such devices allow the entire flows during storms to go as before. 


Pumping Stations are oftennecessary jn connection withintercepting sewers. 
This happens where the natural slope of the valley is not sufficient to give 
the requisite fall to the sewer. In such cases the economical slope of the in-~ 
tercepting sewer must be carefully considered. A steep slope means cheaper 
sewer construction and more expense for pumping, while a flatter slope means 
a larger sewer and less expense for pumping. If the intercepting sewer is 
very long it may be cheaper to install two or more pumping stations along its 
length, as this keeps the flow line near the surface of the ground and the 
sewer does not have to be built so deep, the cost of construction being thus 
reduced. Pumping at two stations is more expensive than pumping at one 
station, so that this procedure must be followed with caution. : 


Storm Sewers as distinguished from sewers carrying fecal matters are used 
separately in connection with sewers on the separate system. The princi- 
ples covering their design are substantially the same as those covering the 
design of sewers on the combined system, except that with their use it is 
-generally possible to utilize gutters to carry the storm flows for greater dis- 
tances and therefore to omit the storm sewers in side streets to a considerable 
extent, using the gutters as part of the system. The total mileage of ay 


- system of storm sewers will be materially less than the mileage of a system 


of sanitary sewers. Storm sewers may also be often built at a higher level and 
so at less cost. 

Where the system of storm sewers is installed it is often possible to utilize natural 
valleys in their natural condition, or with paying and other improvements to carry storm. 
flows. This can often be done for less money than it costs to build entirely artificial 
channels. Valleys used for this purpose are best owned by the city for a width sufficient 
to give capacity for the greatest flood flows. Ordinary flood flows are very much less 
than the extremé flood flows, and the sides of the valleys, overflowed but seldom, may be 
parked and may be made attractive features of the plan. The fact that such areas are 
overflowed at long intervals in exceptional storms does not detract materially from their 
usefulness in other ways. It is difficult to apply this system toold Cities already developed 
along other lines, but where additions are being developed and laid out it is usually possible 
to apply it. 


30. «Maintenance and Operation 


. Use of Combined and Separate Systems. Most of the older cities were 
sewered on the combined system. In the last decades there has been a great 

_ increase in the use of the separate system. The combined system is more 
economical in cities compactly built up and near points of discharge where 
no question is raised as to the discharge at the outlet of all that comes in the 
sewers from whatever source. The separate system is to be preferred. in 
most cases where the sewage has to be treated before discharge, or where 
jt has to be carried for any considerable distance to an acceptable point of 
discharge, or where it has to be pumped. The advantage of the separate 
system in these cases lies in the great reduction in the yolume of sewage tc 
be carried, treated, or pumped. 


Sewerage systems are seldom laid out and built as units. A little is built by eacl 
successive administration, and the additions frequently represent the individual idea 
of those in charge at the time that the additions are made. For this reason, sewerag 
systems, especially old systems that have been long building, seldom represent a com 
prehensive plan. Portions of combined and ‘separate sewers are found in the sam 
system, and the greatest divergence in carrying capacities is found in different streets. ~ 
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_ The Problem Presented in Sewerage Design is sela,m to design a new 
ipestezas but rather to find out what already exists and how that can be best 
utilized in the development of the system to meet changed and changing 

’ needs and new conditions. Recorps should be kept of all sewers built, 
showing exact profiles, connections, cross-sections, materials, and all essential 
facts. When not so kept, changes and additions must be based upon surveys, 
often made at great expense and then inadequate because not revealing con- 
ditions that are covered up, but which could easily have been shown on proper 
record plans when. the sewers were built. 

_ Ventilation of Sewers. It was formerly supposed that various diseases 
were caused: by sewer gas, and the ventilation of sewers was studied from 
this standpoint and with reference to preventing the air which had been 
in the sewers from finding its way where it might be breathed. Increased 
information has not supported these views. Diseases are carried rarely, if at 

| all, by sewer gas, and there is less reason for apprehension than was formerly 

| supposed. Even the men working in sewers and cleaning them are not 
especially subject to disease. 

The ventilation of sewers, therefore, is primarily a question of «esthetics, and not of 
sanitation. Objectionable smells from sewers are occasionally experienced, especially 
where sewers are very flat, or where for any reason considerable deposits collect and 
decompose on their bottoms and sides. Such odors are most likely to occur in sewers on 
the combined system in long periods of dry weather when natural flushing is absent, or 
in very cold climates where, during the winter, all the precipitation is in solid form and 
does not contribute to the flushing of the sewers. 

Ventilation thru Manholes. The manhole covers are commonly perfo-. 
rated, and considerable ventilation takes place thru them. When the sewer 
system is otherwise nearly air-tight cold air will go down thru a certain number 
of manhole covers and up thru the others. If the sewers are dirty, bad- 
smelling, objectionable odors will be noticed by those passing over those man- 
holes in which there is an upward current. 

Special Ventilators have sometimes been built on the sides of streets, 
| carried to considerable elevations. Such a ventilator will act as a chimney. 
| ‘There will always be an upward flow of warm air thru it, and thruout a con- 
| siderable distance in the sewerage system all the flow of air thru other open- 

ings will be into the system, and consequently no odors will be observed in 
passing them. Such sewer ventilators have seldonr been used in America. 


Ventilation thru Soil Pipes. In most Continental and in many American 
Cities the soil pipes of houses are mainly relied on for sewer ventilation. 
When this is done the traps on the entrances from the houses to the sewers, 
universally used in England and in many American cities, are omitted. There» 
is then a flow of warm air from the sewer thru each house connection to the 
soil pipe and thru it to its end above the roof of the house. 

In cold climates special protection of the top of the soil pipes must be applied to pre- 
_ yent them from filling up with frost. This is best done by surrounding them with gat- 
yanized iron or other metallic structures, with suitable openings, which prevent the top’ 
of the soil pipe from becoming chilled. This method of making house connections 


| without traps and of ventilating the sewers thru them has been satisfactory wherever it 
has been used. 1 


A 31. Disposal of City Refuse 


ep City Refuse consists of various solid substances incapable of being carried 
by sewers. It includes ashes, garbage, rubbish, manure, etc. Most of it is 
collected by householders in cans and removed by the municipality in carts. 


4 This gives rise to three interrelated problems, household storage, transportation 
and disposal. The method selected for final disposal controls ae other two, 


maar 
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There are two principal systems, the mixt system and the separate system. 
With the mixt system the ashes, garbage and rubbish are stored and transported 
together and disposed of by incineration. This is the method common in Europe, 
With the separate system the three classes of refuse are kept apart, the ashes 
being used for filling low land, the rubbish being dumped or burned, and the 
garbage being fed to animals, reduced or otherwise disposed of. This requires 
separate household receptacles and separate transportation. 


Refuse Incineration consists of burning the mixt refuse of a city instead of 
disposing of them separately. There are two general types of destructors, 
(x) the mutual assistance type, having several grates and divided ash pits, 
the products of combustion commingling above, thus combining several furnaces 
into one; and (2) the separate-unit type. The minimum temperature of com- 
bustion. is about 1250° F.; maximum, seldom above 2000° F. The capacity 
of existing plants is about 1200 to 1500 pounds per day of mixt refuse per square 
foot of grate surface. One to two pounds of water are evaporated per pound 
of mixt refuse. The cost of the process is about $1.50 per ton of mixt refuse. 


Volume of Refuse in Pounds per Capita per Year, New York City 


Borough Ashes Garbage | Rubbish sineet 
sweepings 
Manhattan. - --- 1283 215 108 318 
Bronx. Fi 2 47 118 ae" 183 
Brooklyn. ..--- 483 143 84 174 
Queens - ------- 487 160 49 223 
Richmond. . -- - 546 244 33 4907 


Seasonal Variation in Volume of Refuse, in Percent of Monthly Average 
New York City 


Jan. | Feb. |Mar. | Apr. May |June| July | Aug.| Sep. | Oct. Nov. Dec 


Ashes: 
Richmond --| 124 | 125. | 149: | 127 118 | 86 | 7x | 67 | 66 | 67 | 93 | 120 
Manhattan 
and Bronx* | 127 | 140.| 144 | 105 86 | 77 7o | 73 | 43 | 83 |z0x | 22> 


Garbage: 
Richmond .-| 71 a1 B4 | 82 | 104 |127 |} 132 |145 | T41 88 79 80 
Manhattan ‘ 

and Bronx .| 59 | 56; 69 78 | 107, |123°|134 | 142 128 | 118 | 102 88 


Rubbish: z 
, | Richmond =| 75, “a5 92 93 | 120 }437 |142 |T2t | 112 “92 92 92 
Manhattan 
and Bronx .| 76 | 73.| 98 98 | 114,|116 |116 |116 | 102 | 102 96 | 83 


Street sweep- 
ings: 
| Richmond -. 120 73, | 83 107 | 49 | 92 92 93 |107 |128 |123 87 


* Includes street sweepings. 


Average Weight of Refuse, in Pounds per Cubic Yard, New York City 


Borough Ashes | Garbage | Rubbish Street. 
sweepings 


Manhattan and Bronx- 1086 I100 143 1016 


NR PS 975 1100 154 769 
se eeseds 1200 932) — lleae toe 1800. 
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_ Average Percentage of Constituents of Refuse a 


Hist : 5 British | 
— Water ‘caPoce Ash’ | Carbon | theritial 
TARE units} 
15 TO 50 25 
[Ashes a8 7 10 38 25 3790 
H New York City... 27 8 53 18 
Milwaukee Sorina BoP GOs) (APR SAREe 
Garbage New York City. - 4 2000 
et New Peter N. y. 
‘Rubbish as 
West New Brighton, N. Y. 


Washington. ire ea 
Cincinnati... ..... 
New York City. - 


Isweepings 


‘Street lke 


Manure Sate Ewa ee 


oo Percentage of aetn + Approximate average per pound of refuse. 


Garbage Reduction consists of separating from the garbage such sub- 
stances as glass, tin cans, etc., and submitting the garbage proper to a steam- 
cooking process, whereby certain by-products, such as grease, fertilizer, 
ammonia, etc., are recovered, Naphtha is sometimes used in the grease 
extraction. At Barren Island, N, Y., the garbage was cooked by steam for 
8 or 10 hours, at 310° F., pressure 66 to 65 lbs. At Buffalo, N. Y., the per- 
centage’ of grease amounts to 1 to 3% of the gatbage and the marketable tank- 
age is about 20%. 

The Cobwell method of garbage reduction avoids some of the disagreeable 
odors, It inyolves steam cooking and tankage drying. The gatbage is put 
into stearn jacketed extraction tanks and tréated with naphtha (or kerosene) 
and stirred mechanically. The garbage becomes dehydrated, naphtha and 
water going off together to a separator, and then the fats are dissolved in the 
solvent and recovered by distillation. The tankage, containing 8% moisture 
and yery little grease, is removed, dried, ground and sold as fertilizer, The 
naphtha is recovered and used again with but little loss: The largest plant 
of this type is at Staten Island. It has a nominal capacity of 2000 tons per day 
and is used for the disposal of the garbage of New York City. 


DISPOSAL OF SEWAGE 
32. Composition of Sewage 


‘The Constituents of Domestic Sewage are abotit the saiiie i all places, — 
but the quaiitities vary with the water supply, dict of the people, the use of soap, 
etc. The concentration varies according to the per capita consumption of 
water, ground-water leakage, and storm-water flow. ‘The admission of street 
wash and trade wastes materiully alters the character of sewage. The first 
washings of a street after a shower are sometimes as foul as domestic sewage, 
while the wastes from certain industries add materially to the mineral and 
organic constituents. The age of the sewage modifies its composition and its 
physical and biological character, The sewage of a separate system is usu- 
aly more uniform and more concentrated than that of a combined system. 


4 x 


——: a a : 


1266 Disposal of Sewage : Sect. 10 


Analysis of Sewage. The methods are practically the same as those for analyzing 
water. The standard methods are given in “Standard Methods for the Examination of 
Water and Sewage,” third edition, 1917, revised by committees of American Public Health 
Association, American Chemical Society, etc. The most important determinations are 
those of suspended matter, organic matter, fats and dissolved oxygen, but in many Cases 
determinations of iron, alkalinity, acidity, incrustants, chlorine, free carbonic acid, etc., 
are required, besides microscopical and bacteriological tests. Observations, of turbidity 
cannot be as well substituted for determinations of suspended matter) as in_the case 
of water analysis. The organic matter is best represented by determinations of total 
nitrogen and oxygen consumed. Analyses of single samples of sewage are of little value ~ 
from the standpoint of sewage purification. In order to obtain a fair idea of the average 
composition of sewage, samples should be collected in series and integrated so as to obtain 
an average sample, taking into account the time and the volume of flow. On account 
of the liability to rapid putrefaction it is necessary to have analyses of sewage made 
very soon after the sample is collected. > 

Per Capita Constituents of Sewage. In the absence of analyses of prop- 
erly collected samples the following estimates of the constituents of sewage 
may be used for the purpose of approximate calculation except where trade 
wastes play an important part. The effect of trade wastes on the character 
of the sewage is very great, and the figures given in the table for this class of 
sewage do not indicate the extreme conditions, but are taken as representing 
those which generally obtain. 


Constituents of Sewage in Grams per Capita Daily 


nT : ' 
Organic| Mineral Nitrogen as| Nitrogen) , 


feel eather Chlorine | Nitrogen albuminoid as free 
ammonia. | ammonia) 


Sewage matter ~] .jids 


Fecal matter .-.-| 7° 50 20 
Domestic sewage IIo 60 50 


Domestic sewage 
plus polluted 


ground water .- 170 7° 100 
Domestic sewage 

plus street wash 220 | 100 120 
Domestic sewage 220 | 100 120 

plus manufactur- to to to 

ing wastes .-.-- 500 200 300 


To change to parts. per million multiply these figures by 264 and divide 
by the volume of sewage in gallons per vapita per day. -To change to tons 
per year per 1000 population, divide by 2-5. : 

For average sewage the amount of suspended matter is about 100 grams 
per capita daily; fats, 20°grams;, bacteria, 300 billion per capita daily. 

Sewage, consisting of the water-carried wastes of a. city, is disposed of either by dilu- 
tion, that is, by discharge into a body of water without purification, or is first submitted 
to some form of purification. 


33. Disposal by Dilution 


‘Disposal by dilution consists in allowing sewage to flow into the water of 
streams, lakes, or harbors. ‘The dissolved oxygen in’ the water into which 
the sewage flows is depended upon to oxidize the organic matters in the sewage 
before they become objectionable. In order to be successful the sewage must 
be mixt within a short time with a sufficient body of water so that the oxygen 
in it will do its work. The supply of oxygen is increased by oxygen absorbed 
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from the atmosphere as the supply in the water is exhausted. The disposal 
of sewage by dilution is much the most. common method. A secondary 
source Of trouble from disposal by dilution in still water is the formation of 
deposits of sewage mud immediately about the sewer outlets. This difficulty 
is principally experienced in lakes and in mill ponds upon small streams and 
in the vicinity of docks where the sewer outfalls are not carried out to the 

_ pierheads. It is not likely to happen where there are considerable tidal 
currents, and in large streams flood flows usually remove such deposits before 
they accumulate to an objectionable extent. 


Pollution of Streams.’ The disposal of sewage by dilution in streams 

' tends to their pollution. The pollution of streams when it goes too far is 

objectionable: (1) In causing local nuisance; that is, by causing odors, 

scums, and deposits objectionable to ‘sight, and making* the watercourses 

and the lands near them less desirable as places of residence, business, or 

- pleasure. (2) In the pollution of public water supplies taken from the water- 
courses at points below. 

Purification of Sewage is generally undertaken solely to, prevent local 
nuisance and in those cases where the local, nuisance otherwise produced 
would be so detrimental to the public interest as to: warrant the expense’ of 
sewage purification. The conditions arising from local nuisance are not in 
general injurious to health, 


The purification of sewage to prevent the pollution of public water supply has been 
attempted only in exceptional cases by small towns and cities upon small catchment 
areas, as, for instance, some of the villages upon the catchment area of Boston’s water 
supply. In these cases the party profiting by the treatment has paid most or all of the 

To make the process effective it must be bacterially efficient and the treatment 
must apply to all storm-water flows. These two conditions make the application of 
sewage purification to cities on large rivers to preserve the purity of the streams for water- 
supply purposes practically out of the question in the present state of the art, and, in 
general, the purification of water supplies can be carried out more certainly and at less 
cost than corresponding results can be reached by purification of sewage. 

Natural Agencies of Purification. The method of disposal by dilution 
makes use of the following natural agencies: (1) The oxidation of organic 

| matter of all kinds by the oxygen in the water or by that’'taken from the 

atmosphere, either destroying the organic matters or changing them into 

stable inoffensive residues. (2) Sedimentation, removing suspended matters 

“wherever the flow is sluggish, thereby purifying the flowing water and forming 

deposits of sewage mud, which deposits, in rapid streams, will be flushed out 

at the next flood. (3) Bacterial changes, especially the death of pathogenic 

bacteria, which in temperate climates are unable to multiply in flowing waters. 
and which gradually disappear under the influence of sunlight, BES and 

the antagonism of other organisms. 


Pollution of Harbors. In the case of the disposal of sewage by dilution 
in harbors there are no questions of public water supplies to be considered, 
but, on the other hand, there is some danger of the contamination of oysters 
and other shellfish and from the use of the water for bathing. The problem 
is often complicated by tidal phenomena which influence the circulation of 
the water; by the greater specific gravity of salt water, which has an effect 
upon the dispersion of sewage in water, and by the fact that salt water holds 
less dissolved oxygen than fresh water. : 

Dissolved Oxygen in Water. The amount of oxygen dissolved in fresh water satu- 

"rated with air varies according to the temperature as given on p. 1268. The figures, 
which are in parts per million by weight, are for sea level, or, more strictly, for a baro- 
_ metric. pressure of 760 mm. 


‘E 


‘i Ae 
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Temp. C. | Oxygen Deduct 1% for 
each 270 ft of ele- 
vation above sea 
level. . For. sea 
water deduct 20% 
and for mixtures 
of fresh and sea 
water in direct 
proportion to the 
amount of sea 
water. 


Temp. C.| Oxygen | 


20, g-19 


OMY AMUAW HHO 


Dilution of Sewage Required to Prevent Nuisance. The following formula repre- 
sents the degree of dilution required to oxidize sewage and prevent nuisance: D =x)/s= 
fm lo, ia which ~ = the volume of water, $= the volume of sewage, 9 = the amount of 
dissolved oxygen in the water, m = the result of the “oxygen consumed’’ test, exprest 
in parts per million, and f =a factor depending upon the method used for determining 
the oxygen consumed, and which is approximately 4 for the five-minute test as made in 
this country, 6 for the two-minute test, 7 for the four-hour test as made in England, and 
12 for the fifteen-minute test as made in England. For example: the amount of “oxygen 
consumed,”? as shown by the five-minute test for an average city sewage, is 58 parts per 
million when the volume of sewage is 100 gallons per capita daily. If the amount of 
oxygen in the water is 10.14 parts per million, which corresponds to a fully saturated 
water at 18° C., then D=x/s=4 X58 /r0.44=23, that is, the dilution of the sewage Te- 
quired to prevent putrefaction is 23 times the volume of the sewage. This is further 
equal to 3.5 cu ft per second per tooo of population. : ‘ 

‘River waters carry less oxygen in summer, and therefore more dilution is required, 
Stream flows are ordinarily less in summer than jn winter, and in general pollution is 
greater in summer than at other seasons. The problem of local nuisance is mainly a 
summer problem which need only be discussed with reference to summer conditions. 

Flow Required for Dilution, The Chicago Drainage Canal was designed 
by Rudolph Hering to provide a flow of at least 3.33 cu ft per sec of water 
for the dilution of the sewage of each thousand: persons. X. H. Goodnough 
places the limits for Massachusetts conditions between 3-5 and 6 cu ft persec. 
Rafter used 4 cu ft per sec for certain New York conditions. No single 
figure can be applicable in all sewages, but the above figures, may be taken 
as reasonable for, those conditions in which no oppoytunity is offered: for 


absorption of oxygen from the atmosphere, as in sluggish, stagnant streams © 


or bodies of standing water. Where these conditions are favorable for the 


absorption of atmospheric oxygen, the required dilutions are less. Such 
conditions are found in rapidly flowing streams with many ripples and water- 
falls, and in bodies of standing water subject to strong waye action. : 

It would be possible to have a channel in which the velocity would prevent deposits, 
and in which falls would produce aeration, thru which sewage could be discharged con- 


tinuously without dilution, and ‘without the production of Jocal nuisance, until, if the. 


channel were long enough, the sewage became fully oxidized. This extreme condition: 
is not reached in practise, but some mountain streams approach it, and receive sewage 
without offense in quantities that would be intolerable in a sluggish stream. wt 


The application of dilution tatios is difficult because the flows of streams are constantly” 
changing. In a given! case the natural flow of the stream may be sufficient for dilution’ 
for, ten months in the year and inadequate for two months in the year, or the flow may: 


be sufficient for dilution at all times during an average year and may, fail to giye-suflicient 
dilution in a dry. year. In general the method is insufficient only when it fails to giye 


reasonably satisfactory results for some considerable length of time. : 
The required oxidation, for dilution is affected by the amount and character of the popu- 


lation on the banks of the stream below the outfall. If there is a large population to be. 
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affected, and if the water is used for boating and bathing, higher standards are properly 

' Tequired than where there is only a scattered rural population and no special use made 

of the water. In some cases there is no population below for some distance, and it may 

| be then questioned whether a nuisance exists. The amount of discomfort and damage 
| resulting from pollution should be taken on its merits on actual evidence in each case 
| where sewage purification is proposed, and the amount of damage to be prevented by 
such purification should be reasonably commensurate with the required expenditure in 
order to justify the works. 


34. Screening and Sedimentation 


The Processes involved in sewage purification may be classified as follows: 
(z) Preparatory Processes, including screens, roughing filters, detritus 
tanks, plain settling tanks, septic tanks, and chemical, precipitation ,tanks, 
(2) Purification Processes, including sub-surface irrigation, broad irriga- 
tion, intermittent filtration, contact beds, and sprinkling filters. (3) Finish- 
ing Processes for clarification are sedimentation and coarse filtration, while 
those for bacterial improvement are land treatment, sand filtration, mechans 
ical filtration, and disinfection. : 

Processes of sewage purification may be divided in another way into three 
classés, as follows: (1) Processes separating without destroying the objec. 
tionable matters, afterward disposing of them in a concentrated ,form by 
burning, burying, or otherwise. (2) Processes which have for their objec. 
the oxidation and destruction of the organic matters in sewage by oxygen 

| taken either from the air in the pores of filtering materials or contained in 
‘water with which sewage is mixt. (3) Processes- for killing objectionable 
organisms without otherwise purifying the sewage. The first class generally 
includes all the processes listed above as preparatory processes, and also, in 
the finishing processes, the final sedimentation, coarse filtration, and the dis- 
sal of sludge. The second class covers especially intermittent filtration, 
broad irrigation, sprinkling filters, and contact beds. 

The purification of sewage by any process is often attended by a certain amount of 

_ Buisance. For this reason it is customary to locate works. at distances of one-quarter 
| to one-half mile and farther if convenient from residential districts. 

Screening. Where sewage is to be pumped or purified it is usually screened 
‘thru a grating of iron bars or thru a coarse or fine wire cloth. The object 
of screening is to remove the larger substances that might injure pumps, 
clog filters, or appear as unsightly litter, Coarse screening plays but, little 
-part in the real purification of sewage, but fine screening is an important 
preliminary process. Where gratings are used the bars are usually flat bars, 
spaced 44 to 1 inch apart, cleaned either:by hand or by automatic cleansing 
devices. Screening has attained its greatest development in Germany. 

In Birmingham, England, the screens are.constructed as endless belts carried over two © 
cylinders and'operated by an undershot water wheel turned by the sewage. ‘The screen- 
ings fall into a trough, where a worm forces them into the:cart by which they are remoyeds 
Fine screens usually choke badly, but .in Reading, Pa., a revolving. cylindrical .screem is 
used and kept clean by jets of water playing upon it from the outside, The sewage passes 
thru the cylinder, which is inclined, and the screenings pass to one end and are carried 

I, upward by means of a bucket lift to a room where they are dried in a centrifugal drier. 
pebe. material screened from sewage are sometimes prest or dried and burned under _ 
a boil ifer, sometimes treated in a garbage crematory and sometimes buried in land. The 
etme, of ‘screenings varies with the nature of the sewage and fineness of the screens. ” 


Sey screening is attracting increasing attention. Screens may be ealled fine if the 
ar opening is less than about half an inch. Often the mesh is much finer than this. 
Reel na clog rapidly and for that reason they are movable instead of stationary 
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Quantity of Screened Sludge and of Water in Same © 


Cubic yards per | Percent 

City or town Screen million gallons of 
of sewage water 

Boston, Mass....- Tron bars 1 inch apart...----+--++-- oVKo) Hee SEACH SS 
Plainfield, N. J....| #4 inch clear spaces... .-- +++ -+++- °° 0.20 85 

Columbus, Ohio. ..| 2 screens of 0.5 and 0.375 inch mesh .| 0.17 (300lb) |..------ 
Reading, Pa.....- Wire cloth, 40 mesh per ach oo sot 0.75 to1.10 85 
Hamburg....----- Band screen, 0.6 inch clear openings. . 0.34 87 

Frankfort.....--- Wing screen, 0.4 inch clear openings.. ay MU SOs 
Strassburg.....--- Shovel vane, 0.1 inch clear openings. . 1.6 89 

Dresden.....-.--- Reinsch-Wurl, 0.08 inch clear open- 

| Benes <A AH Mie rierelnae eras eset 0.97 84 


and special arrangements are made for cleaning. The collected material is usually scraped 
off by a continuous process from a part of the screen as it slowly emerges from the sewage. 
There are at least six types of fine screens: (a) The BAND SCREEN, an endless flexible 

band of wire or links which pas- 
Main Drive ses over upper and lower rollers, 
Brush and which is inclined in the sew- 
{ age channel; (b) the Winc 
ScREEN, consisting of meshed 
vanes or paddles ona horizontal 
axis, and which in the lower’ 
positions, are. across the path 
of the sewage; (c) the SHOVEL- 
VANE ScREENS which differ from 
the preceding in having curved 
vanes; (d) the CYLINDRICAL 
ScrEEN, which revolves in an 
inclined position on an axis 
nearly parallel with the sewage 


Service Platform & 


as ares. gue 
Nee? 


High Water Line 


Fig. 18. General Arrangement of Reinsch-Wurl Screen RISeWy 
: - the cylinder, and the screen 


being kept clean by jets of water playing upon it from the outside, the screenings passing 
to one end of the cylinder and evacuated by means of a bucket lift; (e) the Drum SCREEN, 
a truncated cone of wire mesh or perforated plate, which rotates on a horizontal axis; 


(f) the Inctinep Disk ScrEEN, commonly known as the REINSCH-WuRL SCREEN, which . 


consists of a perforated disk surmounted by a truncated cone, which moves on an inclined 
axis. . 

The openings in the plate are slots commonly about 2 mm wide and 30 mm long, 
staggered in rows, 6 mm apart, but these dimensions vary. The plate is swept by 
prushes as it emerges from the sewage. This process forces some of the friable solid 

- matter through the screen, but leaves it in a finely divided state. 

Sedimentation is accomplished by -checking the velocity of the sewage in 
tanks so as to permit some of the suspended solids to settle to the bottom. 
The laws of sedimentation of suspended matter in water apply to sewage, 
put are modified because of the low specific gravity of the suspended organic 
matter and are further complicated: by the bacterial actions that occur in 
the liquid and in the accumulated sludge. Four forms of sedimentation are 
distinguished, namely, grit chambers, plain settling basins, septic tanks, and 
chemical precipitation. ba 

Grit Chambers, or detritus chambers, are small settling basins in which the 
sewage remains for only a brief interval, seldom more than an hour and usually 
not more than a few minutes, and where the velocity is coramonly between 
to and 30 inches a minute. Cleaning is required at frequent intervals. Grit. 


flow, the sewage flowing through ~ 


" so to 85 % in septic tanks. The figures 
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chambers remove especially sand, gravel, and other heavy mineral matters 
which would otherwise be troublesome in subsequent operations. 


Plain Settling Basins are large enough to retain the flow of sewage ‘rant I to 
t2 hours. Sludge is removed at frequent intervals in order to prevent too 
much bacterial action. The velocity of flow is commonly from o.1 to o. 5: inch 
per minute. Bacterial action is of minor importance. 

Dortmund Tanks (Fig 19) are deep settling tanks with conical bottoms, in which 
the sewage enters at the bottom and flows out at the top, and in which the studge 
accumulates at the bottom and is forced out 
thru a pipe leading from the bottom and ' Effiuent Outlet 
discharging below the elevation of the sur- : 
face thru the pressure of the liquid in the 
tank. They may be. used for any of the 
sedimentation processes,and are the cheapest 
tanks to operate because of the ease with 
which the sludge may be removed from them. 
_ Removal of Suspended Matter by 
Sedimentation depends upon the period 
of retention, the velocity of the liquid in 
the tank, the presence of baffles, the 
amount and character of the suspended 
matter, the frequency of cleaning, tem- 
perature, and bacterial action, and varies 
from 10 to 25 % ingrit chambers up to 


in the following table show the approx- 
imate percentages of removal for weak, : 
medium, and strong sewage, correspond- Fig. 19. Dortmund Tank 
ing to various periods of retention in 


‘well-designed tanks. 


Percentage of Suspended Matter Removed by Sedimentation 
Period, | Weak | Medium| Strong Rewarks 


Grit, or detritus, tanks 
Plain sedimentation 

Plain or septic sedimentation 
Septic sedimentation 


7 | Septic sedimentation 


' Trade Wastes in sewage modify the effect of sedimentation. The presence of iron’ 
tends to act as a coagulant, hastening sedimentation, while soap tends to retard it on 


' account of its colloidal character. 


Removal of Suspended Matter by Sedimentation 


Suspended matter in 
Period of parts per million 
sedimen- 
tation in 
hours 


Process Remarks 


Experiment Sta. 
Experiment Sta. 
‘Experiment Sta. 


Experiment Sta. 
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35. Septic Tanks and Chemical Precipitation 


Septic Tanks are settling tanks large enough to retain the flow of sewage 
for from 8 to 24 hours or longer, the sludge being allowed to remain for a 
long, period in order to give opportunity for bacterial action to occur. The 
velocity of flow varies from 0.1 to 0.3 Or more, jnches per minute. 

Hydrolytic Tanks are modified septic tanks in which the sludge is separated from the 
liquid and enters a compartment where septic action takes place, the liquid effluent being 
only partially septic. ; 

Action of Septic Tanks. The object of septic tanks is to retain the sewage 
and give time for bacterial action, so that the oxygen.in the sewage will be 
used up, permitting the growth of anaerobic bacteria, that, tend, to act upon 
solid organic matter and liquefy or gasify it, and thus reduce the amount of 
sludge in the tank. The process is spoken of as “digestion of the organic 
matter.” It is usually accompanied by the presence of a scum on the surface 
and by a continual rising and falling of sludge masses thru the liquid. The 

- amount of solid organic matter digested varies from 10 to 40 %, being greatest 
in strong, domestic sewage and least in the weak sewage containing trade 
wastes: The following figures illustrate the amount of digestion of solid 
organic matter in certain typical sewage works in England: Birmitigham, 
10 %; Manchester, 25 %; Exeter, 25 %; Sheffieid, 33 % The sispended matter 
in sewage consists approximately of one-third mineral matter not altérable 
in the septic tank, one-third drganic matter not Alterable and one-third Organic _ 
matter digested and destroyed or changed in character. Long-contintied _ 
septic action interferes with sedimentation in the septic tank. For example, 
in Huddersfield, England, the septic effluent at the beginning. of a run con= 
tained 66 parts per million of suspended matter and 233 parts after eleven 
months operation. 

Covers for Septic Tanks are of no material advantage so far as the action of the tank 
is concerned, but they serve to make them more sightly and less of a nuisance. Care 
must be takeh to avoid éxplosions under covers dtie to inflammable gases liberated by 
the septic action. The amount of gas is from 1 to 8 times ie volume of sewage. 


Removal of Suspended Matter in Septic Tanks 


Suspended matter in parts 
Period of per million 
Place sedimen” Remarks 
tation, Percent- 
hours | Tnfluent | Effluent} age 
removed z 

Columbus, Ohio- - - 8.0 209 82 61 Experiment Station 
Plainfield, N. J. --- 10.0 118 54 54 
Birmingham, Png- + Tole 484 138 72 
Exeter, Eng:-->=-- IT=5 372 325 66 : 
Boston, Mass. .-- - = 12:0 135 81 40 Experiment Station 
Leeds, Eng...---- 12.0 272 131 52 7 a 
Columbus, Ohio- - - 13-0 304 ror 67 
Reading, Pa ------ 15-0 165 42 45 
Manchester, Eng. - - 13-0 359° 108 69 
Columbus, Ohio). + 16.0 209 72 66 Experiment Station 
Columbus; Ohio - = 24.0 209 69 67 ~ bia 
Leeds, Eng;:-----+ 24.0 162 Aq ved § s 3," 
York, Eng. ------+ 26.0 212 53 81 
Guildford, Eng- - -- 36-7 42x | 159 62 
Accrington, Eng. -- 42.0 389 104 50 Semen 
Leeds, Eng...-----: 48.9 15S: < 42 ws : > 
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The Effluent from Septic Tanks is not more easily purified by subsequent 
processes than that of plain settling tanks. The odor from ithe effluent in 


| sprinkling filters or other purifying: devices may be somewhat) greater. The 


stupGer is drier and for that reason less in amount, and more easily and cheaply 
handled, and has less smell than sludge from’ either plain sedimentation or 
from chemical precipitation. The improved’ condition of the sludge is the 
chief reason for the use of septic tanks, ; : 

_ .Dwo-story Tanks, also called Imhoff or Emscher tanks, are tanks in which 
the septic action is confined chiefly to the sludge which settles into a lower sludge 
chamber ‘from an upper sedimen- 
tation chamber through which 
the sewage flows. ‘Fhe two 
chambers are separated by in- 
clined baffles so arranged that .- 
the sediment may pass down- 
wards altho the gases resulting 
from the septic action may not 
ascend to the upper’ chamber. 
Separate vents are provided for 
these gases. ~By the use of tanks 
of this type the sludge becomes ~ Chamber 
better digested, less offensive:and 
more compact, while the sewage 
flowing thru the upper tank does 
not become charged with the pro- 
ducts ‘of decomposition from the 
sludge, i 
' Two-story tanks are usually 

‘deep. They may’be'rectangular 
or circular. | 'The flow of sewage 
may be’ transverse or radial, i-e., 
from the center olitward. Several mae é , 
tanks may be: used in series. Proyision is made for drawing off the ripened 


Sludge Digestion 


Fig, 20. Lypical Grosersention of Imhoff Tank 


"sludge thru a sludge pipe without interfering with the flow of Sewage.. |The 


sludge contains from 87 to. 93% of water. If well. digested it is black, and 
smells like coal tar.. It dries readily.. The gas consists chiefly of methane, 
carbonic acid, nitrogen and hydrogen. The quality of gas. is greatly influenced 
by temperatures. The period of detention of the sewage varies from 1 to 3 
hours; the rate of flow from 20 to roo feet per hour. The slope of the baffle 
is from 1.2 to t.5'to 1.’ The slot is from 6 to 12 inches wide. - 


Chemical Precipitation is sedimentation hastened and increased by the 
use of chemicals. Lime, copperas (ferrous sulfate), and “alum (aluminum 
sulfate) are most commonly used and are applied either singly or in com- 
bination. The active coagulants are aluminum hydroxide and ferrous 
hydroxide, formed by the reactions of these chemicals. Frequently the 
sewage itself contains all the iron, necessary and lime only. has to, be added. 
The percentage of suspendedmatter removed by chemical precipitation 
“usually varies from 50 to 75% and in some instances reaches 85%. 


| Acid sewages require lime. Sulphuric acid is used when the ‘sewage is rich in fats, 


‘as, for example, in cities where wool’ wastes ate prominent. Alumino-ferric and ferro- 
_ Zone are crude forts of sulfate of alumina; commonly. used in, Europe. In England, 
_ where chemical precipitation is most common, the amount of alumino-ferric applied to 
' domestic sewages varies from 500 to 1500 pounds per million gallons, according to the 


13 
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strength of the sewage. Somewhat smaller amounts are sufficient if lime is used with 
the alumino-ferric: 

The sewage of London receives about 500 pounds of lime and 120 pounds of copperas 
per million gallons; Glasgow, 600 pounds of lime and 1000 pounds of copperas; Worcester, 
Mass., about 1000 pounds of lime and no copperas; Providence. R. L., about 600 pounds 
of lime and little or no copperas. Sewage at both Worcester and Providence carries an 
excess of copperas put in by pickling works of wire mills. 


In chemical precipitation tanks the flow is usually continuous, the capacity of the: 


tanks being equal to6 to 12 hours ‘dry-weather flow of sewage. Intermittent'sedimentation 
is sometimes used, the period of quiescence being about two hours. 

The amount of dry sludge produced by this process commonly varies from 1;to 3 tors 
per million gallons of sewage. In Worcester, Mass., in rg05 it was 1.65 tons. In Provi- 
dence, R.I., in 1903, it was 1.07 tons. In London in 1904 it was 2.30 toms. The 
percentage of water in the sludge commonly varies from go to 95%. In London and 
Glasgow the volume of wet sludge varies from 4o to 50 cu yds per mill galls of sewage. 

Chemical precipitation is sometimes the only method of purification used, as in London, 
Glasgow, and Dublin. In Cities where the sewage contains large amounts of trade wastes 
chemical precipitation is coming to be used as a preparatory process, the effluent from the 
chemical tanks being submitted to further purification. E 

The Amount of Sludge that collects in grit chambers in practise varies 
from o.t to 1.0 cubic yard of wet sludge per million gallons of sewage, in 
plain settling tanks from 1 to 4 cubic yards, and in septic tanks from 1 to 2 
cubic yards. In chemical precipitation tanks the volumes of sludge are much 


larger, being often 20 to 25 cubic yards per million gallons of sewage. The: 
weight of sludge per cubic yard is from 1750 to 1850 pounds, corresponding 4 


to specific gravities of 1.035 to 1.095. The percent of organic matter in dry 
sludge varies from 25 % to 5° %. "The percent of water varies with the period 
of sedimentation and the time that the sludge js, allowed to remain: in the 
tank. Freshly deposited sludge in plain settling tanks commonly contains 
90 % to 95 % of water, septic tank sludge, afterseveral. months, storage, 80 % 
to 85 %, sludge from chemical precipitation works, 90 %-to. 92 %- : 

Sludge Disposal. The methods of sludge disposal.may be classified as (1) Preliminary 
treatment: pressing, lagooning, air-drying, mixing with house refuse, centrifugal drying, 
and ‘recovery of fats. (2) Final disposal: use as manure, depositing at sea, shallow 
burial in the ground, spreading on Jand, and burning. 

Sludge Pressing is sometimes done in filter presses and the dry cake 
used for filling low ground or for fertilizer, The presses are operated by 
hydraulic power. To facilitate pressing lime is added. Sludge pressing 
is best adapted to the chemical precipitation process. Septic sludge is more 
difficult to press. The following data from Worcester, Mass., and Providence, 
R. L., are illustrative of sludge pressingin connection with the process of chemi- 


cal precipitation. Worcester Providence 


(1905) (1904) 
Wet sludge prest, cu yd per/mil gal.of sewage ------- 22.1 19-5 
Prest cake, cu yd per mil gal of sewage-----------"- 5-9. RS 
Prest cake, tons per mil gal of sewage----.-- a Cee) 5.08 
Percent of water in prest cake. ..-.------ eos a 67.6 73-5 
Dry solids in prest cake, Ib per mil gal of sewage ---- 3420 2700 
Lime used for precipitation, Ib per mil gal of sewage - 999 726 
Lime used for pressing, lb per mil gal of sewage ----- 265 137 


Cost of pressing, hauling and dumping sludge, per mil 
gal.of sewage----rerqe-sersttrrsty $6.33 * $3-43 T 
* Spread on land. + Dumped at sea. 


‘The manurial yalue of sewage’sludge is just about equal, pound by pound, to that of 
animal manure. , 15 Sele 


nob 
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“36. Intermittent Sand Filtration 


In this method sewage is applied intermittently to prepared beds of sand 
at such a rate that it quickly soaks away, leaving the bed bare for a number 
of hours or days between doses in order to facilitate aeration and give oppor- 
tunity for oxidation of organic matter. The sand or gravel constituting ‘the 
filtering material holds a considerable amount of water in its pores by capil- 
larity when thoroiy drained. “The amount of sewage furnished at one appli- 
‘cation is less than the amount so held by capillarity,. When the dose is applied 
it increases the amount of water in the filtering material temporarily, but the 
water previously held commences to flow out and the flow continues until 
as much old water has been displaced as new water has been added. The 
sewage is held by capillarity in the filtering material in contact with air. This 
air must change often, and the application of the doses tends to change it. 
Many organisms establish themselves on the grains of the filtering material, 
and these organisms facilitate the oxidation of the organic matters by the air 
and the change of nitrogenous organic matters to nitrates, called nitrification. 
This process results in destruction of the greater part of the organic matters. 
A regular circulation of air in the pores of the filter is essential to success, 
and is on the whole the most important) matter to be secured. 


An inadequate supply of air in the pores of the filter bed results in an 
imperfectly purified effluent. One of the first signs is the presence of ferrous 
iron which oxidizes and separates on exposure to the air. ‘This condition is 
at once detected by an experienced operator, and beds showing it should 
always be rested or treated. 

Some organic matters are especially stable and not readily oxidized. These accumu- 
late in the filtering material, especially near the surface. This accumulation jncreases 
the amount of water held by capillarity, and makes circulation of air thru the surface 
layer more difficult. For this reason the amount of sewage that can be applied after 
a few years’ use is less than with new material. If the amount of sewage that is applicd 
thru a term of years does not exceed the amount which can be handled continuously, 
then these more stable organic matters oxidize slowly, and after a while an equilibrium 
is reached beyond Which there is but little if any further accumulation. 

Two Rates of Filtration may be used in connection with a given filtering 

' material: (x) A higher rate which can be used successfully during a year or 
| two, until the surface layer has become partially clogged. (2) A lower rate 
which may be used thru a long term of years without the continued accumu- 
lation of objectionable quantities of organic matter. Generally the second 
or lower rate will control. Sometimes it is better business to scrape off the 
dirty sand and replace it with new sand for the sake of using the higher rate. 
Intermittent filtration is extensively used in New England, where favorable 
material is frequently found in place, requiring only grading and underdraining. 

The Rate of Application of sewage to the beds is usually from 50000 to 

| 150000 gallons per acre daily, the population served per acre being from 
| 300 to 1200. ‘The sewage is usually applied with no preliminary treatment 
| except the use of screens and grit chambers, but experiments have shown 
that with sedimentation higher rates of application may be used and the 
sewage of 1500 to 2000 persons per acre successfully handled. Th> filter 
area is divided into beds by means of earth embankments in which are placed 
the distributing pipes. Underdrains are used where required. In fine material 
they are sometimes laid 20 to 30 feet apart, in coarse material as much as 
1oo feet apart. Sand depth is from 3 to 6 or 8 feet.. The effective size of 
the material used’ for intermittent sand filters varies from 0.15 to 0.75 mm, 
- but the most favorable size is from 0.30 to o.s0. The nitrogen applied should 


ia 
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not exceed x to 2 grams per day for each square yard of filter area. Coarse 
sands can receive higher nitrogen loads than finer sands. 


The sewage is sometimes applied at one point in the bed and allowed to flow naturally 
over the surface. Sometimes it is distributed by means of wooden troughs or by channels 
and ditches controlled by hand gates worked by an attendant. The doses are applied 
at intervals of one-half day to three or four days, the beds meanwhile lying idle. Fine 
materials do best with large doses at Jong intervals; coarse materials require small doses 
at. short intervals. Crops are commonly grown. Corn does particularly well, and — 
does not interfere with purification. After repeated application the beds become clogged, | 
requiring raking, harrowing, plowing, and finally a removal of the surface scum. Just 
before winter the beds are plowed into ridges so that the ice may form above them and 
permit the distribution of sewage during cold weather in the channels beneath the ice. 


The Efficiency of intermittent sand filters js generally higher than that 
of any other process. Well-operated plants are capable of removing from 
95% to 98% of the suspended matter, 90 % to 95 7% of organic matter, and 
95 % to 98 % of bacteria. In practise, however, the efficiency is often less 
than these figures, as shown by the following table, taken from analyses made 
by the Massachusetts State Board of Health. 


Resiilts of Sewage Purification by Intermittent Filtration in Massachusetts. 
i Cities 


; Sewage] Oxygen consumed, Suspended 
Number of per acre parts per million matter, | 
City.or town in connected [daily in| parts per 
DEF persons'| | thou= Filter million.) 
years | acres| Der acre | sand Raw | mu- Percent | Raw 
gallons |SeW4Ze] “ot removed! sewage 
Andover...--]) 4 3.8 999 34 87 7 90 333 
Brockton. - - - 7 Zh 1160 Al 43 2 go “130 
SSACAE 4 23.5 426 33 12I 12 OT 255 
5 19-9 376 33 | 168 3 95 499 
12 prety 1390 12t 48 8 84 153 
3. | -----|--+------- 65 29 6 79 55 
i 2.4 8790 83 130 27 78 b top 4 
2 I1.9 890 98 50 48 i 
ae a TIz1 360 5r 24 3 
be Bed I 24.8 ‘690 67 19 4 
4 733 303 48 36 3 
4 3.6 223, 21 17 4 
4 ; 4.0 779 71 39 ai 


: Intermittent Sand Filtration of Sewage in Massachusetts 


Minimum Maximum Approximate 


S a average 

Péréent of population connected to sewers....2-.- 14 80 50° 
Population per sewer connection. . .2sisaitas dees 5 13 8 
Population per mile of sewersss.-- estes tas deer 160 934 445 
Population per acre of sand filter, basis of total pop- 

ulation... sceseseeesernsseesteseesssestet 580 2570 - 1090 
Population per acre of sand filter, basis of sewered 

population... --.22s2.e-ees erect esecec es 222 I 390 540 
Rate in gallons of sewage per acre daily..../.5... 20800 120800 63400 
Cost of laid per acre. .-.:..--4-- adhd S908 4 $23 $279 $100. 
Cost of filters per acté (approximate), ; ' : 

conditions very fayorable  ....+2-+++++-++ $. 500 $1 000 


conditions fayorable .-.-..+++--++s+2e2-7 7000 2 500 
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: ‘ 5) Minimum Maximum Approximate 
Cost of filters per acre (approximate) i average 


conditions unfavorable...........2-s.65- $4 000 

f conditions yety unfavorable .... "47000 

. all conditions Artal) cae as sc5 $2 715+ 

"pet TO0o persons connected - 10 300 3785 
Cost of disposal works pet 1000 pérgohs iconnieeted: 

UA VAGY DATES: bos isan bin eid - on we Sainipiels ow tle oe 3 452 I2 150 579° 
Cost of disposal works per 1000 persons connected, ~ 

pumping plants......... raed aes bet cant del il4aye 40 700 17 900 


The above data relate to 16 sewage-digposal plants in Massachusetts and are taken 


from the Annual Report of the State Board of Health for 1903. 


7. Disposal by Irrigation 

road Irrigation consists .n the application of sewage tolarid so that it may 
an as food for crops, the liquid being Spread eer th he surface by means of 
ditches ‘and other channels as in the ordinary irrigation of land. The sewage 
of Berlin, Germany, and of Paris, France, is purified by broad irrigation. 
The land used in both cases is sandy and is thoroly uhderdrained and the 
Process differs from intermittent filtration only in degree, thé rate of appli- 
cation being lower and more attention being paid to the crops. The purifi- 
cation obtained from 4 bacterial standpoint is miost complete, but the effluents 
Sometimes carry dissolved iron due to an inadequate supply of oxygen in some 
part of the filtering material, and growths of various organisms take place in 
the effluent channels. In 1903 the following rates were used! 

Paris Berlin 


Area actually under irrigation In ACreS....cersseccepeceres 13100 17500 
Ayeragé daily quantity of sewage applied per tere gallons. se 12300 ©3530 
‘Number of persons served by each acre... ec... cee. eects 207 112 
Stee ae Pe Capita dally ole dl. desl edt sbid 59 32 


| The sewagé farms are attractive, and several villages stand «pon. them. “There is 

some odor at times, but the health of those living in the neighborhood and working on 
the farms is not injuriously affected. Crops raised on the Berlin farms more than } pay 
the expenses of operation, not inc} luding the cost of pumping the sewage, but are not 
enough to pay interest on the investment. In arid ¢ or semi-arid climates broad Sere 
may become profitable. ; 
’ Irtigation his often been sed with clayey or othef impetvious soils, espa 
cially in England. The amount of water that can be absorbed and filtered 
§§ much léss and the area required: cotrespondingly “greater: Clayey Soil 
will hot absorb sewage in wet weather. In many works sewage is allowed to 
flow thru basins or simply over the neatly level surface of fields and flow 
away without having entered the soil at'all at wet times or even at all times. 
Suspended matters may be removed; and where the sewage flows in a, thin 
layer thru a field of growing grass considerable purification may result; The 
suspended matters are retained on the surface of he soil and are ultimately 
absorbed or plowed in. 

Broad irrigation is especially adapted to treating sewage where purification i is only re- 
quired is in dry, hot weather, At such times almost any land is benefited by a moderate ap- 
piication of sewage, and this is frequently the time when sewage purification i is required 
to prevent local nuisance. With many streams it may be the only time that sewage treat- 
ment,is needed. Considered in this way broad irrigation may be moré attractive than 
when the purification of Sewage thruout the year, wet and dry, hot and col@, is required. 

Sub-surface Irrigation. The sewage is discharged thrd 3 or 4 inch tile 
pipes laid i in the ground ro to 18 inches deep, in rows 2.5 or 3 ft apart, In 
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sandy soils this method is extremely useful for small installations, as all 
nuisances are avoided, but it cannot be used with compact soils on account 
of clogging. Under favorable conditions the sewage of 150 to 250 people 
can be applied to one acre provided that it is first submitted to sedimentation 
in a septic tank or cesspool. The rate of application is commonly 1 to 2 
gal per linear ft, or from 20 000 to 30 000 gal per acre daily. ‘ 

An automatic siphon is used so that the sewage may be.applied rapidly for a short 
interval, after which there must be a considerable period of rest before another dose. 
The lines of pipe must further be divided into two or three sections to be used in rotation. 
A careful application of these principles is essential to success, as a slow, continuous 
flow of sewage cannot be successfully treated. 


38. Contact Beds 


Contact Filters consist of water-tight compartments filled with . porous 
material used for the purification of sewage in the following manner: the 
bed is slowly filled with sewage and allowed to remain full for a_ certain 
period, after which it is slowly emptied and allowed to remain empty for 
a longer period of rest. The applied sewage is usually first subjected to a 
preparatory treatment, either plain or septic sedimentation. The number of 
times a day that the bed is filled and emptied depends upon the volume 
and character of the sewage, the nature of the material in the tank, and 
other factors. In England it is common to employ three cycles a day, 
allowing one hour for filling, two hours for contact, one hour for emptying, 
and four hours for rest. The principal factor involved in this method of 
purification is sedimentation, but chemical and biological processes are also 
at work. During the period of contact the suspended matter of the sewage 
tends to settle on and adhere to the exposed surfaces of the material filling 
the bed. Some of this washes out when the bed is emptied, but much of it 
remains behind. While the bed is standing full anaerobic conditions, exist 
and septic action occurs. There is also an absorption of organic matter by 
the accumulated film. When the bed is being emptied air is drawn into it 
and in consequence of this there is a partial oxidation of the organic matter 
adhering to the material in the bed. While the: bed is resting aerobic con- 
ditions. prevail. The result is a partial removal of suspended matter and a 
slight amount of oxidation of the organic matter, the degree of purification 
depending upon the character of the) sewage and the opportunities permitted 
for sedimentation and oxidation. 


Single Contact Beds are sometimes used, but more often there are two 
sets of beds, the second receiving the effluent from the first. These are termed 
double’ contact -beds: Occasionally triple contact is used. As, between 
single contact:and: double contact, the total. area. being the same, there:is 
comparatively ‘little to choose, but it is generally believed, that it is more 
‘economical and:efficient to employ double contact. , : 


Materials for Contact Beds are broken stone, clinker, coke, slag, and broken 
brick. Broken stone has the advantage of permanence, but coke, clinker, 
and slag’ possess slight advantages’ from the standpoint of sedimentation, 
on account of their rough surfaces. The material used for primary beds is 
‘usually coarse, the particles often exceeding two or three inches in diameter, 
For the secondary beds the material is finer, a common size being from ¥% to 
‘1inch. For the tertiary beds, and sometimes for the secondary beds, material 
finer than % inch is used. The depth of the material in the contact beds 
_varies from 2% ft to 6 ft, and, usually there is 6 inches of very coarse material 
at the bottom to serve as drainage. With the depth between these limits 


Art. 38 ; .. Contact Beds . ; 1279 


_ the efficiency of the bed dépends more upon the Yohimmof material than upon 


its depth. The choice of size of material and depth depends, to a large extent, 
upon the allowed. rate of application and'the amount of suspended matter 


_ in the applied sewage and the admission of air. Beds of fine material are 


made shallower than those of coarse material in order to provide for air cir- 
culation. For sewages containing large amounts of suspended matter coarse 


| material is used’ and the rate of application reduced. For well-settled’ or 


dilute sewages, in which the amount of suspended matter is ve finer atone 
and higher rates may be used. 

‘Area. Tn order to obtain a’ sewage effluent that will not putrefy on rar 
ing; the amount’ of hitrogen applied.should not exceed 3.5 grams per sq yd 
for each vertical foot in depth. For ordinary. domestic,.sewage, therefore, 
contact beds should have about 1 acre foot for each 1000’ population connected 
with the sewers; that is, the population should not exceed-sooo per acre for a 
bed 5 feet deep, while the rates should be between 300 000 gallons and 800 000 
gallons per acre daily. 

Permanency. ‘The air space in a.newly constructed contact bed amounts 
to from 40 % to 50%... With continued use the deposition of'suspended matter 
and other causes reduce this pore space to from 20 to 30 percent and 
sometimes to even less. The factors that tend to reduce the average 
capacity of contact bed are: (1) Disintegration of the material; (2) Consoli- 
dation of the material; (3) Deposition of suspended matter; (4) Growth of 
organism; (5) Insufficient rest; (6) Insufficient drainage, etc. Fats, colloidal 
matter, and fibrous suspended matter tend to clog contact: beds. 

‘After periods variously estimated at from one to six or eight years primary contact 
beds must have their material removed and washt. Secondary-beds may run from four 
to ten or twelve years without washing, but ultimately they too become clogged. In esti- 
mating on the cost of this process of purification the item-of washing and removing the 
material is an important one. In 1906 data obtained in England showed that the cost 


of this varied from 25 to 75 cents per cubic yard. 


Rates for Double Contact Beds 
uot sth Report of Royal Commission on Sewage Disposal, 
+ Y f Frequency of wash- 
Suspended Gallons per acre daily for each foot of depth = = yes: rs 


matter, a : 
parts per Material Material 
million larger than between 
? 3inches | % and x inch| than %4 inch 


beds beds 


| 


300 to 500 | 525 000 11% to 2 4to6 
200 to, 300 | { 525 000 to .| 114 to 2 4 to 6 


- 100 fo 150 |i Cs ede bn 7to8 
40 to 7O 4to5 7to8 


10 to 40 6 to 8 12 to 15 


Automatic Control. An important detail of contact beds is usually: the 
arrangement for automatically diverting the flow of sewage from one bed to 


* another and of emptying a bed after it has remained full for its required period 


and filling it again at the proper time. In large works these operations are 
controlled by hand, but in smaller works they are controlled automatically 
by siphons, of which there ate many patterns. In cold climates these have 
to be protected | from freezing, and are usually located in small buildings. 
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Efficiency. Contact beds properly operated, and receiving sewage after 
plain or septic sedimentation, should remove from 85 to go percent of sus- 
pended matter, from 65 to 7o percent of organic matter, and from 80 to 85 
percent of bacteria. i! i 


89. Sprinkling Filters 


Sprinkling filters consist of beds, with or without: side: walls, filled: with 
porous material and thoroly underdrained with tiles or channels in the»con- . 
crete floor, the whole so arranged as to provide thoro a¢ration of both drains 
and filtering material... The sewage is applied at the surface, by means. of 
fixt or movable sprinklers, in such a manner that. it becomes well aerated 


Main drain into which’ Chamber % i 
lateral drains discharge dpteral pops 


SSL Ss ele LS = 
25 26°% 0 oe SOFS 


(Main Distributor 
Lateral Distributors 


= ‘alaluiulalela(slalolela\alatelslalalefaluiata 
ars CP ra PaO ITIP EDTEVITEDILLS SLTSSEAL LA. 


‘— Eleettiéally driven motor’ 
Fuaning on circular 
track — 


Sates Se a ee Ht | 
a aN w. 


Lz ZEXNRINNCY 


Fig. 21. Three Types of Sprinkling Filters 


before it enters the bed. It percolates. downward thru the material and 
flows oyt.of the underdrains. The fundamental idea of sprinkling filters 
is the greatest possible exposure of the sewage to the air with the oxidation 
of organic matters and nitrification, andthe construction of the filter, in such 
a way that no deposit of suspended matter in’ it is possible. If there is a 


deposit of suspended matter in the filter, the filter will become clogged, the air 


pendéd matter is removed by a final sedimentation or filtration, . Three 


{ ATT EOD 
‘The Material used ip sprinkling filters is crusht stone, coke, clink-r, slag, fe 
size it varies from particles 14 inch diameter to particles larger tha’ 3 in. Materi: 
from r to 2 in'is perliaps the most common. Coarse thaterial is used for deep beds where 


+t 


AG to So! x feet. a head utilized is from 3 to 6 feet. 
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the applied sewage contains larze quantities-of suspended matter. Finer material is 


used in shallower beds for the treatment of sewages that contain comparatively, little 


mantle: ‘Beds of coarse material are operated cODOMUDUaIY: When fine mate- 


Rates ‘ibe ws ating Filters in Gallons per Acre Daily 
on rs for Each Foot in Depth 


__ From sth Report of Royal Commission on 1 Sewage Disposal: 


The settled sewage is a 
spies ae Goarse Mediu Fine tater plied to sprinkling Sta By 

uiter,, material, material all f ral wb 
arts per tenes smaller means of spritiklers, rarely by 
mil mae Qpne a. clin than¥4 in | trough distribution. Sprink- 
Piet ds} HS lers may be‘ classified as fol- 
‘ 300) 437 500 -| lows: (1) Traveling, cither 
100, to | 200) : > Fiske: Mad S-atee: .| rotary operated by discharg- 
100 to 150. Sees ree eran 875 000 ing sewage or by power, or 
40x0 a i I 750 090 to| 1 312 500 to | x 312 500 to| rectilinfear,operated by power. 
Pap Mae 2 625 000 I 750 000 I 750000 (2)/Fixt, either upward dis- 
Hott th 40 { 2.625 000 to:}’ 2'625 000 to, |>2°625 ooo to cKarge or downward ~dis- 
LOG 3 aH 000° 3 500 000 3 500000 | charge, the flow for each being 


constant or intermittent. 
Fixt Spriatkiexe a are tie adapted to beds of coarsé material where the 

amount of suspended matter in the sewage is large and where the application 

is constant, Trayeling sprinklers are most useful where an intermittent 


' application of sewage is desirable; that is, where the material in the filters 


is fine and the amount of suspended matter in the sewage small. Rotary 
sprinklers, used with circular beds, consist of two horizontal arms of pipe, 
perforated. on, one)side, attached, to a central vertical shaft, The sewage 
dischargin; horizontally in opposite. directions in the two arms causes the 
apparatus t © rotate. With this apparatus the sewage is applied uniformly. 
over the bed i in intermittent doses, the frequency of which is equal to the 
speed of rotation of the arms. In beds of large diameter, thesrotating ‘amis 


are sometimes supported by wheels running on’ a circular track around’ the’ 


edge of the bed and operated by electrical power.” In’ the réctilinear? travélérs 
the perforated discharge pipe moves back and forth oyer the bed, being stip*! 
ported at either end 'by wheels running 
on tracks, and being operated by elec’ 
tric power. 


When fixt sprinkler nozzles are used the 
sewage-is distributed thru pipes laid either 
aboye the filter bed, as; in. Birmingham, 
England, or near the bottom of the bed, as 
in, Columbus, Ohio. In ‘the former the 
sprinkler nozzles are Screwed into the digs 
tribution pipes; in the latter they are pl laced 
at the ‘top ‘of vertical risers that extend up thru the bed from the distributing ‘pipes 
Various types of sprinkler nozzles are’in) use; the types: shown in Figsi:22 and 23\arer 
the Columbus nozzle and the ‘Taylor nozzle: .Phey, are both intended to'distribute the, 
sewage in the form of/a,circular jet, altho, certain forms of the Taylor baile are de- 
signed to. produce a square or hexagonal distribution. i. has 


To have the sewage applied uniformly over the surface of the bed itis deorh to 
vary the head on the nozzle, whichis done automatically by means ofa siphon which 
a es.an | intgepitts ent flow from the nozzle,or by.a controlling valve on the discharge pipe 

which case the flow may be continuous. ‘The sprinklers are spaced regulatly over 
ahe beds, either i in Tegulat rows or staggered. The distance apart of the sane bes. 


Fig. 22, "Columbus Nozzle. 


Bea 
: tf 
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In nozzles with downward discharge the sewage falls from av orifice in the bottom of 
the distributing pipe and drops on a sort of pan that causes it to fly off on all sides as spray. 
All kinds of sprinkler nozzles give 

[1 — spraying Cone more or less troublefrom clogging: 


Orifice -Underdrains. Sprinkling 
Six sided for filers require to be thoroly 


wrench . Gi : 
Brass Nozzle underdrained in order to pro- 


Zia} 


Spindle Locks 
with quarter 
turn 


C.I. Reducer. 


Ae of air. The underdrainage sys- 
tem sometime’ consists of half 
tile pipes laid in rows side by 
side and sometimes of circular 
channels covered with flat tiles 
-) inaconcrete bottom. Provision 
Ssoi) Fie should be made for flushing out 
iser . Fy 
>‘ or otherwise cleaning the under- 
drains. In large installations 
spaces are left between beds in 
order to permit cleaning of the 
underdrains which are likely to 
become clogged thru‘fungi. 


Area. The amount of sewage applied to sprinkling filters should be such 
that the nitrogen should not exceed six grams per square yard per day for each 
vertical foot in depth. For sewage, therefore, sprinkling filters should have 
about 0.5 acre foot for each thousand population connected with the sewer; 
that is, for sprinkling filters 5 feet deep the population should ‘not exceed 10 000 
per acre,with the rate of filtration from 0.5 to 1.3 million gallons per acre’ daily. 

Efficiency of Sprinkling Filters. . Well-operated sprinkling filters, receiv- 
ing sewage after plain or septic sedimentation, should remove from 85 to 
go percent of the suspended matter, 65 to 70: percent of organic matter, and 
90 to. 95 percent of bacteria, and yield an effluent, that is non-putrescible. 
If the filters are overdosed or the sewage not properly applied, the efficiency 
may be much less than the figures given. Sprinkling filters operate best where 
the.climate is warm, altho experience has shown that they may be operated 
under winter conditions with some loss of efficiency. 


Fig. 23. . Taylor Nozzle and Riser 


40. Activated Sludge Method 


y2'Pipe Thread vide ready, ingress and egress _ 


This is a method of treating sewage in tanks by blowing in comprest air 


at the bottom thru porous plates or perforated distributors, the object being 
to supply oxygen and, by air agitation, to cause the sludge to be brought into 
intimate contact with the sewage. Fundamentally it is a biological process. 


The “ripened.” sludge, sweeping, thru the water, accumulates bacteria, organic — 


matter and colloidal substances to such an extent that subsequent sedimentation 
results in a rapid precipitation of the suspended matter leaving a clear super 
natant liquid.’ The process may. be conducted ‘on the: fill and: draw: principle: 
or in continuous flow tanks. ‘In the former’ caseduplicate tanks are necessary; 
in the latter case the sewage leaving the air tanks’ carries out some sludge 
‘and must be past thru settling tanks, the sludge, or part of it, being returned 
to the air tanks. The process is still (1919) in the experimental stage.’ — : 

The air pressure used is about 0.5 Ib per*square inch in excess of the pressure. 
of the water over the air outlets: The tank depth varies from 8 to 15 feet. 
The quantity of air varies from 1.0 to 2.5 cubic feet, per, gallon of sewage. 
The resulting sludge contains about 98 to 99 percent of water, which makes 


“| 
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' . 

| difficult the problem of disposal.. To offset this high water content the sludge 

| is rich in fertilizing constituents... The treatment is capable of removing 98 

_ to 99 percent of bacteria from the sewage, the effluent being nearly clear and 

‘relatively stable. The cost of the process is not well known, as the engineering 
details remain to be worked out. It will probably be proven to be.an expensive 
method of treatment, but useful under favorable conditions. Being a biological 
method it-is subject to derangement, as such processes are influenced by extreme 
changes in temperature, by sudden changes in the composition of the sewage, 
by too much or'too little agitation, by the accumulation of unaérated sludge 
in the tanks. At the beginning of the process a certain time is required to ripen 


the sludge. : 
41. Results of Purification 


Finishing Processes. The effluent’ from sprinkling filters is not. clear but 
contains large quantities of suspended matter. This suspended matter is 
removed by sedimentation or by filtration thru coarse material such as broken 
stone, coke, slag, etc. The sludge obtained in this way is more stable and 
less objectionable that that from plain settling tanks or septic tanks. Altho 
the effluents from contact beds and sprinkling filters contain fewer bacteria than 
the applied sewage, they are not bacteriologically pure enough to improve 
materially the character of a stream from the standpoint of water supply. 

The Cost of sewage-purification works, exclusive of land and engineering 
expenses, was at Columbus, Ohio, in 1907-1909: Septic tanks with a capacity 
of 8020000 gallons cost $66 730, or $8320 per million gallons. -Sprinkling 
filters cost $240 400 for 10 acres, or $24 000 per acre. Settling basins with a 
capacity of 4 000 000 gallons cost $37 920, or $9480 per million gallons. 


* Results of Sewage Purification at Columbus, Ohio 
(Septic Tank, Sprinkling Filters, Final Settling Basins.) 


} i Suspended matter. Final eis 
ver- illi 
Flow es Fi Bex Parts per million effluent DOG. 
; in | in 
eee oe Pe 
pump’d| %° |gitra-| Set Dis- | rr 
: tanks,| tling solved | ,° 
in tion. 2 Is S d S 
Mth} saittion |A¥2-| mia |basin- fe | Fi | ging}! O8% | wen fs 
gallons} *8¢ | tion Aver-|Sera| "° | ter mE] gen. | WHED! serg tling 
pe- age | sage} tk | qy|basin} parts | efilu-| 9.5. | basin 
per - gal Se! omu- fau- Be) ou. 
d, | t: efflu- efflu ent efilu- 
day |TOd.| per | Pe ent per 
in rte riod; ent ent mil- |. WS ent 
hours tes in lion | PU 
d hours aS 
ay cible 


68 


Jan. | 11.8 | 13-0] 3-9 |. 8.0 | 304 | 105 | 81 | 50 4.6 2.7] 0.8 
We Beb.c) x52). 12.0.1" 3.911 5.01 “285 \} ira0 FE alo 8.0 52 | 0-9 | 0.5 
Bar eee. poses. at 28. | x98 87 | 47 39 9.7 4r 1.2) ||. O.8 
Apr. | 12.1 | 16.9.) 3:8 | 5.6 |) 209 78 | 59 | 26 6.2 41 1.6 | 0.7 
May |) 13:7 | 14-4] 4-0,| 3.4 | 200 978. | 118 | 24 7-6 80. | 232.) T50 
June} 13-4, }.10.6)-4.3,|--.--.|»274 49.) 56.2 <= eZ 20° [450 Tenses 
DY hezO20) 759.) 4.3 yl ac os. 115 ay Oe (sa 0.8 PaO) kemialoesas 
Aug. Bemerele 7-8 455. 5-Xs} 130 |o 55) 45 || "20 | O24 6 | 0.9 | 0.4 
Ave. | 12.8 | 11.8] 4.1 |] 4.9 | 208 | 81 | 75,] 37 Wak 35 | 2-8 | 0.6 
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Hygienic Efficiency of Intermittent Sand Filters, Sprinkling Filters, and 
Contact Beds — : 
From Review of Experiments on the Purification of Sewage at the Lawrence Experiment 
Station, by H. W. Clark and S. de M. Gage. rh 3 


ete Ayerage Average | i 
Filter Depth rate, number | ~ Average 
Huns! Peas in Material gallons’ | of bacteria |’ Dercent 

per | operated) feet per acre | percie: of bacteria 
daily: in effluent | 7° moved 
Intermittent sand filters : 
4 21 5 Sand. eff. size =0.04 22 800 220 99.88 | 
2 21 5 Sand, eff. size =0.08 35 100 490 99-97 
6 2E 334 | Sand, eff. size=0.35 55 400 Io 900 99-42 
I ai 5 Sand, eff. size =0.48 68 300 35 000 98.14 
Sprinkling filters i 
135 9 zo.5, | Broken stone.,------| 1 5%1 800, | Lor 000 93-77. 
158 6 5 Gravel, eff, size =5.1 405 000 | 242 100 go.40 , | 
248 5 8 Broken stone...----- 1 490 800 | 217 600 84-20 | 
233 5 3 (Ohi (> ARSE eneooaeS 1 018 600 | 305 100 78.10 
Contact beds 
103 Uh 5 GpkeOie ine == ae oi 679 200 | 158 300 82.10 
176 8 5 532 000 | 408 200 76.00 
251 5 2.5 614 200 | 616 200 34:50 


Disinfection of Sewage. The best known disinfectant for sewage or 
sewage effluents is’ calcium hypochlorite, commonly called chloride of lime 
or bleaching powder: Hypochlorite of sodium prepared by electrolysis: has 
substantially the same action. The best commercial grades of bleaching 
powders contain from 30% to 40% of available chlorine, cost (1910) $20 to 


$25 per ton, The chemical is applied in the form of a 1% to 5 % solution. 


The quantity required depends upon the nature of the sewage or sewage effluent 
to be disinfected and upon the efficiency requited. By using this chemical ir 
the following quantities from 95% to 99% of the bacteria may be destroyed. 


Quantity of Bleaching Powder (Calcium Hypochlorite) Required for Disinfection 


t Approximate| Approximate 
nee quantity of time of 
Kind of sewage chlorine nN | bjeaching contaet 
parts pet | powder, Ibs | required, 
" : million | per mill gals} _. hours 
Septic sewage...) -.-2-5t eee e seer tees to to 15 250 to 375 | 0:5 
Crude sewage... -. ate ih cick eieats = sOhaeieas 5 to 10 135 to 250 | 0.5 too.8 
Poor effluents from sprinkling filters or con- 
~ tact beds.i..-----eee eter eter ttt ct 3 tos 4s to 125 | 0.8 to 1.6 
Good effluents from sprinkling filters or con- 
_ tact beds... ---eepetentrerest iL rto3 | 25 to75_ 


| 1-6 to 5.9 


42, Sewage Disposal for Small Installations 


A cardinal principle in designing sewage disposal plants for small installation 
is to keep the liquids which contain soapy and fatty matters (sink wastes) apar 
from the water-closet. wastes. The latter can often be satisfactorily dispose 
of in cess-pools, if not too near a well. Ceéss-pools are unsafe in limestone cour 
tries. Soapy wastes are best disposed of upon the surface of the ground b 
soakage, by filtration thru sand or by application to an improvised tricklin 
filter made of broken stone, lathes piled cob-house fashion, or even brush. * 
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DAMS 
1. .Masonry Dams 


Foundations of high masonry dams should be only on rock, which should 
be stript and all loose or soft rock removed. The rock below if otherwise 
sound is made practically impervious by filling all crevices,.and if seamy, by 
excavating a cut-off trench near the upstream toe to be filled with good masonry. 
It should be thoroly washt and if smooth it is usually roughened by chipping 
or blasting a fresh surface. Drains may be laid on the bed rock down stream 
from the cut-off wall and led out to the downstream toe to care for slight seepage 
that might otherwise produce some uplift. 


Rubble Masonry. From the earliest times. to the beginning of the present 
century rubble has been most frequently used for masonry dams. ‘It is probably 
much better than the more expensive cut stone because of the better bond ob- 
tained. In the New Croton dam, one of the best examples of the rubble 
masonry type, the method of building was as follows. The derrick stones, lime- 
stone quarried near site, 15 to 5o cu ft in volume, were picked up by the derrick 
and while suspended, fins, sharp corners, and edges were sledged off, and the 
stones thoroly washt with a hose and then swung to place and lowered into a 
thick bed of mortar. Each stone was then picked up and examined for perfect 
bedding and at the same time spawls were packed into the mortar bed where 
it was thick enough. It was placed a second time and men with pinch bars 

worked it to a firm bed, being careful to move it only horizontally and not to 
rock it; sometimes the stone was removed and placed several times before the 
bedding was satisfactory. The vertical joints were then filled with hand 


rubble, consisting of spawls, well wetted and laid with soft mortar. On account | 


of the irregular shape of the derrick stones the vertical joints averaged about 
z2in in width. The cut stone facing was kept about one course above the rubble 
work, and shearing planes were prevented by allowing the hearting rubble to 
bond between the courses. ~The resulting proportions were: derrick stones 
50%, spawls 26% and mortar 24%. In the Wachusett the proportions of the 
granite rubble were: derrick ‘stones 54%, spawls 17%, and mortar 29%. 


Cyclopean Masonry is rubble in which concrete is used in the place of . 


‘mortar. Joints are correspondingly thicker. As portland cement became 
of better quality and cheaper, and skilled labor became dearer, cyclopean 


masonry began to replace rubble for masonry dams. In the case of several — 


dams built between 1900 and 1910, the general method of constructing cyclo- 
pean masonry was as follows: One bucket or more of soft concrete was dumped, 
making a bed, say 13% ft deep, on which large stones from 10 to 50 cu ft in 
volume were set by derrick as closely as their irregularities would’ permit. 
These settled into the bed; and’ were not usually picked up by the derrick 
again, as is the practise in bedding large rubble in mortar. Into the spaces 
between the derrick stones, averaging from 1 to 2 ft in width,.soft concrete 
was dumped and as many spawls as possible, from 34 to 1 cu ft in, volume 
were forced into it. Care was always taken to prevent the formation of 
shearing planes by keeping a large part of the derrick stones projecting above 
the general level to form a bond with future work. In Ashokan dams 25% 
and in Kensico dam 27% of the total mass was composed of derrick stones: 
Concrete Masonry. A variety of methods have been used in the con- 
struction of concrete dams. There are many advantages in the practise 
of building the dam in a series of detached piers, filling the intermediate 
spaces later. This is especially true with low, dams, where each pier may be 
built without stopping. In the McCalls Ferry dam, built by this method, 
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the concrete was mixt-wet, and contained stone graded from %% in to about 
5 in, and large derrick stones were put in as plums. The mixing plant was 
large, and very large quantities of masonry could be placed’ without stopping 
work, thus avoiding’ the dangers of a weak section between two days’ work. 
The largest day’s work was 2057 cu yds in 11 hours and the largest month’s 
work was 37000 cu yds. Where the body of concrete is large the practise 
of placing large stones, called plums, ‘in the concrete as it is being deposited 
has many-advantages. It is usually) specified that the plums shall not. be 
“over 15 to 25% of the whole volume, depending on the thickness of the walls 
and that they shall not touch one another. The Connellsville dam and others 
were built up in layers, depending on neat cement wash and plums to bond 
old layers with new. The San Mateo and the Pedlar River dams were built 
up of blocks containing 200 to 300,cu yds of concrete molded in place on the 
dam and so constructed as to dovetail with one another. This was also 
intended to reduce strains from the shrinkage of setting concrete: 


Temperature Cracks. It is observed that all straight dams and most 
curved dams in localities having considerable range of temperature have 
developed cracks which open in winter and close in summer. The question 
of temperature cracks has received much study, but the total knowledge 
derived is still meager. It seems to be fairly well established that tempera- 
ture cracks in large masses of masonry are widest at the surface, becoming 
gradually narrower with penetration; that in the latitude of New York they 
disappear from ro to 20 ft depth depending on exposure, character of masonry, 
and whether the masonry was laid in warm or cold weather, so that if the dam 
is less than 20 or 30 ft thick the cracks'extend thru. At: the New Croton dam 
liquid dye was run into cracks and later the surrounding masonry was removed. 
All cracks were found to have: the same general profile at their bottoms; as 
indicated in Fig. t. In general the cracks formed a ‘vertical plane located without 
regard to joints, passing, in some cases, thru headers within 
two or three inches of their edges. Thermophones were 
placed in the masonry of Boonton and Kensico dams as 
they were built and observations made for a ‘period of 
several years in each case. In the former many instru- 
ments became unreliable so that’ complete laws could not 
be deduced; in the latter the readings for nearly all po- 
sitions were maintained for a period of four years: It was 
observed that the temperature at any point began to rise 
as soon as the concrete was placed and rose various amounts 
depending on the temperatures of the air and foundations, 
‘the mass of the concrete, the rate of placing the masonty, 
the distance to the nearest expased face, the exposure of 
that face, and possibly upon the brand and content: of denlent used aid the 
wetness of the mix. The time required to reach the maximum temperature 
depended on the same factors. The time required for dissipation of the heat 
generated by the reactions of the cement and water depended primarily upon the 
distance from an exposed face, the exposute of that face and the temperature 
difference inside and outside the dam. 


The measurements at Boonton dam indicated the conclusion that a range of 
130° F. in the atmosphere reduces to a range of about.70° F. 2 to 4 ft below 
the surface of the masonry with a gradual but slower decrease of range with 
Greater depths, also a reduction i in range of 10° F. per 134 ft depth. 


The last measurements in Kensico dam made in 19f7 when the heat of setting 
practically had been dissipated, indicate that with a range in mean atmospheric 


> 
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temperature of 73° F. the range in temperature R in the masonry for depths in 
the masonry from to 40 ft may be approximately exprest by, the formula 
R= 48— 12.3 logy D where D = distance from nearer face; which face had a 
‘sunny exposure. Measurements were taken at. elevations where thickness of 
masonry ranged from 45 to 9a ft and where D was always equal to or less 
than 14 such thickness. : 

Expansion Joints. Contraction joints were provided in several dams recently 
constructed, notably in Ashokan and Kensico dams. Fig. 2 shows the’ joint 

f in Kensico dam. ABCD£is the trace 
of vertical planes of weak bond, made 
so by building first one side of precast 
concrete blocks, coating it with soft 
pitch, and later pouring the adjacent 
oa block against it. At B a sheet of cop- 

Fig. 2, Expansion Joint per !/i¢in thick was placed across: the 

a __joint with its two edges embedded in 

the concrete on either side in such a way, that it will be bent but not ruptured 
by, the movements of the; concrete. At Ashokan the joint is the same except 
that there is no copper strip, CD is an inspection well. ea 

Openings in Ashokan and Kensigo due to temperature changes haye for the 
most, part been confined to the joints provided. Leakage in the latter has been 
‘prevented, and in the former it has been slight, not more, than 3co gallons per 
minute at the maximum. 

Waterproofing and Drainage Galleries. Water-tightness in) dams. is 
desirable. because water in penetrating increases the stress and may reduce 
the strength of the masonry. To construct a nearly) vertical, wall, over a 
hundred) feet high perfectly’ water-tight is a matter’ of great difficulty. The 
method most comimonly depended upon is to make the water face of cut 
stone and point its joints very carefully with rich portland cement mortar, 
so that if the stone is impervious the leakage may be reduced and the down- 
stream face will be. practically dry. The following notes taken; from pub- 
lished comments give the extent)of leakage in some of the dams. treated in 
this manner. The Lake Cheesman dam. under a head of 212 ft, shows no 
sign of leakage and is entirely. free from the appearance of seepage. The 
‘Sodom/dam shows a few damp spots on humid days only. | The: Furens dam 
in France, under a head of 154 ft, showed only a few damp, spots. The Bear 
Valley dam, which for the greater part of its height is less than 8 ft thick, 
showed only sweating under a head of about so ft. There is a growing practise 
of providing a drainage system in the masonry a short distance from the up- 
stream face.’ In the Ashokan and Kensico dams there are drainage galleries 
5 ft by 7.5 ft, large enough for inspection, one near the top and the other near 
the base of the dam, connected by inclined drainage holes 16 in in, diameter. 
These drainage holes are formed in blocks of porous concrete 3 ft by 3 ft in 
plan set about 15) ft\ from the upstream face and 12 ft apart along the axis 
of the dam: The!water face of the Mouche dam was  given!3 coats of hot 
pitch and theniwhitewashed. The upstream face of the Urft dam was water- 
proofed with a plaster coat of cement 1 in thick, on which a coat of asphalt 
was applied; against this to hold it in place a 3-ft wall of masonry was built, 
backed, by an earth embankment, and drainage pipes were placed in the 
masonty downstream from the asphalt coating. The upstream face of the 
Sand River dam, South Africa, was treated as follows: soap and alum washes 
were applied to the faces with a flat brush, the soap solution being at 212° F 
‘and the alum at: 60° to“7o° F. The washes contained 1 Ib soap to 1.6 g 
water and 1 Ib alum to 9.6 gal water. Three coats of each were used. ENR 
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Essential Details of notable precedents are given in the following con- 
densed statements, where the numbers in parentheses refér to corresponding 
numbers within small circles on the cross-sections in the figures. Of all struc- 
tures dams are probably most governed by precedents in their design and 
method of construction. 


Straight Masonry Dams without Overflow. ig. 3) 


et Gros-Bois; France: 1830-38. 1865 ft long; 21.3. ft wide at top. Founded onsoft 
tock. When filled slid 2 in. Reinforced by 11 buttresses 37 ft thick at bottom and 13 ft 
thick at top. 96 ft high; 52:¢ ft wide. ; 

(2) Lozoya, Spain. About 1850. 238 ft long; 105 ft high; 128 ft wide. ‘Wall of 
cut stone backed by rubble masonry, partly covered on back face by sloping bank of 
gravel. Top width 21.98 ft. 

(3) Habra, “Algiers: 1856-71. Rubble masonry, 1o82 ft long. Top width 14.1 ft. 
Rock poor and porous: Mortar, natutal hydraulic lime arid fine clayey sand. When 
filled leaked badly, later leakage practically ceased. Failed 1881 during flood which 
overtopt dam; 300 ft carried out down to base. About 4oo livés lost. Repaited 1883-87. 
Profile was much changed and strengthened. 124.2 ft high; 89.2 ft wide: 

(4) Cagliati, Sardinia. 1866. Granite, rubble, hydraulic mortar. 345 ft long. Top 
width 16.4 ft, Height 70.6 ft. Width 52.4 ft. 7 

(5) Boyd’s Corner. New York City Water Supply. 1866-72, Cut=stone face, con- _ 
eréte heart (large plims in lower half). Concrete weighed 133.25, Ibs per cu ft. fos 
670 ft. Top width 8.6 ft. Earth embankment upstream side 20 ft wide on top, 431 
slope. 27 000 cu yds masonry. Height 78 ft. ‘Width 57 ft. 

(6) Poona, India. 1868: Uncoursed rubble founded on fock; ~Length 5136 ft, 
of which 1453 ft is waste-weir, 11 ft below top of dam, Alinement is several tangents. 
Reinforced by heavy buttresses at ititersections. At first masonry showed signs ot 
weakhess. Reififorced by earth bank on lower face. Top width of bank 60 ft; height 30 ft. 
360 0606 cu yds masonry. Cost $630000. Height of masonry dam roo ft, Width 60.7 ft. 

(7) Tielat, Algiers. 1869.’ 325 ft long. Top width 13.12 ft. Height 68:9 ft. Width 
40.3 ft. > 

(8) Djidionia, Algiers. 1873-75: Resultant said to be outside middle third. Top’ 
Width 13.12 [t. Héight 83:7 ft. Width 52.4 ft: 

(9) Botizey, France. 1878-81. 1700 ft long: Red-sandstone foundation pervious. 
When filled dain slid z ft. Reiiiforcement at toe added 1888. Failed 1898, upper 33 
ft overturning for length of 558 ft. 450 lives lost. Height 84.5 ft. Width 57.3 ft. 

(ro) Gran-Cheurtas, Algiers. 1882-83. Rubble: 508.4 ft long’ Top width 13.12 ft. 
Partially failed when filled 1885; immediately repaired. Height 131.2 ft. Width 134.5 ft. 

(tz) Lagolungé, Italy. Gerioa Water Supply. 1883. Raised ro ft 1903. Top 
width 8.2 ft. Height 145.9 ft. Width i40 ft. 

(2) Vingeanne, France. 1885. Top width 11.48 ft. Height 113.8 ft. Width 80.1 ft. 

(13) Hamiz, Algiers: 1885. Rubble. 532 ft long. Top width 16.4 ft, Height 
124.6 ft. Width 91.2 ft. } i 

(14) Bridgeport, Conn. 1886. Gneiss rubble. Rosendale 1:2 mortar. 640 ft 
long. Top Width 8.0 ft. Base length 50 ft. Height 43 ft. Width 29.5 ft. 

“(t5) Tansa. Bombay Water Supply. 1886-91; “Total length 8800 ft. 160 ft of 


- dam is wastée-weir, 3 ft below top of dam. Uncoursed rubble masonry. Stones, hard 


trap or greenstone. Cement, hydraulic lime burnt from kunkur nodules. “Masonry 
408 520 cu yds. Reported to be water-tight. “Cost $488 060 by contract.. Designed 
strong enough to permit height being increased 17 ft. Height rx8 ft. Width 99.8 ft. 
(46) Tytam, China, 1887. Granite ashlar and concrete. Intended for 20 ft higher. 
Present ‘crest width 21 ft. Height 95 ft. Width 63.4 ft. 

(17) Sodom. New York Water Supply. 1888-93. Coursed rubble on solid rock. 
Fates cut stone; beds perpendicular to faces. Mortar, 1 portland cement to 2 sand, 
g00 ft long. Top width r2 ft: 35887 cu yds. Cost $366 499. Max. progress 3000 cu 
yds per mo. No leakage except slight sweating at joints. Height 94.7 ft. Width 53 ft 

(18) Pétiyar, India. 1888-97. Faces uncoursed syenite rubble; heart concrete; hy- 
draulic lime. Situated in jungle. Unskilled labor. 1231 ft long. Top width 12 ft. 
185 000 cu yds masonry. Upstream face plastered with hydraulic lime and sand 1 : 1. 


Height 183 ft. Width 135.5 ft. 
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(19) Mouche, France. 1885-90. Rub- 
ble; 134.2 Ibs per cu ft. 1346 ft long. 
Top width 11.5 ft. Given three coats 
hot pitch on upstream face, then white- 
washed. Height ror.5 ft. Width 66.5 
ft. : 

(20) Titicus. New York Water Sup- 
ply. 1890-95. Rubble rough coursed. 
cut ‘stone faces; beds perpendicular to 
faces. Mortar, 1 portland or natural 
cement to 2 sand. 534 ft long. Top 
width 20.7 ft. Max.. progress 5700 cu 
yds monthly, Cost $933 065. Height 
rog ft. Width 75.2 ft. 

(21) New Croton. New York Water 
Supply.. 1892-1907. Rubble faced with 
ashlar. Part cyclopean. Length 1200 
ft. Top width 18 ft. Rock in greater 
part of dam 185,lbs per cu ft. 855 000 
cu yds masonry, .Max. progress 5700 
cuyds monthly. Height 238 ft. Width 
185 ft. 

(22) Burrator, England. 1893-96. 
Granite blocks. bedded in rich concrete. 
Cut stone face. Joints pointed and 
calked with neat cement mortar. Length 
361 ft. Top width about 18 ft. Cost 
* $495 700. Height 77 ft. Width 63 ft. 

P (23) Indian River, New York. 1898, 
Top width, 7 {t. Length 207 ft. 
Height 47 it.. Width 3g ft. 

(24) Assuan, Egypt. 1898-1902. 
Granite rubble laid in 1:4 portland 
cement mortar. Length 6400 ft, 1800 
ft solid, remainder has 180 sluices each 
6.56 {t wide. Top width 17.8 ft. Ma- 
sonry 704 000 cu yds., Cost $11 907 000. 
Height 95 ft. Width 80.3 ft. 

(25) Coolgardie, Australia. 1900-02. 
Rubble concrete, Length 755 ft. Top 
width ro ft. Height 119.9 ft. Width 
88 ft. F 

(26) Blackbrook, .England, 1900-05. 
Length 525 
‘feet. Top 
width 14 ft. 
Height 108 
{t. Width 65 
ft. ‘ 

(27) Boon- 
ton,New Jer- 
sey. 1900- 
1906, Cyc» 
lopean syen- 
ite masonry. 
Top width 
17 ft. Length 
2150 ft. Ma- 
sonry 166 lbs 
s per cu ft, 
255 000 yds. Max. progress 21000 cu yds per month. Height 103 ft. Width 
#9 St. : 
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Fig. 3. Straight Masonry Dams without Overflow 
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' (28) Spier Falls, New York. 1900-05. Rubble. Length 552 ft. Top width 17 ft. 
180 ooo cu yds masonry. Height 150 ft. Width 107 ft. : 
(29) Wachusett, Mass. 1900-06. Granite, rubble, cut stone faces. Top width 
22.5 ft. Length 971 ft. %4 of heart is laid in natural cement. Volume 266 663 cu yds. 
Cost $2 270 117. Height 205 ft. Width 187 ft. 
(30) La Jalpa, Mexico. 1902. Body of dam rough limestone rubble laid in mortar 


_ of native hydraulic lime and sand. Clay embankment, slope 2:1 on upstream face. 


Length 1800 ft. Top width 9.1 ft. Contents 92000 cu yds. . Cost $500 000 gold. 
Height 87.2 ft. Width 65.6 ft. i 

(31) Cataract, Australia. 1902-08. 'Cyclopean masonry. Sandstone blocks in cement 
mortar packed with concrete; blocks about 65% of mass. ,Faces, concrete downstream, 
concrete blocks upstream. Length 811 ft. Top width 16.5 ft. Rectangular conduits 
filled with broken stone and earthen pipes for drains. 146 242 cu yds. Height rs4 ft. 
Width 120 ft. 

(32) Pedlar. River, Virginia. 1904. Concrete with large stones embedded. Length 
4s ft. Width at crest 10 ft. Concrete laid as large blocks about 10X10 xr1g ft and 
dovetailed. Portland cement on face, natural in heart. Contract price $103 708. Height 
73-5 ft. Width 39.2 ft. 

(33) Swansea, Wales. 1905. Cyclopean masonry, brick facing. In heart concrete 
4:2:5. Lower baseand upper 6 ft of water face 1 cement : 2 sand : 3.4 parts of fine crusht 
rock. Length 1250 ft. Max. height 144 ft. Thickness at base 107 ft. Max. depth 
water roo ft. 

(34) Cross River, New York. 1905-07. Cyclopean masonry, concrete block facing, 
Length 772 ft. Top width 23 ft. 158 ooo cuyds. Max. progress 18 400 cu yds per month, 
Contract price $1 246 212. Height 155 ft. Width 125.3 ft. 

(35) Connellsville, Pa. 1906. Concrete, bowlders used as plums. Ashlar facing. 

Length 650 ft. Top width 6 ft. Bowlders about 25% of masonry. . Height 39 ft. 
Width 26 ft. 
_ (36) Sand River, South Africa, 1906. Concrete 1: 1.3: 5.5 with large quartzite 
rocks, iron rods and rails embedded. Length 398 ft. Height 55 ft. Base width 38 ft. 
Foundation hard shale. Contents g000 cu yds. Cost about $140000. Masonry 150 
Ib per cu ft. i 

(37) Ashokan. Olive Bridge dam, New York. 1908-1913. Cyclopean masonry. 
Length roooft. Top width 26.3 ft. Facing concrete blocks. Height 220 ft. Width 
190.2 ft. Contraction joints, wells and galleries for inspection and drainage, and. ver- 
tical drains provided. (See Fig. 51, page 717.) 

(38) Blackwater, Scotland. Cyclopean concrete. Top width 1o ft. Height 84 ft. 
Width 58 ft. 

(39) Esperanza, Mexico. Rubble masonry. Length 580 ft. Top width 19.7 ft. 
Base width 75.7 ft. Max. height 137.5 ft. 55 000cu yds. Mortar of lime somewhat 
hydraulic. Leakage estimated 0.4 cu ft per sec. 

(40) Barker, Col. 1909. Masonry 1 : 3 : 5 concrete with plums. Expansion joints 
in upper 145 ft, 48 ft apart. Length 625 ft. Top width 16 ft. Heightr75 ft. Max. base 
width 124 ft. 

(41) Kensico, New York. Cyclopean masonry; concrete blocks on upstream face, cut 
stone on doWnstream face. Length 1830 ft. Top width about 27.75 ft. Base width 
227.7 max. Expansion joints, vertical drains and inspection galleries. Height 250 ft. 

(42) Austin, Pa. 1909. Max. height 50.5 ft. Width at base 30 ft. Top width 
2.5 ft. Length 554 ft. Foundation, sandstone in layers 8 in to 3 ft thick with beds of 
shale and disintegrated sandstone between the layers. When filled in January, 1910, a 
section 90 ft long slid 18 in at bottom and 31 in at top. Dam then repaired but not 
strengthened. In September, 1911, it failed suddenly with loss of eighty lives and 
$3 000 000 of property. ' 

(43) Medina, Texas. 1911-1612. 1 : 314: 614 concrete with 9.9% plums. Length 
1580 ft. Top width 25 ft. Max. height'164 ft. Base width 128 ft. Total volume 
300 000 cu yds. 

(44) Elephant Butte, N. M. tg1o-1916. Cyclopean concrete. Length 1200 ft. 
Top width 18 ft. Max. height 304.5 ft. Base width 212.58 ft. Volume 611 400 cu yds. 
Drainage gallery, vertical drains and expansion joints. 

(45) Brisbane, Australia. Completed, 1916. Heart 1.: 2.5 : 6.5 concrete with 25% 
plums. Upper 3o [t and faces to toe and heel 1: 2:4 concrete, Length 580 ft 
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Fig. 4. Curved Masonry Dams with Gravity 
Sections without Overflow 
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Top width to ft. Max. height 125 ft. 
Volume 58 400 cu yds. 


Curved Masonry Dams with Gravity 
Sections without Overflow. (Fig. 4) 


(z) Almanza, Spain. Built before 
1586. Radius 86 ft. Rubble cut stone 
face. Oldest existing masonry dam. 
Top 9.84 ft thick: Height 67.8 ft. 
Width 33.7 ft. 

(2)' Alicante, Spain, 1579-84. Ruhb- 
ble, cut stone facing: Radius at top 
gsr ft. Height 134.5 ft. Width 110.6 ft. 
- (3) Puentes, Spain. 1785-91. Pol- 
ygonal in plan, arched upstream: 925 
ft long. Rubble, cut stone fac‘ng, 
Mostly founded on rock; on piles ever 
deep pocket. Held 82 ft depth for ro 
years. 1802 water rose to 154 ft depth 
and pile foundations washt out, leaving 
dam bridging deep pocket. 608 lives lost. 
Height 164.2. Width 145.2 ft. 

(4) Val de Infierno, Spain. 1785-91. 
Polygonal arch. Reservoir silted to 
top of dam. Built on rock.’ Height 


| 110.3 ft. Width 136.4 ft. 


(5) Nijar, Spain, 1843-50. Rubble, 
cut stone facing. Height, 905 ft. 
Width 67.6 ft. 

(6) Furens, France. 1862-66. Rubble 
of mica schist with cut stone front face. 
Length about 330 ft. Top width 9 91 
ft. Radius 828.4 ft. Built in narrow 
gorge. No leakage. Few damp spots. 
52 300 cu yds. Cost $318 000. Height 
170.6 {t. Width xr6x ft. 


. 


(7) Ternay, France. 1865-8; Gran- - 


iterubble. Top width 13-12 ft. Radius 
1312 ft. Height 124.6 ft, Width 81.7 ft. 

(8) Ban, France. 1867-70. Rubble, 
Length 512 ft. Top width 16.4 ft. 
Radius 1325 ft. “Built on rock. Cost 
$190 000, Height 156.8 ft. Width at 
base 126.9 ft. 

(9) Gillepe, Belgium, 1870-75 Sand- 
stone rubble. Top width 492 ft. 
Radius 1640 ft, Length top 771 ft. 
325.000 cu yds. Height 156.5 ft. 
Width 215.89: ft. © 

(zo) Villar, Spain. 1870-78. Rubble. 


“Top width 14:75 ft. Length 349 ft. 


Radius 440 ft. Cost) about $390 000. 
Height 170.3 ft. Width 154.6 ft. 

(rr) Hijar, Spain. 1880. Top width 
16.4 {t. Length 236 ft. Radius 210 ft. 
Height 141.1 {t. Width 146.9 ft. 

(12) Gorzente, Italy. Genoa Water 
Supply. 1880-83. Serpentine rubble 
with casale lime mortar. 492 ft long. 
Top width 22.96 ft. Height 126.3 ft, 
Width 99.4 ft. 
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Fig. 4 (continued). Curved Masonry Dams with Gravity Sections without Overflow 


(23) Thitlmere, England. 1886-93. Top width 18.5, ft. Plan is reverse curve to 
follow bed rock. Radius 100 ft. Height 63 ft. Width sz.7 ft. 

(14) San Mateo, California. 1887-88, Concrete molded into dovetailed blocks on 
dam. Planned, for max. height 170 ft. Stopt at 146 ft. Top width 25 ft and top 
length 680 ft at 170 ft height. Radius 637 ft. Volume 139 900 cu yds. A few damp 
spots on face only sign of leakage. No cracks visible. Concrete 1:2:6.5. Width at 
base 176 ft. 

(15) Beetaloo, Australia. 1888-90. Concrete: Top width 14 ft. Length 580 ft. 
Radius 1414 ft. 60000 cu yds masonry, Founded on rock. Cost $573300. Height 110 ft, 
Width rxo ft. 

(6) Chartrain or Tache, France. 1888-92. Rubble or porphyritic rock and hy- 
drawlic mortar. Wt per cu ft 150 Ibs. Top width 13.12 ft, Radius 1312 it. Up- 
stream face coated to 33 ft below coping with artificial cement of slaked lime, 114 in thick, 
made of equal parts of cement and sand. Some leakage. Height 174.7 ft. Width 152.9 ft. 
. (17) Remscheid, Germany. 1889-92. Rubble Linneite slate in trass mortar. Water 
face plastered with cement and asphalt, covered by brick wall. Top width 13.1 ft. 
Radius 410 ft. 22886 cuyds. Height 82 ft. Width 49.2 ft. 

(28) Hemet, California. 1890-95. Granite rubble and. concrete, Designed with 
max. height 160 ft; only carried to 122.5 ft. Top width 10 ft. Length 260 ft including 
50 ft spillway in center. Radius 225.4 ft. 3x 105 cu yds at present height. In time 
of flood spillway too small. Base width 100 ft, 

(19) Bhatgur, India. About 1891. Uncoursed rubble... Upper portion concrete and 

‘ tubble blocks. Faces coursed rubble. ‘|Top width 12 ft. Length 3257 ft. Irregular 
curve to follow outcrop of bed rock. Height 127 ft. Width 73.7 ft. 

(20) Butte City, Montana. 1892. Concrete, granite facing. Top width 1o ft. Max. 
height 120 ft. Bottom width 83 ft.. Length of top 350 ft. Radius 350 ft. 

(21) Lauchensee, Germany. 1892~g5.. Cyclopean masonry, Trass mortar, 1 lime, 
x trass, 244 sand made by crushing sandstone. Earth bank to protect from’sun. . Top, 
width 13 ft. Length top 840 ft. ' Radius.29s0 ft. Cu yds 37 400 of which 65% stone 
and 35% mortar. On sandstone. Total cost $243 750. Height 98 ft. Width 65.3 ft. 

\(22) Lennep, Germany, Old dam, 1893, length 416 ft. Radius 460 ft. Dam was 
increased in height from 37.7 ft to 48.4 ftand buttresses built to take added thrust. Width 
at base 50.8 ft. 

(23). Wigwam, Conn. 1893-96. Designed for go ft height, built only 75 fthigh. Width 
12 ft at designed height and length 600 ft. 14 887 cu yds in completed portion. Radius, 
600 ft. Width at base 62 ft. Completed to designed height in 1903. 

(24) Eimsiedel, Germany. 1894. Rubble. Top width 13.12 it. Length 590 ft. 
Radiug 1310 ft. 31690 cu yds. Height 93.6 ft. Width 65.5 ft. 

(25) Echapre, France. 1894-98. Top width 17 ft. Length 541 ft. Radius 1148.2 ft. 
Hydraulic mortar coat on upstream face, on which coat of hydraulic cement was later 
placed. Max. depth of water 12i.4 ft. Width at base 88.6 ft. 

_ _ (26) Ondenon, France. 1900-04. Top width 15.4 ft, Length 420 ft. Radius 984 ft, 
| Max. height 123 ft, Base width gq ft. ‘a 
(27) Lake eo Colorado. 1900-04. Top width 18 ft. Length 7r0 ft on crest, 
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30 ft at base. Granite rubble, coursed rough-pointed facing. Radius 4ooft. 203 000 cu 
yds. Total cost about $1 000000. Height 227 ft Width 176 ft. 

(28) Komotau, Austria. rg0r-04 Cyclopean masonry. Gneiss in portland cement 
concrete. Top width 13 ft. Length 508.5 ft at top, 170.6 ft at bottom. Radius 820 
it. 53600 cu yds. Asphaltum and tar coat held in place by concrete dovetailed into 
upstream face. Height 118.9 ft. Width 98.4 ft. 

(29) Urf. Germany. 1901-04, Slate and trap masonry, earth embankment to 77 ft. 
below crest, slope 2: 1, rock paving. Length 741 ft. Top width 18 ft. Radius 656 ft. 
Height 190 ft. Width 165.5 ft. 4 : 2 

(30) Mercedes, Mexico, 1g01-05. Rubble, cut stone facing Top width 11.48 ft. 
Length at crest 535 {t, also 98-ft spiilway; 13 ft at base. Straight for half the length, 
rest 196.8 ft radius 28000 Cuyds. Cost $200 000 Mexican currency. Height 135.6 ft. 
Width 84.5 ft. ; 

(31) Granite Springs. Wyoming 1903-04. Uncoursed rubble, Wt percu ft 165 Ibs. 
Top width zo ft, Length 410 ft on top, 10 ft at base. Radius goo ft. 14422 cu yds. 
Cost $109 194. Height 96 ft. Width 56 ft. 

(32) Roosevelt, Arizona. 1905-1911. Cyclopean masonry, range rubble facing. 
Sandstone. Top width 16 ft. Length 680 ft. Radius 400 ft. About 340 000 cu yds. 
Height 260 ft. Width 158 ft. = 

(33) Marklissa, Germany. 1905. Gneiss rubble. Upstream face has 2 in mortar 
laye. coated with siderosthen. Has interior drainage system, Length 427 ft. Radius 
aro ft, 83 700cu yds. Height 147.7 ft. Width 124.8 ft. 

(34) Marquina, Manila, P. I. 1906. Rubble, hard crystalline limestone marble. 
Length 400 ft. Radius 500 ft, Height 75 ft. Width 68.7 ft. 

(35) Cher, France. Top width 15.4 ft. Radius 656 ft. Height 154 ft. Width r4r ft. 

(36) Burraga, Australia. Cyclopean concrete in heart. T rails bedded near top. : 
Top width 2 ft. Length 285.6 ft. Radius 539.8 ft. Cost $44 500. Height 4r ft. » 
Width 25.3 ft. 

(37) San Jose, Mexico. Rubble. Top width 15 ft. Max. height rs1 ft. Base 
width 128 ft. Length 592 ft including 2 spillways 95 ft and 86 ft. Radius 6560 ft. 

(38) Murrumbidgee River, Australia- Concrete, large stones embedded. Max. 
height 232 ft. Length 910 ft. Radius 940.5 ft. Max. base width 160-33 {t. Crest 
width 18 ft. i 

(39) Mochne. Germany. Length 1312 ft. Max. height 98-4 ft. 353 160 cu yds. 

(40) Griffin, Pa-. Concrete laid in 12-in courses usually from end to end during one 
working day. Length 284 ft. Radius 400 ft. Top width q ft- \ Spillway near center 
80 ft long. Concrete 8000 cu yds- At first leaks appeared near ends. Height 62 ft. 
Width at base 44 ft. mf 

(41) Barten Jack, New So. Wales. 1909-13- Cyclopean concrete. Length 784 ft: 
Top width 18-ft. Base width 163 ft. Height 240 ft. Radius 1200 ft. : 

(42) La Boquila, Chihuahua, Mexico. Cyclopean masonry with 10 ton blocks of 
limestone. Length 840 ft- Top width x9 ft. Base width 200 ft. Radius 866 ft. 

(43) Arrowrock, Boise, Idaho. 1912-13. 122-5 +5 concrete with large rock and- 
cobblestone. Length toso ft. Top width 15.5 ft.. Height 351 ft. Base width 238 
ft. Radius 662 ft. Inspection gallery. Contraction joints every 150 ft. , 4 

(44) Mauer, Silesia, Germany. Completed in 1912. Largest dam in Europe. Stone 
masonry. Length 918 ft. Top width 23-6 ft. Height 20a ft. Base width 165 ft. 
332 000 cu yds. Radius 820 ft. Drainage and inspection tunnels- 


Curved Masonry Dams Depending on Arch Action without Overflow. (Fig. 5) 


(1) Meer-Allum, India. About 1800. Large arch made up of 21 small arches. with 
buttresses between.- Spans between buttresses 70 to 147 ft in clear.» Spillway pro- 
vided, but at times water flows few inches deep over entire dam. Length about 2640 ft. 

(2) Zola Dam, France. 1843. Rubble masonry. Length 205 ft. Top'width 29 ft. 
Radius at top 158 ft. 

(3) Bear Valley dam, Cal. 1884- Radius 335 ft. Rough granite ashlar 1tacing and 
rubble hearting: 300 ft long. Thickness 2.5 ft to 3 ft at top and 8 5 ft 48 ft below crest. 
Inaccessible location. Haulage of cement to site cost $10 per bbl. 3400 cu yds. In 
1911, in order to store more water, a new reinforced concrete dam 30 {t higher than the old 
was built just below this dam, submerging it- 

(4) Sweetwater, Cal. 1887-88. Rubble. Weight per cu ft: 164 lbs. Length about 
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| 380 ft. Radius 222 ft. 19 269 cu yds: Top width 12 ft.’ Mortar used mostly 
1 portland to 3 sand, but near upstream face mortar was 1 3.2. Cost about $234 000. 
1895 dam:was overtopt by 22 in of water for 40 hours without damage. In 1911 the 
dam was increased 20 ft in height and a new section, reinforced with old rails, was built 
on the downstream side; 76 ft wide at the base and. reducing to nothing at the elevation 
of the top of the old dam. Care was taken to bond the old and the new concrete. — 
(5) Belubula, Australia. 1898; Concrete and brick. Lower part up to 23 ft height 
is concrete above this brick arches and buttresses built 36.7 ft higher. Series of buttresses 


Fig. 5. Arched Masonry Dams 


28 ft. cto c, elliptical arches between, axes inclined 30° to vertical. Arches 4 ft. thick 
at bottom, 1 ft 7in-at top. Buttresses 40 ft. long, 12 ft wide at wall and 5 ft at outer end. 
Each buttress forms a segment of circle 36 ft 2 in radius and diminishes in thickness from 

| 1% ft at center to 4 ft at outer circumference. 2 

(6) Johannesburg, So. Africa. 1898. Rubble masonry, hard blue quartzite, concrete « 

foundations reinforced with rails. Top width 7 ft. Length 585 ft. 30000 cu yds. 
Arch and tangent; part on tangent, gravity section. Radius of arch section 275 ft at 
crest, decreasing to 206 ft 75 ft below to meet lines of gravity section. 
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(7) Barossa, South Australia | 1899-1903. Concrete with pliims, reinforcéd at top 
with steel rails!’ Length 472 ft. Radius 200 ft: Cu yds 17975, of which 12:3% large 
stones. Top width 4.6 ft. Range of temperature during construction was from 30° to 
168° Fe . Tota! cost'$827 006: 

(8) Upper Otay, Cal. ‘t900... Masonry reinforcéd with steel plates and cables. Top 
width 4 ft. Length 350 ft:at crest, 20 ft at base. Radius 359 ft. Ina rock gorge. 

(g) Geelong; Australia: Sandstone concrete: Top width 2.5 ft:\. Radius 300 ft. 

(ro) Shoshone, Wyoming. 1903-10: Concrete. Top width to ft- Length 200 ft. 
Radius 150 ft.. 75 ooo cuyds. In narrow solid granite gorge. Contract price $515 739. 

(rx) Pathfnder, Wyoming. 1905-1909- Cyclopean masonry. Radius 156 ft. 54 000 
cu yds. Length on top approximately 425 ft; at base 80 ft. In narrow granite gorge. 
Contract price $482 000. 

(t2) Sand River, Port Elizabeth Waterworks, So. Africa. 76 ft high- Raditis 30¢ 
ft. Length 360 ft. Cyclopean masonry faced with concrete blocks. Soap and alurt 
washes on faces for waterproofing. Dam reinforéed with steel rails. 

(13) Dam at Hume, Cal. Concrete reinforced by railroad iron and cable. Concrete 
approximately it : 2 : 4. crusher run of granite being mixt with sand: Series of buttresses 
parallel to stream’ with arches between; 12 arches each of 5o-ft span. Water face and 
parts of downstream face plastered. Water face two coats cement mortar 1 to 14% and 
wash coat of neat cement on bases of middle arches. 2207 cu yds. 

(x4) Salmon River dam, Idaho. Cyclopean masonry: -220 ft high. 463 ftlong. Top 
width 15 ft. Base width 119 ft. Radius upstream face 225 ft. t 

(15) Huacal, Mex. 1911-1912. Crest length 140 ft. Radius 76 ft. Max. height 
roo ft. Base width x2 ft 10 in. 80 {t+ below top. (See (15) in Fig. 5.) 

(26) Goodwin, Cal. 1911-1912. Concrete 2 spahs of 135 ft radius abutting on cen- 
tral pier, Length 466 ft. Width at top 8 ft and bottom 16 ft: Max. height 78 ft- 

(z7) Salmon Creek, Juneau, Alaska. 1913 T9%4- Concrete. Constant angle arch 
type. 520oocu yds. Height 168 ft. Width at top 6ft. Base 47-5 ft. Radius at top 
331 {t at bottom 147-5 ft- 

(18) Eagles Nest, N. M. 1916-x918. Concrete- Length 300 ft. Top width 8 ft. 
Bottom width 46 ft. Max. height 140 ft. Radius 155 ft. ret 

(19)-Corfina, Italy: 1915. Concrete. Top width 5 ft.. Bottom width 23 ft., Max. 
height 116 ft- Radius 75 ft. Built in 65 days. - Ea 

(20) Spaulding, Cal. Built to height of 225 ft in 1914 and raised to 260 ft in 1916- 
Estimated yarddge 169 000. Width at 260 ft level 14 ft. Planned ultimately to be gos 
ft high. 304 000 cu yds. Vertical dra‘ns and inspection gallery. Lower 60 ft of gravity 
section. 


Straight Masonry Overflow Dams, (Fig. 6) 


(x) Vir Weir, India. Untcoursed rubble. 2340 ft long 43-5 ft high. Top width 9 ft. 

(2) Henares Weir, Spain. Concrete with ashlar facing. 300 ft long. Maximum 
height 23 ft. Base width 45-8 ft. ; 

(3) Vyrnwy, England. 1882-89. Cyclopean masonry. Length 1164 ft. 

(4) Lynx Creek, Arizona. ~ Intended for ultimate height of 50 ft. Height was about 
31 ft. In 1891 flood overtopt and destroyed dam. 

(5) Folsom, Cal. 1886-91. Rotigh granite ashlar blocks. 48 590 cu yds. Top 
width 24 ft $ 

(6) Betwa, India. 1888. Lepgth 3296 {t made in three tangents betiveen islands. Tor 
width 15 ft. Rubble masonry laid in hative hydraulic line. Ashlar coping 18 in thick 
in portland cement mortar: ~ Cost $160 000. Has had 16.4 ft head on crest. 

(7) Austin, Texas. 1891-92. Hard line stone rubble, granite facing and coping 
Length about 1100 ft. 88000 cu yds. Cost $608 ooo. Failed under head of 11.07 ft 
on crest. Previously stood 98 ft head. About 300 ft slid forward No overturning. 

(8) New Holyoke, Mass. 1897. Rubble with drést stone cap and facings and con 
ee toe. Léngth ro20'ft. Upper part of downstream face is parabolic, lower part i 
eycloidal: 3 

(g) McCall’s Ferry, Pa. 1904. Concrete with plums. 2350 ft long { vr. 

(10) Great Northern Power Co., Minn. 1907. Concrete. 365 {ft long, 38 ft high 


+ y2 ft wide at base, curved crest: 


(zz) Connecticut River dam. Concrete with plums (1 : 2.5 35 except in deep founda 
tions where t : 3 : 6 was used). Length 600 ft. ‘ vy tne ee 
(12) Escanaba. Concrete with earth banks at end. Length 8ro ft. Concrete is 
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heart r 3! Gonsides and bottom : 2: 4. Fochig tft thick upstream and z.5 ft down- 
stream. Founded on stratified limestone. 8-in drain pipes at ro ft intervals {rom cut-off - 
to toe of dam. 

(23) Hales Bar, Tenn. 1905-1913. Cyclopean concrete. Foundation  liméstone 
badly fissured. Fissures closed in part by grouting and in addition, 26 reinforced con-! 
rete caissons 30 X32 to 54 X 72 were sunk by pneuniatic process thru fissured rock to 
solid foundation. Height 65 {t. Length 1200 ft. | Width 72 ft. Curved crest. 

(4) Holter, Wolfcreek, Mont. 1910. Concrete with plums. Length 1362, 504 ft. 
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#E 6 Straight Overflow Dams : 


overflow section. Height 111 ft. Width tro ft plus 70 ft of'apron. _Cut-off trench 44 ft, 
deep. | 
(v5) Hauserlaxe, Montana. Completed, r9rr: Replacing steel dam which failed by 
undermining. Length 490 ft, 85 000 cu yds. Max. height 132 ft. Width 85 {t. Ogee 
type. Part of foundations placed by-pneumatic caissons. 
(16) Coosa River, Lock 12, Alabama. 1912-1914. Cyclopean masonry. Length of 
aia g30 ft. Height 65 ft. Width 72 ft. Parabolic crest. 

(a7) Keokuk, Ia. 1-345 concrete. Length 4278 It. Height 32 ft. Width 42 ft. 
| Ogee type. ir 
(18) Youngstown, Ohio. 1916- . Concrete. Length 638 ft. Height 55 ft. Width 
G6oftsin. Earth embankment at ends. 


Curved Masonry Overflow Dams. (Fig. 7) 


(x) Elche Spain, 16th century. Rubble, cut stone facing. Length 230 ft. Radius 
205.38 ft. 1836 breach made during flood, . 
iB} Verdun, France. 1866-70. Rubble, cut stone facing downstream. Concrete’ 
foundation. . Riprap in front of wall. Length 131.23 ft. Radius 108.83 ft. Width of 
top 14.17 ft. Designed for depth 16.4 ft water on crest. ; 
| (3) La Grange or Turlock, Cal. 1891-94. Rubble. Length 320 ft on crest and 80 
ft at base. 39 500 cu yds, Radius 300 ft. Has had about r5 ft depth of water on crest, 
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(4) Cornell University dam, New York, 1897 Concrete of 4 parts argillaceous 
shale. 2 parts of sand, 1 part ofcement Length 153 ft. Rad. 166 5 ft. Max. height 


30 ft. 
(5) Walnut Canyon, Airzona. Rubble faced with ashlar. Length about 268 ft. 
Radius 4oo ft. 6 986 cu yds. 

(6) Seligman, Arizona, 1897-98. Concrete foundation. Rough rubble above with 
drest ashlar facings Top width 1.75 ft. Total length on crest 643 ft. The center sec- 
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Fig. 7. Arched Overflow Dams 


tion, 340 ft long, is built as an overflow dam. Length at base 145 ft. Radius 800 ft. 

(7) Espanola, Ontario. Concrete with plums. Built for 10 ft overflow. Radius in | 
plan 187 ft. ~ 

(8) Tallulah, Georgia. 1914, Crest length 444 ft. Radius goo ft Automatic 
flashboards of the Stauwerke type installed between.piers on the 280 ft spillway. Height 
135 it. é 

(g) Yadkin Narrows, N. C. 1917- - Cyclopean concrete. 525900 cu yds with 
25% plums. Length 1400 ft. Radius 1678 ft. Height 200 ft. Designed for ro ft over- 
flow. Taintor gates on crest. Drainage and inspection galleries. : 


2. Reinforced Concrete Dams 


Reinforced concrete dams are usually of cellular construction, in some cases 
containing power houses. ; If properly designed they are admirably adapted to 
many situations. The general practice is to build a series of piers or buttresses 
12 to 18 ft apart and cover with a flat deck of concrete reinforced between the 
different bays as a beam. In the multiple arch type, the buttresses are spaced 
30 to 4o ft apart and support a deck of concrete arches springing between the 
buttresses. é 6 


Unit stresses in such dams should be much lower than would be safe for 
ordinary building construction for an incipient failure in the latter case usually 
means only an unsightly crack, while for a dam it might mean a catastrophe. 
‘The following data refer to Fig. 8. 


(x) Schuylerville New York 1904. Rollway 250 ft long. Designed for 5 ft head on 
crest. Founded on Hudson Rivershale. 5 X 3 cut-off wall. Passageway thru dam from 
shore té shore. Average height 25 ft with base width 52 ft. 

(2) Ellsworth, Maine. 1907-08. Buttresses 15 ft centers, x ft thick at top, 2 ft 
at, bottom and braced by 12 in X18 in reinforced concrete beams Deck 1 ft 2 in 
thick at top, 3 ft x in at base. Total length soo ft. Concrete, 8000 cu yds. Flash: 
boards. provided. Designed for flood 6.5 ft on crest, Vents to prevent vacuum or 


apron. \ 

(3) Pittsfield, Mass. 1907-08. 42 ft high. 465 ft. long. 3950 cu yds concrete 
Founded on gravel underlain at depth of 12 ft by dense yellow clay. Cut-offs extenc 
3 ft into clay. Work carried on continuously when temperature was 12° below zero, by 
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' heating materials and using f “salamanders.” Concrete laid, in winter and in mccastate : 
weather said to be uniform in quality. 

(4) La Prele, Wyoming. 1908: Buttresses 18 ft centers, 1 ft thick at top, 4° ft 2 in’ 
at bottom, braced by 18 in X 24 in reinforced concrete beams. Deck 1 ft thick at top, 
4 {t 6 in at base... About 15 000 cu yds concrete. 
Cut-offs 15 ft to 18ft deep Concrete in but- 
tresses 1.23 26,deck 1:2: 4. 

(5) Dam at Dansville, New York. 368 ft long 
including earth embankment. Gravel concrete 
used, Footing course on water bearing gravel 
and bowlders. Bed of seamy blue stone under 
gravel. Cut-off around footing course. At 
height of 10 ft base width 14 ft. Failed by 
undermining when water e 
stood about 14 in against 
flashboards. Deck slab 
snapt_ where reinforcing 
bars came together. Bars 
were not bent after 
failure. f 

(6) D.L. & W. RR, ; 
Scranton, Pa. 262 ft Fig. 8. Reinforced Concrete Dams 
long. 16.5 ft high, base 
width 11-5 ft. Uniform slab thickness 10 in. Buttresses 744 ft apart in center, in- 
creasing to 1014 ft at end. Soil under dam partly sand and partly yellow clay. 14-in 
cup bars 12 inc toc.. 14 in trom face, to prevent temperature cracks. Clay bank 8 ft 
high at center to prevent percolation under dam. ; ‘ 

(7) Uncas Power Co., Conn. Spillway 80 ft long. Foundation very.compact gravel. 
Buttresses ro ft centers, 1 ft 6 in thick at bottom, x ft at top, stiffened by r2 in X z5 in 
_ beams. Upstream deck’ ft 6 in tor ft 8 in thick, downstream 1 ft 8 in. j 

(8) Bear Valley, Cal. 1rg9ro-11. Multiple arch of Eastwood type. Ten arches 
between buttresses. 33 ft 6 in centers. Radius of extrados 16 ft axis of arches vertical 
for 14 ft height at top below which are on batter of 4 on 3 Buttresses 1 ft 6 in thick at 
topi increasing by .36 in per ft to bottom. Arch rings 12 in thick at top increasing by .17 
in per ft in radial thickness. Downstream edge of buttress 2:1 slope. Buttresses 
stiffened by reinforced concrete struts. Max. height dam 92 ft length 363 ft. 4684 cu 
yds concrete. i 

(9) Austin, Texas. Tgr1r-1915. 560 ft long. Replaces portion of straight masonry 
overflow section which failed in 1900. Buttress 20 it centers, Height 61 ft to crest, 
which is provided with automatic gates 14 ft high. 

(zo) Stony River, West Va. 1912-1913. Buttresses 15 ft centers. 12-in thick at 
top and 18 in at bottom.  Braced with reinforced concrete struts and a curtain wall. 
Six months after erection, foundation for length of 7 spans was washed out and but- 
tresses and deck dropped into the hole. Reconstructed 1914-15 by deepening cut off 
wall, increasing the safety against sliding and adding 3 ft flashboards. Max height 
51-17 ft. 


3. Steel Dams 


Steel dams are not very numerous. In many cases they may be built much more cheaply 
than other types, but to keep them safe requires frequent and careful inspection, and the 
question of their maintenance and length of life should always be taken into account 
when considering their relative economy. The following data refer to Fig: 9. 

(z) Ash Fork, Arizona. 1898. Steel portion 184 ft long and 46 ft max-height. 24 
triangular bent's, vertical downstream side and x : 1 upstream, 8 ft apart c to.c braced 
laterally in. pairs- Batter posts 20 in I beams, 65 |b per, ft and reinforced on under side 
with plate 14 in thick and 18 in wide. Series of % in.curved plates on upstream face 

_ concave upstream with radius 74% ft. No leakage. Total weight of steel 478 704 lbs. - 
_ Framed and erected at $55.78 per 2000 lbs. 

| (2) Redridge, Michigan. igoo-z. Steel portion 464 ft long: Max height of dam 

74 ft. Concrete base thruout. ‘“‘A’’- frame bents 8 ft apart, 34 in face plates concave 

upstream radius 7 {t 6 in, riveted to I beams 15 to 24 in deep: Battet upstream face 2 : 3. 

To cut off percolation under dam, line of drill holes 2 in diary and io ft long, 7 in apart ~ 
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drilled and filled with grout under beavy ait pressure. Rock floor covered with con- 
crete and then by bank of puddle clay. f 

(3) Hatser Lake, Montana: 1907. 630 ft lon. Maxirnuni height 81 ft: Tnélination 
upstream face 3 :-2: Portion 6f dam founded on golid rock. About 300 ft founded on 
steel sheet piles in gravel. Bents 10 ft dpart connected in groups of four. Actual head 


Fig. 9. Three Types of Steel Dams 


to top of flashboards 69 ft. Working head about 66 ft. About 1700 tons of steél- 
Blanket of volcanic ash above dam to prevent seepage. Downstream face had flat plates 
on slope*7 : 12, connecting with plank apron carried on stone-filled cribs. ._Dam under- 
mined where founded on gravel. Concrete placed over top of steel piling, said to have 
been placed in depth of to ft or more water so quality may have been, very poor. Part 


of dam on rock remained standing. Replaced by concrete dam in 1git- 


sali 4, Timber Dams... , 


_ The Rafter and Strut-Framed Dam (Fig. 10) is a, structure which may ' 
be proportioned with reference to its.stresses, but requires. careful design; 


sawn timber and skilled. workmen and is proportionally more expensive. 


SS SSSZ72 SS 


Fig. 12, Beaver Type Dam 
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Fig. 11. Crib Dams 


Crib Dams; (Fig. 11);,have been extensively used where timber was cheap 
and masonry dear. They must be designed largely by judgment and following 
precedént. They are not subject to a very rigid analysis. of stresses. The 
whole crib filled with loose rock may be considered as a unit adapted to tesist! 
ing ordinary stresses of compression, tension and shéar. ‘THe corhpressive 
stresses are resisted largely by the bearing of the timbers, one on. the other; 
the tensile stresses resisted” by the bolting and sometimes dovetailing of the 
timbers and the shear largely by the friction in the rock fill. Considered from 
this angle the crib dam can be designed with some reference to stresses 
Another way! of looking at it is to give about’ the width required for a rock fil 
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dam and Céngider the crib acting somewhat as 4 binder and thainly as an at- 
tachment for a water-tight ‘timber sheeting to cut ‘off leakage on the upstream 
sidé and to také wear and impact of the overflow on the top and downstream 
sidés: The width of the crib-work is seldom less than one and one-third times 
the height and may be two or three times whére long aprons .are provided fot 
overflow as in (1) Fig: 11, The highest dam of this type which has not 
failed Was the Butte dam, about 70 ft high: No. (2) Fig. 11 is @ eross section 
of a ctib dain in the Schuylkill River subject to floods 11 ft’ high over crest. If 
(crib dams are subject to heavy floods provision should be made for admitting air 
t» the downstream side underncéath the sheet of overflowing water. 


The Beaver Type of timber dam is adapted to comparatively small heights. 
It is built as indicated in Fig. 12. The longitudinals are all laid with butts 
downstream. The crevices are filled with gravel, and the whole is covered with 
brush tightly packed and a bank of the most impervious earth obtainable: A 
plank flooring is carried from the crest well under the earth fill. -Most:failures 
of timber dams have beeti due to leakage underneath or to undermining by the 
overfall 

§. Earth Dams 


Foundations. One of the reasons for building a dam of earth is usually that a 
rock foundation cannot be had, tho several of thése’ dams “have? been biilt 
on the best of bed rock. The fouridation, whether earth or srock, Should be 
thoroly examined to learn if itis impervious.» If not impérvious, cut-offs Should 
be constructed, if possible down. to an impervious sttatum..) Imperviousness 
is d relative condition.’ No earthy material is absolutely impervious, and if 
the width of the dam is so extended that the loss of head of water flowing thru 
the shortest course to an exit is so great that the velocity is so slight that 
water will not move the earth or reduce its cohesion at the exit, then the cut: 
offs under the dam may be unnecessary. . In any case the site is usually 
\stript and shallow trenches are dug across it. If the foundation is rock the . 
\creeping of water along its surface is guarded against usually by building a 
masonry wall entirely across the valley. This may be extended upward to 
‘the top of the dam as a core-wall, as ini.the Titictis dam, or, if the embankment 
is impervious, it is sometimes only 3 or 4 ft high, as in the Borden Brook dam, 
Mass. Where the foundation is open said or gravel, deep. cut-off trenches 
have usually béeh excavated and filled with concrete or puddle clay. Sheet 
piling is sometimes used, The character of the ground and other local 
conditions must determine the kind of: cut-off wall best to use. Springs 
which may be found within the area of the foundation may sometimes be dug 
out to their source outside the area of the dam, or intercepted outside that 
area and diverted. . . 
| Coré-Walls. The dam itself usually consists of three parts: ati interior | 
impervious part with an embankment on each side to support it. The im- 
pervious part is a masonry, puddle or steel core-wall or a heart of selected 
impervious material. Occasionally the builders are fortunate enough to 
have at hand a natural mixttiré ‘of 'pravel and clay of which the whole dam 
‘may be built, thus combining the three parts in one, but usually the imper- 
Viotis initeridl availible is éither too expensive or is wnstable at a: practical 
slope. What is the best type of core-wall is a mooted question, Rtbble; 
‘coneréte, puddle clay, sheet steel and wood have been-used: It is argued that 


/ masonry, whether rubble or contrete, must have a) solid rock foundation; and 


‘that éven then it is in danger of being cracked by settlemerit of the embank- 


/ ment or by temperdture changes. On the other hand, it is argued that slight 


a 
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cracks will not be made larger by water but will be silted tight, and that if 
embankments are well built and the masonry core wall is 4 to 6 ft thick at 
top with sides battered: at about 1 to xo, it will not crack from settlement 
of the embankments, and also when outlets pass thru or under the dam, 
that they are much safer when masonry core-walls are used. 

In regard to clay puddle it is argued that its integrity depends entirely upon great care 
and much intelligence and skill in mixing and placing, and that if once punctured its: 
entire integrity is destroyed. On the other hand, it is argued that settlement does not 
rupture it, and that it makes a hétter union with the rest of the embankment. 

At the Boston, Water Works the endeavor was made to overcome all objectionable 
features and preserve the merits of both by building a masonry core-wall and placing a 
selected clayey material next the upstream side of the masonry. 

Riveted steel plate cores coated with asphalt have been used. Timber sheeting should 
not be used, as it is likely to decay. Whether the core-wall should be placed in the middle 
or near the upstream side of the embankment wili depend upon the material used and 
local conditions. If the: core-wall is to be of masonry it should be yertical, and) this 
usually requires it to be under the crest of thedam. If the core-wall is of clay it is usually 
placed vertically under the crest, but sometimes on the upstream face, in which case it 
should be protected by additional filling. The slope must be very flat or else there must 
be considerable filling outside it to prevent slipping; also provision must be made against 
burrowing animals, if the clay is near the surface. Small stones or furnace slag mixt 
with the puddle are frequently used for that*purpose- 

The Placing of Embankment when not done by the hydraulic! process ig 
usually done by carts or cars. It is usually specified that the earth shall be 
spread in from 4 to 8 in layers, rolled with a heavy steam roller, and that, 
before placing the next layer, the last one shall ‘be sprinkled and harrowed 
to insure bonding. Variations in details of construction on different dams 
have been the use of a drove of horses and sometimes goats to trample the 
earth, also heavy four-horse teams for hauling, runways being avoided, 
Rollers having grooves or projections on their faces are used on many dams. 


Fig. 13.. Earth Dams 


The embankment is usually kept four or five feet higher on the outer edg 
than in the middle. . 


Slopes must be determined by the engineer for! each individual case. Preece 
dents may be studied in the following table. If it were simply a questio 
of the stability of the face the slope for the same material should be flatt 
on the upstream side than on the downstream side, for the angle of repos 
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Data of Earth Dams 
Numbers in parentheses refer to Figs. 13 and 14 and to the following notes. 
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Max | Top | Slope | Slope Cc 
Number and name heighe,| width,| up- | down- Material eae 
ft ft |stream|stream we 
| (rt) Goose Creek, Idaho...) 145 16 3:1 2:1 | Sand, clay & gravel Cc 
(2), Idaho Irrigation Co, .|_ 135 40 3:1 5:2 | Earth and rock esi)! 
(3) Patillas, Porto Rico... 135 20 3:1 2:1 |Gravel,bouldersand| O 
: 21 clay 
(4) San Leandro, Cal....] 125 28 3:1 5:2 oO 
(5) Lahontan, Nev...... 124 20 31 2:1 | Gravel and silt 10} 
(6) Tabeaud, Cal........ 123 20 nee 5:2 | Red gravelly clay 
E ee 
(7) New Croton, N. Y...| 120 30 2:1 It R 
(8) Costilla, Col......... 120 20 3:r |2.5:1 | Clay and gravel 0 
(9) Druid Lake, Md.....} 119 60 41 2:1 Pp 
(ro) Bell Fourche, S. Dak..| 115 20 2: 7:4 | Heavy clay and oO 
3:1 2:1 gumbo 
(rz) Dodder, Ireland. .... II5 22 7:2 31 
(12) Gatun, Panama......} 115 80 |7.67-1| 81 | Clayey sand and 
‘ Io:r | 16°15 rock fill 
(13) Standley Lake, Col...} 113 20 2:1 2:1 | Blue clay P 
; 3:1 
(x4) Titicus, N. Y........ 110 30 |2.4:1 5:2 
(rs) Mudduk Tank, India.| 108 }|...... 3:1 5:2 
‘\(16) Ashokan Dikes, N. Y.|...... 34 2:1 2:1 | Clay, sand, gravel Cc 
) 5:2 | 11:4 | and small stones 
1114 3: 
(x7) Somerset, Vermont...| 106 |...... 3:1 |2.5:1. | Clay, sand, gravel oO 
and small stones 
18) Temescal, Cal....... 105 18 3:2 5:2 
2 igteene 3iI 5:1 
(zg) Carite, Porto Rico...| 105 20 |2.75:1 | 2:1 | Clay and rock (0) 
(20) Cummum Tank, India| 102 |...... 31 rr 
(2x) Yarrow, England....| 100 24 AGE 2:1 P 
(22) Morris,.Conn....... 100 20 3:1 2:1 C 
(23) Pilarcitos, Cal. . 95 24 2:1 2: P 
(24) Dale Dyke, Eng...... 95 12 5:2 5:2 P 
(25) San Andreas, Cal 93 25 732 31 P 
(26) South Haiwee, Cal he 20 |2.5:r |2.5:1 | Tufa,shaleandclay| P 
(27) Forest Park, Md 87 2 So (eee 5:2 | Rock and earth oO 
28) Dry River, N.'Y..... 85 20 |2.5:1 2:1 | Earth re 
(29) Sherburne Lakes, 
i S| Re re 83 22 Ack’ baba Clay, sand and 
(30) Wachusett, N. Dike, gravel 
PRS aT a ake st ats Basan escos 2:1 |x00:3 | Soil sand gravel oO 
(gx) Cold Springs, Ore... .| 98%] 20 3:1 2:1 | Gravel and earth [@) 
(32). Borden Brook, Mass..|......| 24 3:2 3:2 | P 
bt 21 2:1. 
33) Talla, Scotland...,... 78 20 | 4:1 3:1 |Clayey and open| P 
; materials 
(34) Throttle, N. M...... Che aera ZieGatelir srt a and course P 
r 
(35) Seros, Spain......... 75 eres s 2:1 | Earth, clay and 
‘ gravel 6) 
P = Puddle. C = Concrete. R = Rubbe. 9 = No core-wall. 
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Data of Earth Dams—Continued 
Numbers in parentheses refer to Figs. 13 and 14 and to the following notes. 


Max | Top | Slope | Slope 
Number and name height,|width, | pp- | down- Material Gore- 
ft ft |stream|stream wall 
(36) Las Vegas, N.M....| 75 20 3:1 2.x | Heayy clay, sand Cc 
gravel 
(37) Mammoth, Utah..... {Solin ie SAN TE BE Clay apd fine grayel G 
(38) Johnstown, Penna....| 7° Io oI 3:2 | Selected earth with 10} 
rock 
(39) Keechelus Lake, Wash] 70 20 31 2:1 | Gravel and earth (0) 
(40) Phelps Brook, Conn. . 638 15 2:1 |2.5:1 | Gravelly material Gg 
(41) Youngstown, Ohio... 6614 | 20 2:1 2.1 | Clay and gravel oO 
(42)..Kachess, Wash. ....- 65 20 ail 2:1 | Earth and gravel (e 
(43) Glenwild, N. Y...--. 63 13 2:1 5:2 } R 
(44) Hatchtown, Utah. .-. 63 20 2:1 |2.5:1 | Loamy sand P 
(45) Bog Brook, New York} 60 25 21 5:2 ee 
leeks) 12 2:1 2:1 
(46) Ashti, India........- 58 6 302 3:2 | Black and brown 
31 2.1 | soilana“ Murrum”’ 
(47) Hebron, N. M....-.. 5644! 12 Zit \i5:5 oO 
(48). Horse Creek, Col.. - 5544| 16 |r.5:r |r.5:2 Sandy loam and Oo 
2,5:1 clay 
P=Puddle. C=Concrete. R=Rubble. O=No core-wall. 


especially of very fine material, is less in water than when not saturated bu 


slightly damp, 


which is usually its condition on the downstream side. If th 


dam is without a core-wall or other impervious hearting and subject to seepag 


Fig. 14. Earth Dams 


either under or thru the embankmen: 
it may be necessary to make th 
downstream slope very flat. Th 
upstream face is pitched or othe 
wise protected against wash «¢ 
waves. The downstream slope 
sodded to protect it from wash 
rains. Berms with paved dra 
are used frequently in addition | 
sodding. 

Top Width and Height abo 
Water. The formula W= 1/5 
+5, in which } = height of da 
in feet, has been suggested as gi 
ing safe widths in feet, for tops, 
earth dams. The top should be: 
high and wide that no burrowl 
animals can reach the heart of t 
dam at water level. It shou 
also be high enough above the hig 
est water level to be beyond the rea 
of all waves. Stephenson’s form 
for height of waves is commoi 


used, {i ‘ Peaaih 
x= rsVF+ (2.5 - VF) 
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in which X is the height im feet; F the fetch in milés or swéép of the wind in 
the longest straight line which may be drawn from the dam on the wateér sur- 
face of the reservoir. 


(1) Goose Creek, Idaho. 190-13. Upstream face oie with 3 ft of loose rock, 
and loose rock dumped at toes: Core-wall 3 ft thick to réft above natural surface and 
¥ ft thick from this point to top.’ Length ‘ioso ft. 

(3) Patillas, Porto Rico. 1914 Length ro20 ft. Contains 976060 cu yds. First 
50 ft in height made by damping from two trestles near eitlier toe. Successive lifts then 
made by shifting track: Outer slopes of gravel and boulders. Middle of dam about 25 
per cent clay washed into position and allowed to settle in pool maintained by the side 
banks: Total settlement 0.56 ft in three yedts: 

(4) Sani Leandré; €al: 1874-76: Portion “A” in cut built in 2874 of earth mm layérs 
1 ft thick. No rollers used, but material dumped and sprinkled and band of horses used 
to compact. If 1898 portion ““B” was placed by the hydraulic process. Shaken by 
San Francisco earthquake 1906. Nodamage. Puddle trench 30 ft bélow ground. 

(§) Lahontan, Nev: i913: Leéngth #359 ft- Vol. 710 006 Cul yds. Upstream por- 
tion of gravel ané silt, mechanically mixed and rolled m 4-in layers and faced with riprap 
and gravel. Dowrsttéam portion of pit fun gravel. Foundations a red sand stone. 
Puddled cut-off wall. Grouted tock’ foundation: ‘ 

(6) Tabeatid, Cal. rgoo-o2. Built in 6-im layers first 60 ft. Not over 8-in' layers 
above. Top kept basin-shaped. Clay puddle on bottom and part of upstream face. t 
berm upstream, 3 downstream. Foundation hasdpan and rock. 

(7) New Croton, NY. Dam partly construc ted then replaced by masonry structure. 
2 berms downstream. 

(8) Costilla, Cok r917- Letigth Goo ft. Upstieati slopé tiprappéd. Cut-off wall 
30 ft into clay and gravel foundation and § ff above natural ground surface: Built by 
dumping éarth in ridges about 5 ft high and partly filling ‘trench between with water. 
Then filling the trenches by dumping from wagons, then’ building néw ridgé over former 
tretich and repeating process: 

'(Q) Druid Lake; Md. 1864-70. Upstream facé covered with puddle. Stone wall 
in bottom of coré-wall. Embankment each sidé of puddle core-wall well rolled. Part 
6f the material in dam placed in basins filled with water. Surface soil stripped, and where 
| foundation is sand; core carried to impervio us stratum. y 

(10) Belle Fourche, So. Dakota. 6-in layers. Some sheet piling near upstream toe. 

$879 164 contract price. b 
- (t2) Gatun, Panama: Portion A in cut is kydraulic fill, B is rock fill and the remainder 
is dry fill. There isa layer of 3 ft of rock’ paving r7o ‘ft wide ‘on. thé apstreamt slopé to 
resist wave action. 
+ (@3) Standley Lake; Col. to908-22.  Letigth 6630 ft. Material lumpy, bhiaé clay 
which slatked véry réadily and bécame a slimy oo7%e On being saturated: “Upstreaiti face 
protected by loosely damped riprap. In 1912 @ small slide of the’ downstream ‘face 
Occurred and ih 1944 there was a much larger slide of the samé face. In 1916, following 
a rapid draining of the reservoir for ir.igation purposes, about 88 ooo cu yd slid from the 
inner face: : 

(27) Somerset, Vt. 19rz-%3: Length 2too ft. Contaitis t-odo 060 cu yds. Material 
Was coarse gravel and sand with some clay. Excavated by steam shovel, hauled 
to site an@ dutiped from trestles on the upstrearh and downstream slopes. From 
thére the Material wag sluiced down about'a 2 1 slope toward the middle of the dam, the 
Object beitig to leave coarse mate rial ofl the faces and gradually grading to’ a fine imper- 
Wiols heat(, Length 2100 ft. 
| (28) Temescal, Cal. 1866-68. Originally built in layers with carts and scrapers, with 
f6p width 18 fe at maximom height of ros ft and slopes 3: z upstream and 5: 2 down- 
stream? ‘In £869 downstream slope flattened by a, In 1886 height increased to 
tr15 ft by sluicine. As finished downstream slope 5 : 

2 (ag) Carité, Potto Rico: r9t4.. Lengthi'§20 ft. Upstteet face paved. Down-stream 
‘slope, lower half paved. 200000 cu yds. Fill dumped from trestle and spread 
“serapers and wheelbatrows. Very little sprinkling done. Settled 0.96 ft. in three years. 
| @x) Yatrow; Eng: Max depth ex¢avation 97 ft. Puddle core-wall on concrete 
Mfoundation in rock. 2 berms on downstream slope. 

| (22) Mortis, Conn: 980. Upstream slope 3 : 1 for a height of yo ft from toe, 2. ipa I 
| above, faced with r ft 6 in of paving stones. 4 berms 8 ft wide on downstream slope; and 


‘ 
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slope sodded._ Core wall carried to rock 12 ft wide at base and 2 ft 5 in at top... Leng 
1100 ft, ‘ 

(23) Pilarcitos, Cal. 1864-66. Puddle core-wall 24 ft thick, keyed to rock with cc 
crete wall 3 ft by 6 ft. Length of dam 640 ft. 134 miles from fault line of San Francis 
earthquake of 1906. 

. (24) Dale Dyke, Eng- Faiied; opinions as to cause varied. Said to be because 01 
let pipes laid naked or because dam above cote-wall was a sort jof rock fill, bringing f 
static pressure against core -wall. 

(25) San Andreas, Cal. 1868-70. Dam raised in 1875. Puddle core-wall keyed 
rock with concrete wall 3 ft by 5 ft. Length 800 ft. Fault line of San Francisco ear 
quake of 1906 passes actoss east end. Crack 2 to 3 inches wide along axis of dam. 

(26) South Haiwee, Cal. 1912. , Length 1523 ft. 559 7s0 cu yds. Upstream sl 
paved with 3-in concrete. Cut-off trench carried down to rock, in some cases to a de 
of 120 ft. 

(27) Forest Park, Md. Clay puddle on upstream face and carried to bed rock i 
trench near upstream toe. : 

(28) Dry River, Watervliet, N. Y. 1913-14. 1 berm 8 ft wide, 40 ft below top 
both faces. Material rolled in 6-in layers.. Upstream face partly paved. 

(29) Sherburne Lakes, Mont. 1918. Length goo ft. 250.000 cu yds. Upstre 
slope has 18-in paving of field stone on a 22-in layer of gravel, and concrete parapet 1 
3 ft high at top. Downstream slope covered with 12 in of gravel. Unique feature 
permeable core-wall of screened gravel 5 ft thick at crest, increasing with 3-5 in 
batter, with system of pipe drains runnjng from base of core to downstream toe. 7 
cut-off trenches on upstream side, 1 on downstream. Material hauled in dump wag 
spread in 6-in layers rolled with 20-ton roller.. + 

(30) Wachusett, N. Dike, Mass. 1900-05. This dam is about 10.000 ft long. 5 500 
cu yds. There are three embankments of sand and gravel shown. at “A” in the 
The remainder was built largely of fine loamy soil stripped from the reservoir site. .M 
rial spread in.x-ft layers and rolled by steam road roller and harrowed before adding 
layer. Foundation pervious sand and gravel. For a portion of the length a trench 
dug 60 ft deep in this gravel, and triple lap tongued and grooved sheet piling built vu 
2-in plank was jetted down from 20 to 60 ft. On Apr. 11, 1907.4 portion of the upstt 
face.675 ft long, of a thickness of 35 ft normal to the slope, slid down the bank, cat 
little damage but indicating that 1 vertical to 2 horizontal was too steep for such 
material under water. { 

(31) Cold Springs, Ore. No core-wall. Cut-off trench. t ’ 

(33) Talla, Scotland. 1897-04. The clayey or adhesive material in middle : 
placed in 9-in layers. Qutside this is stony or open materia} in 18-in layers. 

(34) Throttle, N.M. 1914. Length 1060. Concrete core wall 600-ft long with 
corrugated iron extending from. cut-off wall to crest. Upstream slope paved. C 
portion of dam well puddled. Downstream slope faced with selected tock, hand | 

(35) Seros, Spain. 1913-14. Dam No. 3 is the highest of 7 earth dams in hy 
electric development near Barcelona. Length 1312 ft. Vol. 497 250 cu yd... Upst 
face riprapped. Puddled cut-off trench.. 1 berm downstream slope. 

(36) Las Vegas, N.M. 1917. Upstream slope riprapped 9 in thick. 1 berm.on € 
stream face. Length 1400 ft. Material hauled by dump cars and sluiced into 
with water jet. a 

(37) Mammouth, Utah 1908-84. Proposed height 125 ft... Concrete core-wall 
buttresses. Earth placed by wagons and scrapers and rolled. In June, 1927, dar 
at a height of 70 ft with watec stored to nearly the same height. Washout occ 
at flume carrying water across the top. One-half billion cu ft water released cuttin; 
to foundation causing great damage to structures below. . 

(38) Johnstown, Pa. Lower face entirely stone, 4 ft thick at top, 20 ft at be 
and backed by slate rock 3 ft thick at top.and 30 ft at bottom. Heart of selected 
Upstream face of dry rubble rs in thick. Failed: Flood overtopped dam. , 

(39). Keechelus Lake, Wash 1914. Length 6500 ft. 522000 cu yds. Ups 
slope faced with riprap. Concrete cut-off wall. 

(40) Phelps: Brook, Conn. 1917. Length 1200 ft. Upstream slope 3: 5 below 
surface, 2: r above, faced with 12-in or riprap, 1 berm on downstream slope. 
crete core-wall to rock. . ite 

f (41) Youngstown, Ohio. 1913-16. Length 2202 ft. Concrete cut-off. Up: 
slope faced with 9 in to 18 in of concrete. : ' ay 
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(43) Glenwild, N. ¥. 1902. Core-wall is broken bowlders grouted with 1 : 3 cement 
mortar. Dam curved upstream with radius of 708.6 ft. Contract cost $47 360. 
| (44) Hatchtown, Utah. 1908. Failed in May, 1914, probably due to leakage along 
the outer surface of the outlet culvert and leakage thru foundations of black clay sand 
and gravel. Length, 780. 126 000 cu yds. 

(45) Bog Brook, N. Y. Masonry core-wall ro ft thick at base and 6 {t at top. Up- 
stream face has 12-in paving on 6-in broken stone. Berm on downstream side. 

(47) Hebron, N.M. 1914. Length 3700 ft. Puddled cut-off trench. In May, ror4, 
a section 200 ft long washed out. 

(48) Horse Creek, Col. r911-12. Length 5150. Vol. 714.000 cu yds. Down- 
stream slope 1-5 : 1 for distance of 16 ft from crest, and 2.5 : 1 for balance. Upstream 
slope 1.5: 1 face paved with 5 in of concrete. Earth placed by dump wagons and spread 
with scrapers. No sprinkling and no packing of material done. In January, 1914, 200 ft 
of the dam above the concrete culvert outlet washed out. Immediately after reservoir 
emptied, 3600 ft concrete paving slid down slope. ¢ 

Failures of Earth Dams. In a record of 30 failures of earth dams, which 
may be assumed to be representative, 11 were due to overflowing, 10 to leaks 
in outlet pipes; 3 to undermining, and’ r was attributed to burrowing animals. 
The causes of the other five were somewhat doubtful, but several causes were 
assigned, such as poor foundations, slopes too steep, lax construction methods 
and carelessness in preparing the site. 


6. Hydraulic Fill Dams 
Sluicing is a method of building earth dams by which, especanty in moun- 
tainous regions, the material often may be excavated, conveyed io the site 
and placed much more cheaply than by any other means. The ideal material 


2xL 


. Fig. 15. Hydraulic Fill Dams 


js a mixture of sand, clay and gravel with plenty of small rock. The develop- 
ment of the art has evolyed a number of excellent properties of such dams, 
so many, in fact, that a number have been built by hauling dirt with cars to 
the site and sluicing it into place. The practise is for the sluices to discharge 
near the outside edges of the embankment. The coarse material drops there, 
and the fine flows with the water toward the middle of the dam; depositing 
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as it goes, the coarser first} the medium next, most of the clay going to the 
pond of still water in the center, where it is precipitated, forming a wide clayey 
core-wall. The coarse tnaterial remaining on the outer ‘edge is most useful 
in maintaining the slopes due to its greater angle of repose. In practise, how- 
ever, the danger is that the material will not be properly graded, either too fine, 
making the faces unstable. or too coarse, making the core permeable. Even 
if the material is properly graded the sluices may not deliver a uniform mix- 
ture, resulting in permeable layers across the dam. This danger is believed 
to be avoided by keeping men continuously spading and kneading the bottom 
of the pond in the middle of the dam. As the work progresses, a few men 
keep the edgés built up just enough to keep the discharge from the sluices 
always flowing toward the center. The pond is sometimes allowed to drain 
by filtering thru the coarser outside material, and sometimes by a vertical 
waste pipe built up in short lengths of from 6 to 15 inches, changing its direction 
at the foot to a horizontal leading to the downstream face. 


Data of Hydraulic Fill Dams > 
Numbers in parenthesis refer to following notes and to Fig. 15. 


Max | Top | Slope |Slope | Total | used, 


, 
No. and locatioa Date, Men height, |widthy| up- | down-| volume, | cu ft 
ce feet | feet |stream|stream) cu yds per 
sec 
(x) Calaveras, Cal..... 19t8 | 1260 | 240 25 3x 
(2) Terrace, Col....... 1905-9| 6o5 | 210 25 3:5 
(3) Little Bear Val, Cal.|...... a, . . |, 200. 20 5.2 
(4) Necaxa, Mexico.. | 1909 | 1220.) 180 54 gr 
(5) Magic Res, Idaho..}......] ....- 135 4o 3... 
(6) San Leandro, Cal. .|1874-6| 500} 125 28 cure 
(7) Crane Valley, Cal..|.....-. 420. | 100 20 2.1 


(8) Waialua, Hawaii...|1904-6| 460 98 25 4:1 
(9) Santa Maria, Colo. | 1912 | 1300 | 95 20 3:1 
(19) Quemahoning, John: 


SEO; EBs ure ones 1913 gso | 95 20 4r 
3.1 
(rr) Lake Frances Cal..| 1899 992 50 16 3a 
IgoI—2]. 1300 77 
(r2) Snake Ravine, Cal |..... 294 | 64 12 |Bet3.2 
(13) Santo Amaro, Brazil) 1967 | 5300 63 33 oak R js : 
(14) Croton; Mich:.+.. |1906-7) 290°} 60 ]--... ies oir 1943 000). ..44. 
to and. 
61 4it 
(15) Conconully, Wash }...... 1030 6o 20 our 2.1 351 QOO}..,... 
(16) Silver Lake,Cal...|...... [ofore) 56 Pere akcil'si ater veeeee| 146 CQO] 2.5 
(7) Yorhay Cal... 2.0. 1907 800 | 47 16 via | asm 109 000] 3-4 


(18). Pyler, Texas....,.| 1894 575 C2 fell yg act 2.1 24 000) 1.4 


(t) Calaveras; Cal: Material is clay sand and gravel with dry rock fill at toes. Mi: 
terial sluiced from borrow pits down open channel 5 to 7% grade into concrete sumps an 
raised to dam with 12-in centrifugal pumps. Designed to contain 3 000 000 cu yd 
After. 28009 090 cu yds placed, upstream face for length of 700 ft slid. Aggregate : 
‘to 50% clay. i , ; ; aa 

(2) Terrace, Col. Material sluiced from a clayey bank to form heart of dam, and fro 
a separate bani clean rock and gravel were slmced to the two slopes in flume on 7 
grade using 26 sec ft of water ‘Concrete core-wall about 65 ft high in bottom of canyo 

(3) Little Bear Valley, Gal. Disintegrated granite and clay deposited from spoil trail 
on toes of dam and finer materials were washt to the center. Concrete /core-wall. ~ 

(4) Necaxa, Mexico, Broken limestone and yellow clay. Concrete core-wall, abo 


Art. 6° Hydraulic Fill Dams 1309 


65 ft above stript surface. Sluicing-flumes 20 in diameter, 4 ft w de} rect section; with! 
V-shaped bottom, grade, 5% and 8%... During. construction a slide of the upstream 
face occurred which was attributed to the yse of unsuitable material. Dam since com- 

pleted and now in use. x! 

(5) Magic Reservoir, Idaho, Cut-off walls in sides of canyon. Cut-off trench and 
sheet piling under dam, Constructed by combination of methods. Excavated by steam 
shovels; spoil trains delivered material close to site, thence, it was sluiced to place. 

- (6) San Leandro, Cal. 160000 cu yds sluiced. Sluicing flume grade 4% to 6% 
See earth dams. , ‘ 

(7) Crane Valley, Cal. Sluicing flume 12 in by ro in. Flumes on 6% grade. Ground 
sluicing was used, that is, material was dumped into flume after loosening. i } 

(8) Waialua, Hawaii. Rock fill portion: base width 8o ft, crest 1.5 ft, downstream 
batter 34 to’ t, upstream face vertical, volume 26 000 eu yds. Wooden diaphragm em- 
bedded at bottom in concrete wall,’ Earth fill 141 ooocu yds. Soi dumped into flowing 
stream of 8 sec ft in ditch 1300 ft' long with bottom grade 4%. The soil was a’ decom- 
posed lava of a cohesive and unctuous character, very free from grit.’ Barth fill rr cents 
per cu yd Leaked during first year. 1905 maternal obtained by enlarging spillway 
sluiced against ‘lower toe. 

(9) Santa Maria,;-Colo. Two cut-off trenches to hardpan sheeted and puddled. Dire 
and boulders conveyed by rectangular sluices 3 X 3 it. 

(10) Quemahonmg, Johnston, Pa, Slopes 4:1 for lower half and increasing 3: r 
for the upper half Concrete cut-off wal extends 10 to 27 ft into the shale tock’ also 
puddled cut-off. Rectangular flumes 24 in wide and 18 in deep, grade 6%. iMatemal 
a mixture of clay and sha'e rock. 

(11) Lake Frances, Cal. Old earth dam failed, about'20% being washt away. Re- 
paired and enlarged by hydraulic process. 182937 cu yds of new dam sluiced'm 1-76 
sec ft of water used at first; later 4.5 to 7 sec ft. Sluicing flume 22 in diameter, mmumumi 
grade 22%. Most of material sluiced wasc ay. Brush used to maintain slopes. 

(z2) Snake Ravine, Cal. Built of fine silt and clay, shd as a body rooo tt down ravine 
at rate 6 to ro ft per sec. . Failure attributed to lack of coarse materia) on slopes and fact 
that fine material did not drain when building. 

(x3) Santo Amaro Brazil. Clay and dis ntegrated granite. Slip ef blanket over 
core-wall of section east of hydraulic fill occurred during construction. Excess ot clay 
in blanket did not allow good drainage outward. Sluicing flume 2000 ft long, grade 3:%1 

(14) Croton Mich, Fine yellow sand. Sluicing flume 3o in in diameter semi-circular, 

grade 8% to 9%, length 800 ft Cost 68 cents per cu yd, including plant, matenals, 
labor, power, etc. 
(15) Conconully, Wash. Loose rock, grave , sand and silt. Sluicing flume, sloping 
side 2 34ft apart at top No 1osteel curyed bottom bent to 12-in radius, clear depth 
being 2% ft. Lateral flumes trapezoidal 12 in w de at bottom. Sheet piling across valley 
7o ft upstream from center line dr ven 33 ft and projecting 3 ft above valley bottom: 
Flume grade 4% 

(16) Silver Lake, Cal, Heavy sandy loam containing considerable clay which was 
carefully separated and placed in center. Drains to prevent slipping during construc- 
tion Concrete core-wall under dam and 3 to 6 ft above original surface. Sluicing flume 
8in diameter, 2.5 sec ft water used in later stages. Flume ength qoao ft. 

(x7) Yorba, Cal. About 80% by hydraulic ground sluicing process... Adobe clay soil, 
sand and gravel. No core-wall; puddle trench thru top soil: “Material supplied to parts 
too high for gravity flume by pumping thru an 8-in pipe a maximum distance of 800 ft, 
Cost 8 cents per cu yd for ground slucing. Flume grade 4 to 7%. 

(18) Tyler, Texas Sluicing ‘flume 13 in in diameter. Material 65% sand and 35% 
clay. Cost 434 cents per yard, including everything. oe 


7. Rock-fill Dams 


Dams of Loose Rock were designed to meet the requirements of miners 
in western America, where the great cost of hauling cement made its use pro- 
hibitive. Since most of these structures are located in deep rock canyons 
it was a simple matter to quarry the material at a higher eleyation than the 
dam and transport it by gravity to the site or even to throw the material 
directly to place by blasting. Dams of this type are made watertight by. a 
variety of methods | In some cases the upstream face is covered with planking 

spiked to studding buried in the rock-fill, or with steel plates fastened to T 
' sai =e stig 


= \ A 
\ 
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beams set in the face, or with rubble masonry walls or reinforced concrete facing. 
Steel core-walls are also used! A later development is the combination earth 
and rock-fill dam in which the earth is either dumped or sluiced into place on 
the upstream face. 


Most of the failures of rock-fill dams have been due to insufficient spillway, 
causing overtopping. Some’ have been caused by poor design in making the 
slopes’ steeper than the natural angle of repose of the loose fill and trusting to 
dry rubble facing walls to hold the mass in position. 


The following numbers correspond to those on the cross-sections of Fig. 16: ' 

(x) Escondido, Cal. 1895. Faced with redwood plank. Timber face backed with 
concrete. Contains 6000 cu yds dry rubble and 31 157 cu yds rock fill., Leakage when 
full 450 00 gal per day. Cost $xz10 000. Stones laid by hand on inner face to form dry 
wall 15 ft thick at bottom and 5/ftat top. Bed-rock trench at upper toe filled with rubble 
masonry, in which plank facing is embedded, 76 ft high., 380 ftlong on top and too ft 
on bottom. 140 ft wide at base 
and 10 fton top. Slopes are 1:2 
on watér face; 1:1 on back, for 
half the height and 5:4 from mid 
height, to base. 

(2) Castlewood, Col. 1890, 
Lower slope covered in steps of 
2 ft with large blocks of stone in 
cement mortar. | General slope 
rit. Upper face wall rough rub- 
ble masonry 4 ft thick, on batter 
t:1o. Walls joined at top with 
coping. Crest width 8 ft. Dam 
founded on clay. Front face wall 
carried 6 ft to 22 ft into clay. 
Lower slope wall also founded on 
clay at depth ro ft below surface. 
Length 600 ft. Height above 
reservoir floor 70 ft, above foun- 
dation of face wall 92 ft. Rock 
pavement 25 ft wide, 200 ft long, 
3 ft to 6 ft deep heavily grouted 
at top with cement mortar to pre- 
vent scouring. | Dam leaked. 
Earth embankment added to up- 
stream face, 8 ft wide at crest 

’ with 3:x slope faced with 12 in 
riprap. : 

(3) Lake Avalon, New Mexico. 
Length r1oso' ft. Earth slope 
covered with revetment of loose 
stone 2 ft to.3 ft thick for wave 
protection. Failed 1893, water 
passing over top, washing out 
300 ft length fo bed rock. Im- 
mediately repaired and built 5 
ft higher. Second failure 1904. 
Stated that water did not passover 
top but forced way thru the dam. 
Failure attributed to burrowing 
animals, or faulty construction 
where dam connected with bank. 
Réconstructed with top width 43 
ft. Substantial addition’ made 
to earth fill and core-wall built of, 
concreté heavily reinforced. Part 
of core-wall on concrete base and 
part on sheet piling driven to rock, 
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Fig. 16 (continued). Rock Fill Dams 


(4) Walnut Grove, Arizona. 1887-88. Destroyed by flood 1890 with loss of 129 
lives. Length 400 ft. Slopes much steeper than natural angle of repose of loose rock. 
Faces laid up as dry walls. With 70 ft of water above bed rock, dam leaked 3.75 cu 
ft per sec. 

(5) East Canyon Creek, Utah. 1899. Originally built 68 ft high. Length roo ft. 
Concrete wall 15 ft thick, carried down thru gravel to bed’ rock and steel plates for core 
anchored in center. Rock thrown on wall. by blasting sides of canyon. Open cut made 
in pile of rocks thrown down and steel core-wall built from anchor plates. Asphalt 
concrete 4 in each side of plate. Settlement of wall caused asphalt to draw away from 
steel an extreme distance of 5 ft at top. Dam cost $60 200 and required 23 000 cu yds 
rock, 810 cu yds cement concrete, 183 cu yds asphalt concrete, 69 800 Ibs of steel and 
50 500 ft B.M. of lumber. Enlarged 1900-01 by addition to downstream side. Max. height 
93 ft. Additional work required 16 000 cu yds rock, 410 cu yds of masonry and 370 cu 
yds concrete, 62 000 Ibs steel and 20 o00 ft B.M. lumber. ‘Length 173 ft. Crest width 
zo ft. . Steel core-wall continued to top, protected by concrete. > 

(6) Milner, Idaho. 1903-05. ‘Three dams form one main structure. Rock fill with 
core of wood. Earth embankment sluiced into voids of rock above core... Main Chan- 
nel Dam: Length 340 ft. Max. height 86 ft. Crest width rock fill 10 ft. Downstream 
slope rock fill 3:2; upstream 3:4. Crest width earth fill 10 ft; slope 4:x. Rock fill 
39650 cuyds. Earth fill 58 000 cuyds. Middle Dam: 335 ftlong. 8x ft max. height. 
42 800 cu yds rock, 62 850 cu yds earth. South Dam: s60 ft long. Max. height 66 ft. 
34 700 cu yds rock; 48 coo cu yds earth. Total length of 3 dams, spillway and reg. 
gates, considered as one structure, 2100 ft. 

(7) Zuni, New Mexico. Combination rock and hydraulic fill. Rock fill built as dry 
wall. Rock fill 720 ftlong. Total volume dry wall 40 160 cu yds. Indian labor. Cost 
rock work $2.50 per cuyd. For sluicing, steam pumping plant with capacity 2.5 sec ft 
atgo to 95 Ibs per sqin pressure. Total volume earth in dam 60 120 cu yds, about 40 000 
yds sluiced in. Total cost for sluicing 12 tents yd. All earth, either very fine sand or 
clay, no attempt being made to separate them. Undermined 1909 by passage of water 
under cap of lava rock which flanked dam and. extended beneath spillway. Spillway, 
south abutment and extreme.south end of dam undermined. Considerable portion of 
spillway dropt 7 ft and settlement of 9 ft at junction of spillway and abutment. Small 
amount of fill at south end washt out and there was 5 ft settlement about go ft long in 
earth fill at north end. Main part of dam appears uninjured. ; 

(8) Minidoka, Idaho.. Rock. fill, earth facing and concrete core-wall. Length 625 ft. 
Max. height 80 ft above bed rock and about 60 ft above original bed of stream. Crest 
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width 25 ft. Base,averages about 300 ft. Total vohime 191 000 cu yds. Concrete 
core on solid rock. Top of wall 44 ft below crest in central portions and about rr ft 
near end. Earth and rock-fill banks built up and c¢ore-wall built in trough between 
them. Fill then carried up on both sides over core-wall to required height. Cost 
$425 923. 

(9) Lower Otay, Cal. 1897. Originally planned for masonry dam and masonry car- 
ried up 8 {t above river bottom. Core of steel plates anchored to masonry and carried 
up to crest, protected with asphalttm and. burlap and 1 ft thickness of concrete either 
side. Failed January 27, 1916, by flood overtopping the dam. About 30 lives lost. 

(10) Morena, Cal., 1896-1909. Length 520 ft, 306000 cu yds. Built in canyon 
about 130 fit wide at stream bed with narrow fissure 4 to 16 ft. wide, extending r12 ft below. 
In 1896 a rubble concrete wall 36 ft thick at bottom and r2 ft thick at top was built to 
seal fissure, and carried up 30 ft above stream bed, when work was suspended in 1898. 
Construction resumed rg08. Upstream face for width of 7 ft built of 6 to ro ton 
granite blocks, set in cement mortar. Behind this for width of 50 ft at bottom, reduc- 
ing to 16 ft at top, rock was placed by hand and derricks. Remainder of rock-fill 
dumped by 2 cableways. Reinforced concrete slab t ft thick on upstream face. 

(xz) Swift, Montana. 1914.. Upstream face covered with a layer of hand-placed 
rock, 4 to 6 ft thick, with face plastered with Cement mortar. On top of this was placed 
a concrete slab heavily reinforced, 6 in thick at top of dam and 2 ft at toe, Dam built 
on curve of 1276 ft radius. Foundation of sand, gravel and boulders. 

(12) Strawberry, Gal. 1914-1916. Upstreatn slope faced with 9 m to 78 in of con- 
crete catried down to concrete cut-off wall and backed by hand-laid rock. Main portion 
of rock dropped from cableways. River bed a cemented gravel. Dam arched in up- 
stream direction. Radius 1880 f Contents 400000 cu yds. Length 612 ft. 


8. Overflow Dams on Earth Foundation 


Three Conditiotis influence the design of overflow dams on earth fout- 
“dations. First, the character of the earth, ranging from loose fine sand’ to 
firm, well cemented hardpan; second, the height of the fall; and third, the yolume 
of water to be past. Designs for dams to meet. various combinations of 
degrees of severity of these conditions may best be studied from precedents. 
The engineers of India have developed a type for their rivers in alluvial beds 
Subject to great floods. The type has been adopted by the U. S. Reclamation. 
Service for similar conditions, the Laguna being a case in point. One form 
of the India dam is essentially a rock fill with very flat slopes downstream 
protected by heavy pitching or concrete-slab construction and containing 
one or more masonry..core or cut-off walls, This type has never been used 
except for very moderate heights of from 6 to r5/or 20 ft. They have, how- 
éver, been built on sand foundations and have past great floods: ‘The 
greatest trouble is usually, experienced at the toe’ where the structure is 
likély to be undermined. The Avignonet dam is a precedent for a high dam 
on an earth foundation, but there the éarth foundation is compact gravel, 
fine sand, and bowlders. Following numbers in parentheses refer to Fig. 17. 


(x) Narora Weir, India. Brick: Base 8 ft thick: Founded on blocks of wells 16 ft 
square and 18 in thick sunk 7 ft below river bel. Downstream from weir floor is 40 ft 
wide, s ft thick, consisting of 3 ft 3 in concrete, 9 in brick and 12 in ashlar. Beyond floor 
talus is too ft wide. Crest covered with ashlar. First! crest covering destroyed and 
replaced with masonry Set with wider joints. Head on crest 8 ft. End of talus 14 ft 
betow crest. " 3 

(2) Dau'eshwiram, India: 1840. 16.8 ft Head’ on crest: “Length 12 ooo ft: Crest 
11 ft above normal bed level. Width’ 230 ft. Crest covered with ashlar masonry, | 

(3) Stivakantham, India. Length 1380’ ft: “Discharge over weir 123 000 sec ft. Weir 
wall and curtain walls on clay which lies under 3 ft bed of sand. 5 

(4) Pelandorai, India. Length 860 ft. Head on crest 13.3 ft. Crest 9 tt above the 
tiver bed above weir. ; 

(5) Burma, Crib Weir, India. ‘Boards were placed on top at first pending grouting 
of weir body with siit, and final settlement, with idea of repiacing by rubble. he 
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Fig.17. Overflow Dams on Earfht Foundations 


(6) Mahanuddee Weir. 6400 ft long. Folding shutter 3 ft high om crest. Calcu- 
lated to discharge about 902 009 sec ft.’ Crest 13 ft above average summer water level 
of river. Face of weir protected by rubble-stone packing with base varying from 20 to 
40 ft. Breach 1886 at site of center sluices; about half sluicés and portion of weir carried 
out and deep Hole scoured on line of weir and below it. Cause never explained. 

(7) Upper Colerum, India. 1836. Léngth 2929 ft. Head on crest 8.6 ft. Crest 
4.4 ft above river-bed. River bed, fine sand. Founded on double row of wells sunk 


| 6 ft info river bed on upstream side and single row on downstream stde. Masonry floor 


27 ft broad, 3 ft thick, 2 ft being brick masonry. Season after completion about 240 ft 


of weir swept away. Caused by leakage undermining foundation. Weir repaired. 
(8) Old Croton. 1837-42. 180 ft long. - Mud and bowlders cleaned from river 


bottom aad érib cofferdams, built enclosing space where masonry was to be laid. These 


cribs were left in the foundation. Space between cofferdams excavated to hardpan 
d filled with concrete and masonry. Earth bank 5: 1 slope paved near top and with . 

gies will 275 ft against upstream face. Dam has past 8 ft dep¢h on crest. 

(oy Kistna Weir, India. 185455. Length 3000 ft weir proper; nearly 4000 ft including 

tinder sluices and piets. Crest 20 to 25 ft above original river bed. Flood velocity over 

weit said to be x6 ft per sec anid depth oncrest 20 ft. Deep holes that had been scoured 

in river bed by floods were filled with sand and wells sunk for foundation of weir. 

~ (xo) Avignonet; France. 1902. Concrete. Length x97 ft. Curved radius 656 ft. 

Height 75.5 ft. Buiit in narrow canyon on bowlders, sand and gravel. 2 cut-offs, 

43 ft deep and’8 ft thick. Passes over 35 000 sec ft during flood. 
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(xz) Granite Reef, Arizona. 1906-08 Partly founded on gravel and bowlders 1000 ft 
long. Three curtain walls. Openings in the wall under lower toe 6 in sq 5 ft apart and 
about 6 ft above bottom of wall to allow drainage of seepage. About 3-in joints in apron 
to allow escape of water. 

(12) Spooner, Wisconsin. Concrete structure 72 ft long. Foundation sandy soil 
covered with thin layer of gravel. Pile foundation. 

(x3) Laguna, Arizona. Begun 1905. Crest 19 ft above natural river bed. Three 
concrete walls 4800 ft long and 57 and 93 ft apart. Upper wa!l on row of sheet piling 
12 to 20 ft long. Between walls is rock fill. Apron of derrick stone extends 4o ft beyond 
lower wall. Rock fill between walls covered by 18-in concrete. Approximate quantities: . 
rock fill 350 000 cu yds; concrete paving 37 000 cu yds; concrete core-walls 28 000 cu yds, 
sheet piling 90 000 lin ft. Discharge from 4000 to 100 900 sec ft. 


9. Movable Dams 


Needle, Wicket and Curtain Dams form a group of movable dams 
having many common and numerous interchangeable features. Common 
to all are upright pieces, the lower ends of which bear against a sill on the river 
bottom, the upper ends of which bear against some form of bridge. The 
bridge may be a stationary structure or a collapsible structure. In case 
needles are used (Fig. 18) they form the closure. In case wickets are used 
(Fig. 19) the closure is formed by sliding stop gates down grooves in the up- 
right pieces. With curtain dams (Fig. 20) an overhead bridge is generally 
used, and a screen rolling on the upright pieces is let down from above. When 
a draw or fixt bridge is used, the upright pieces are hinged at the upper end 
and are swung up out of the water with suitable machinery. ' 


Fig. 20. Curtain Dam Fig. 21. Thomas A Frame Dam. 


The Thomas A Frame Dam (Fig. 21) consists of a series of A frame 
get side by side and pivoted at the bottom to a sill. The plates which fasten 
* the two legs of each section together at the top form a footpath. One o 

—— these dams 120 ft long and r. 
ft high was built as part o 
Dam No. 6 in the Ohio Rive 

The Thénard Shutter Dar 
(Fig. 22) consists of leave 
hinged to a sill which exten 


MULL. 


Fig.22, Thénard Shutter Dam Fig.23. Girard Shutter 
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across the channel. The leaves are raised and supported by struts hinged to 

‘the leaf and at the lower end fitting into a socket from which they may be 
tript and the Jeaf lowered. Above is a counter shutter which is raised by the 
current as a temporary dam until the main dam can be raised by hand. A dam 

of this type, built in France and finished in 1843, has shutters 5.6 ft 
high and 3.9 ft wide. Others have been built in India to close flush- 

. ‘ ing sluices, and some of them 
support heads of nearly to ft. 

The counter shutter is held in 

position by chains, which on ac- 

count of the severe shocks occurring 
when the gate swings up, often 
break and are objectionable. 

The Girard Shutter (Fig. 23), 
invented as a substitute. for the 
Thénard, does away with the 
counter shutter, and the main dam 
is raised directly by hydraulic 
pressure. Seven of these were 
erected at Auxerre, the shutters of 
which were 1114 ft wide and 6% ft 

‘ : f : high. 

j ee nF Wicket ‘The Chanoine Wicket (Fig. 24) 
was inyented in 1852. ‘The shutter is pivoted a little below its center point 
to a‘collapsible horse held in place by a long prop. It is adapted to large 
Tivers where the flood rises are very sudden. 

The Rolling Dam (Fig. 25) consists of a large steel cylinder placed across 
the current*between piers or abutments and arranged to be rolled up entirely 
clear of the current on 
an inclined rack track. 
They are operated by 
cables wrapt around 
one or both ends of 
the cylinder and pass- 
ing toa winch. They 

‘have been built for 
openings up to 115 by 
64% ft and 60 by 14 ft 

| and are said to operate 

| very quickly and pass Fig. 25. Rolling Dam 

ice readily. ; 

| Stoney Sluice Gates (Fig. 26) consist of a gate bearing at its ends 

| against a train of rollers. The gate is usually hung to chains at either end, 

| which pass over sheaves to a counter-weight. The roller train is also hung 
by a cable and counter-weighted. They are usually operated by gearing on 

f the supporting sheaves turned by hand cranks or traveling electric motors. 

| These gates have given excellent satisfaction and are widely used. Power for 

| operating has usually been underestimated. Fig. 26 is an example of Stoney 
| sluice gate at the lake regulating works, Sault Ste. Marie, Canada. Fig. 27a 
| shows the detail of the end-bearing Fig. 276 shows the end bearing of the 

_ Stoney gates on the Manchester Canal, Eng. j i ; 

-On the New York Barge Canal several movable dams of the bridge type have 
been used (Fig. 65a). These dams have abutments, piers and superstructures 
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like’ ordinary bridges: from the downstream sides hang steel frames xestin; 
against shoes in concrete sills that stretch across the stream between the abut 


Counter Weight 


Gate, 


r "Roller Train 


Fig. 26, Stoney Sluice Gate, Lake Superior Power Co. 


ment and pier. Against the upright frames are placed “Boule” gates formit 
the dam proper. Electric winches raise the gates and uprights by chair 
The spans vary from 150 ft to 240 ft. ; ey 
The Bear Trap Dam (Fig. 28), of which there have been many moc 
fications, consists of two rectangular leaves extending over the full width 
the , opening, al 
when in, their low 
position the u 
stream leaf oyerla 
the downstream le; 
The gate is rais 
by admitting wat 
from the upper pc 
to a chamber A 
the leaves., A dé 
built at Davis Isla 
on the. Ohio Ris 
in 1889 was of 
type. ..The ga 
were of wood a 
52 ft long. Im xe 
i this was replaced 
a new bear trap with wooden leaves heayily bound with steel. -The n 
leaves were much stronger than the’ old, ones and were proportioned so tl 
they would just float without the need of air forced to the underside. At | 
bear trap on the Marne in France a counter shutter was provided, as in 
Thénard shutter dam, as an assistance to raising the main dam, it 
The Bear Trap on the Chicago Drainage Canal (Hig. 29} is of somewl 
different design. The two leaves do not overlap, but are hinged togetl 
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at the apex. |The downstream edge of the dam is hinged to the foundation, 
while the upstream edge carries a roller and: moves up and down on the 
masonry face. The gate is counterweighted 
and its movements up and down are con- 
trolled by hydraulic cylinders. The dam is 
60 ft long, 
the ; , down- 
stream leaf 35 
ft wide and 
the upstream 
ieaf 21 feet 
Wide. / Fig. 28. Bear Trap Dam 


The Parker Gate (Fig.30) modifies the original bear trap by hinging 
the two leaves at the apex and introducing a hinge at a little above the mid- 
int of the upstream leaf; this does away with the sliding friction between 
the leaves. An auxiliary leaf, called the idler, is introduced aboye the up- 
prcess leaf to protect the moving parts from drift and ice. A dam for the 
uscle Shoals Canal in Tennessee was built in 1892, 49 {ft wide and 8.5 ft 


high: 


| Fig. 80. Parker Gate Fig.@l.. Lang Gate 


| The Lang Gate (Fig. 31) is a modification of the Parker gate, in which 
the section of the upstream leaf above the hinge is removed and rods or chains 
ake its place. The apxiliary leaf, or 
dler, is hinged to the downstream 
eaf, and its lower edge either slides or 
olls on the upstream leaf. Several 
wang gates, reaching in sjze to 80 ft 
long and 14 ft high, have been built in 
America. 

The Chittenden-Drum Dam (Fig. 
82) consists of a gate in the form of 
a sector of a circle, with a central 
angle of 6714°, hinged at its center, and a) water- 
tight chamber into which it fits snugly when down, 
‘Water admitted to. this chamber from the upper 
pool raises the dam. A dam of this type was con- 
: structed on the Osage River, Missouri, in 1901, wit 

it he * a difference in head of 16 ft between the upper 

| Fig. 83, Drum Dam, lower pools. 4 PEAR 

Chicago Drainage Canal ‘The Drum Dam of the Chicago Drainage Canal, 
Fig. 33, consists of a 45° sector of a cylinder’52 ft in diameter, having its face 
covered with steel plates carried by radial frames pivoted at the center on the 
downstream side and a water-tight chamber into which it fits when down. 
Dam raised or lowered by varying the head of water in the chamber, for which 
special yalyes are provided. This dam differs from earlier forms of sector 
dams in being pivoted on the downstream side. The’ yertical range of moye- 


Fig. 32. Chittenden-Drum Dam 
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ment is 18 ft. A drum dam similar to that noted in Fig. 33 has been built 
across the Genesee River at Rochester with a vertical range of 9.4 ft and each 
section 53 ft 11 in wide. 

The Taintor Gate is similar to the drum dam (Fig. 32) except that the axis 
is higher and on the downstream side, and to open it, it is usually lifted clear 
of the water by cables and winches. It is often used on power dams. The 
U. S. Government built at Sterling, Ill., gates 21 ft wide and 13% ft high. 
On the New York Barge Canal there are several Taintor gates, the largest 
having a lift of 14.3 ft and a width of 48 ft. 


Data of Needle Dams 


4 Width | Distance 

5 Height of c toc 

Name or location trestle, bawetn| fees 

feet feet feet 

Original Poiree. - 6.25 4-92 3-25 

Belgian Meuse 13-17 8.33 3-92 

Louisa Ky. Pass - Th .r7, 9-85 4-00 

Louisa Ky. Weir- 9.67 6.42 8.00 
Klecan Moldau, 

Bohemia 12.10 to 15.40] 8.25 4-10 

*=On Sill. 


Stoney Sluice Gates 


Name and location Date 


Belleek, Ireland * 1883 
Manchester, England t.-.--.--- a Eh ty 1892-94 


1892-94 


* One man can easily operate. Distance between roller bearings 31 ft. 

+ Some of gates designed to-withstand 26 ft head. Rollers 744 in diameter. 4 

+ Weight each gate 32 tons. Water pressure about 100 tons per gate. | Can readily 
be raised to full height by 2 men in 7 min. Guides arranged so as to turn gates hori- 
zontally as raised so as to be out of sight under bridge. 5 rollers. . 

'§ 32 rollers per train. 7 in diam. Medium steel. 

|| Rollers 5 in diam. 24 rollers in one train. Medium steel. 2 trains per gate. 

@ Rollers of pin steel with brass bushings. Diam. rollers 6 in. 30 rollers per train, 


Reservoir Outlets 


Chanoine Wicket Dams 
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Pass of | Passes |Weirs of| Weirs of} p Aces 
Port 4 |of upper| Belgian )Kana- |o¢ Ohio 
; 7 : 
l’Anglais,| Seine | Meuse, wha Riven 
Paris, |prior to| about River, 189 of 
1870 1876 1896 
11-83 8.50 | 13-17 
0.29 0.25 0.29 
11-83 7-83 | 14-58 
2 h* 2d 
Diam. of upper journals, ft i : ee oe 
; * c*) 0.26 0.24 
% Diam. of lower journals, ft { er Euan 
r (0-26 2 0.25 
Bictetate nists by - by 
0-14 0.12 
Width of wickets, ft ...--.... 3-75 
2 No. uprights...--..- - 2 
<6 Width uprights, ft... 1.00 
= Thickness uprights, ft. - ae 0,83 
Thickness planking, ft. ...-.-- 0.17 


*¢=center, ¢ = end, d=diagonal, 4#= horizontal... + Two channels back to back. 


AQUEDUCTS 
10. Reservoir Outlets 


Outlets for all reservoirs are preferably put in the natural formation out- 
side the dam whether earth or masonry. In masonry dams they weaken 
the section somewhat, changing the distribution of stresses, and if the open- 
ing is large the change of section may concentrate shrinkage and temperature 
cracks. In earth dams the inevitable settlement of the embankment is liable 


Zz 


Y 


=A: 


7 ml 


‘ Fig. 34. Gatehouse, Jerome Park Reservoir 


i to break outlet pipes. They are sometimes carried thru tunnels in the adjacent 
hillsides, but usually this is impracticable and the common practise is to carry 
them thru the dam. If the dam is masonry, it is strengthened to compensate. 
Tf the dam is earth and high, the outlet may be placed in the natural earth 
below. where, if properly built, they are reasonably safe from dangers due 
fe to settlement. In low earth dams they are usually carried directly thru the’ 
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embankment. ‘he fact that many failures Of earth dams have been due to 
leaky outlet pipes demonstrates that the outlet pipes should not be in contact 
with the earth but placed in a masonry conduit, as in Fig. 34, where 
they may be inspected fre- quently and where any leakage will be 
quickly shown. Where the head of water in the outlet 
is small it is usually placed directly in the earth. 
This is the case ” when the embank- 
ment is low or when he gatehouse 


Fig. 35. Outlet Borden Brook Reservoir 


is above the core-wall and the outlet below is without pressure. Fig. 35 
‘shows one of the latest designs of this type. 

Gatehousés. For doinestic water supply it is usually desirable to be able 
to draw water from either the top, bottom or mid-depth of a reservoir. It is 
desirable to have at each outlet opening a gate or valve which may be quickly 
operated and in addition a second emergency gate to be 
used in case the other is out of order, and a fish and 
trash screen. Fig. 36 shows the gatehouse of the Boon- 
ton dam, which is typical of many watet-supply reser- 
voirs. Where the dam is of earth the gatehouse is put 
either im the dam, as,in the case of the Jerome Park 
Reservoir (Fig. 34), 
or as an intake tower 
built inside the reser- 
yoir, as at the San’ 
Mateo dam (Fig. 
37). In the San 
Mateo dam the out- 
let is thru a natural 
hill. The former 
method complicates 
the construction of 
the dam, and the 
latter is more subject 
to ice pressure. Fig. 
35 shows the gate 
; voiae 3 Gatehouse, Boonton Dam ‘ id 

which is placed above the core-wall and protectcd from ice by thickening the 
upper part of the : dam at that point. 


The fish and trash screens are 
usually cop- per netting 
having about 


6 meshes te 


Fig. 37. Oiitle, San Mateo Dam 


—— 
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the inch, with wire about 146 in in diameter made up in frames which are slid 
into grooves and may be easily removed. ; 

Fishways. The laws of many states require a fish-ladder or fishway to 
be built at dams. Fig. 38 shows the fish ladder recommended hy the U. S, 
Commission of Fish and Fisheries, ‘The cut shows two pools or the ladder 
Which may be multiplied to surmount any desired height. Each pool is 
1¥ ft higher than the one below, 4 ft wide, 644 ft long on one side, and 4% ft ° 
on the other. The opening in the 
bulkheads between pools should be 
about one foot square at the lower 
pool, increasing in size toward the 
upper leye! to insure a waterfall 
oyer the bulkhead; the amount of in- 
crease will depend upon the leakage. 


ELEVATION 


11. Flow Line Masonry 
Aqueducts 


Closed Masonry Aqueducts have 
been used to convey water from dis- 
tant sources to great cities for more 
than 2000 years.. The first Roman 
aqueduct was builtin the year 312 
B.c, Altho’ inyerted siphons, were 
known to the! ancients, the materials 
available for! their construction, Fig 38) oPishway, 
principally lead and earthenware, 
were not such as to admit of great success. Consequently, the first great 
aqueducts were built of masonry, cither stone or concrete, on side hills, 
following nearly the contour of the ground, in tunnels, where it became 
necessary to pierce sudden riscs, and on masonry arches over depres- 


- gions, where it was impossible to follow the ruling gradient on the ground 


surface, Most of the flow line aqueducts constructed since 1900*have been: of 
concrete of horseshoe shape built in open cut and back-filled. Where the detour 
would be too great to carry the flow line around yalleys, inverted siphons of steel 
pipe or pressure tunnels are introduced. In some cases for short distances the 
flow line with the horseshoe cross section has been carried across depressions on 
filled ground. Masonry aqueducts constructed on embankments require great 
care in securing an unyielding foundation, since even a slight settlement may 
cause cracks and leaks A crack below the water-line may erode the embank- 
ment materials and possibly give rise to destruction of a portion of the: masonry 
with serious consequences. A small quantity of steel remforcement in the invert 
of concrete sections on embankment will increase the ability of the structure to 
resist the ill-effects of slight settlement where the construction of the embank- 
ment type cannot reasonably be avoided. Flevated crossings of valleys and 
streams are seldom resorted to. The Assabet Bridge 359 ft long on the Wachu- 
sett Aqueduct completed in.1898, is the most notable case of a recent bridge 
crossing. The horse-shoe shape is best adapted to resisting the pressure from 
the back-fill and to ease of construction, cleaning and maintenance and at the 
same time has fairly good hydraulic properties. ‘ 


Contraction Joints. The practise in flow-line conduit construction is to place 
the concrete continuously in sections with a contraction joint, designed to pre- 
vent leakage between sections. The Catskill Aqueduct developed transverse 
cracks in some cases in those sections where the contraction joints were 75 ft 
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apart, but none in sections which were 60 ft or less in length. Two types of 
contraction joints were tried indicated by A and B in Fig: 39. Type. 

Whe: has been tried elsewhere with indifferent success, because 
of the construction difficulties of properly placing in the 
masonry of the curved sidewalls the thin bent strips of non- 
corrosive metal. In the Catskill Aqueduct, type A was 
found unsatisfactory because of the practical difficulty of 
making tue tongues and grooves sufficiently exact for sliding, 


le: A | 
: the tongues breaking off in some cases. Type B, a steel plate 
| ; coated with asphaltum, gave in general good results, although 
the concrete was cracked by the pl.te in pulling in a relatively 
small number of joints, due to improper placing of the plate 
; or to other’ defects of construction. However, all of the 
joints, of whatever type of construction and condition, were 
B stopped when open the maximum amount at the lower 
masonry temperatures in the cold season. Several kinds of 
caulking materials were used with more or less satisfactory 
results, but the most successful treatment was the complete 
filling of the joint with Portland cement grout. 'Tests made 
subsequent to the grouting indicated that the outward 
leakage from the whole length of aqueduct, when carrying 
the maximum quantity, would not exceed one-quarter of 
one per cent of the capacity. For: lesser quantities and 
aqueduct depths the leakage will, of course, be ‘less, and 
: moreover it has been the experience ‘with ‘this’ aqueduct, 
C 


as well as with similar structures elsewhere, that the 
masonry tightens im service with consequent reduction in 


leakage. k 

P Date | Length, | Height.| Width | Capacity, Grade 

Location and name built | miles | teet fectJlpy cect eal olen 

é 1000 

({t) Boston, Mass , Cochituate-. 1848 14 60 6 33 5,00 27.9 0.05 
(2) Boston, Mass , Sudbury ../.| 1878. | 15.90 | 7 62) .9 00} 155 & 10 19 
| (3) Boston, Mass , Wachusett .., | 1898 11 95 | 1050] If 50 465.0 © 40 
(4) Boston, Mass, Weston ... | 1904 13 44 | 925 | 10.00 | 465.0 | 0 80 
5 eawine | at ert 5 A eit Se 7 Al regions 0.20 
(5) Brooklyn, N. Y.....--++-+ 1859 12 40} 6 33 817 713 V0 IS) 
ach" eh Me Acca S67 | OVO Ny oe nate i 

(6) Brooklyn, N. Y.......-.55. 1891 7 40 6 92 9 33 Qri3 o 10 
hand cel. a an$3 92 7 33 62/8). snk 

(7) Birmingham, Eng, Elan ,..|).-.- 73037; |v 8 06)||--7,66.)) 126.0), ese 
(8) Glasgow, Scotland ....+++). 1859 25.75 8 00 8 00 Ceri 0.16 
(9) Glasgow, Scotland ....,-.- 1894 23 50 9 00 | 12 00 775 ° 18 
(ro), Los Angeles, Cal *.......- 1913 | 233 76 8 25 7 50 | .430,0 2 00 
ma canies laleure ape we 10 28 9 00 4300 | 0 40° 

(11) Manchester, Eng., Thirlmere | 1894 95 88 7,00 7 08 93 0 | 0 31 
(12) New York, N'Y., Old Croton.| 1842 3814 | 8 46 | 7 42 || t47'2 | o2% 
(13) New York, N.Y ,N Croton | 1890 33 25 | 13.53 | 13 60 4650 | 0 13 
(14) New York, N, Y., Catskill...| 1916, | 110 00 | 47 00 | 17 50 7750 |.0 37 
(15) Rochester Intake, N. Y 6 00 | 6 00 23.2 |.0.25 
(16) Vienna — 2d.-.,.0s+0eeees 671 | 6 42 82,0 | 2.74 
“ % 8 21 GRO eiziens 1a?) eee 
(zy) Washington, D. C , Potomac 1863 11.00 |~.9 00} 9.00 |) -t286 |)0.35 
(18) Apulian, Italy... .. ate hee LOLS tSz KOO al oes 9.3 ae 0.25 
«ip oO nl an SPs our Ss 8.7 5.4 2 -Jatseams sil, ale 
(x9) Winnipeg, Canada -.....-- | 1918 | 97 00] 9.0 | 10.75 | 1310 | 0 60 
Cimencsie thergszbyeln tor mma odo hefebetcaseehae 5.4 NOR treet estes Tena 


*Sections given are typical, 
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Flow-line Masonry Aqueducts. 


Numbers in parentheses in the table 
on page 1322 refer to Fig. 40 and to the 
accompanying notes. 


-(r) Lining is brick thruout. < 

(2) Lining is brick and rubble. Cost per 
lin ft, $23.90. 

(3) Lining is concrete with brick-lined 
invert. 2 miles in tunnels, 6.9 miles in cut 
and cover or embankment, and last three 
milesinopenchannel. Cost per lin ft $22.90. ° 

(4) Lining is concrete with brick-lined 
invert. 9.r4 miles are in cut and cover or 
embankment, 1.02 miles are in open chan- 
nel, 2,30 miles are in tunnel and 0.98 mile 
is in cast-iron pipe siphons. Cost per lin ft 
$32.60. 

(5) Arch and invert are brick, walls and 
backing rubble. Invert on concrete cradle. 

(6) Arch and invert are brick, walls and 

backing are rubble. Invert placed on con- 
crete cradle. Average depth of cutting x6 ft. 
Maximum depth of cutting 23.9 ft. 
(7) Lining is blue brick. About 1114 
miles are in tunnel 25 miles in cut and 
cover and the remainder in cast-iron pipe 
siphons. 

(8) Part of aqueduct was lined with ma- 
sonry.' About zo miles are in open chan- 
nel, 12 miles in tunnel and 4 miles in siphons. 

(9) Lining is 
concrete. 1.42 
miles are in cut 
and. cover or on 
embankment, 
18.97. miles. in 
tunnel and 3.10 
miles in siphons. 

(xo) 164 tunnels 
with combined 
length of 42.7 
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miles, not including 9.2 miles. of power tunnel. Open unliried canals 2t-1 miles, Open 
lined canals 39 56 miles, concrete covered conduit 97.72 miles,  Siphons, steel and con- 
crete 12.06 miles. 

(x1) The lining in tunnel and in cut and cover is concrete. 3675 miles are "in cut and 
cover, 14.12 miles in tunnel and 45.01 miles are in 40-in cast-iron siphons. Cost of whole 
work per lin ft $42.00. ; é 

(12) 37.1 miles are in cut and cover ot on embankment, the lining being brick backed 
with rubble, 08 mile is in 4-36 in cast-iron pipes, and 0.3 mile is in pipes carried on High 
Bridge over the. Harlem River:. Average cost was about $59.00 per lin ft. 

(13) Lining is brick backed with rubble. 29.75 miles are in tunnel of which 7.17 miles 
are siphons, £.12 mites are in cut and cover and the last 2.38 miles are in cast-iron pipe. 
Cost about $xi2.00 per lin ft: : , b 

14) Liming is conerete even in siphons. 54 miles of flow line sections, 144 and 14B 
in eut, ahd cover at grade of ar {t per thousand. o5 mile is in embankment, 13 9 miles 
are in grade tunnel, 35 miles in-pressure tunnel and 6.3 miles in siphons. 

(15) Concrete’ 1.42 miles are in tunnel and 0.8 mile is in cut and covet. 

(16) Conctete is used quite generally. 44 miles ate in tunnels, the longest being 17 630 
it; there aréalso several iron pipe siphons, the longest of which is 6 miles, and a masonry 
arch bridge carrying a coricrete aqueduct. 

(47) Lining is brick and rubble masonry. 9.51 miles are in cut and cover of on em- 
bankment and 49 miles are in tunnel, 

(18) Concrete. 99 tunnels of an aggregate length of 60 milés, the longest being 12 
miles. 85 bridges. Ay’ 

_ (49) Coriereté conduit in cut and tover or on eribankment. Part on pile fotindation, 
River crossing made by reinforced cohcréte siphons. Supply line from resefvoit to city, 
a 5 ft 6 in diameter réinféreed Concrete pipe 1 miles in length, 

12. Siphon and Pressure Tunnels 

Data regatding siphons and pressure tunriels are given below, the numbers 

in parentheses telerring to the notes and to Fig 40: The first pressure tunnel 
Data ot Siphons and Pressure Tunnels 


Equiva- | Max, | Max. | 
lent inter- | exter- | Capae= 

Length gradein} nal | nal | ity sec 

ft per | head.) head; ft 


Date Diarn, 


Name atid Aqueduct rial feet | giles 


f 1000 ft ft 
(40) Harlem Rivér, New 
Croton, N.Y <i;+.:| 1890 | to 5 | 7 17 2 90 431 |° 304°} 465 

(ot) Milwaukee, Wis .... |'1895 | 7-5 | © 6a. Wreett. TIS YMeaTSeL. fee 
(22) Washington Extension, 

BODO Base Fence 1902 | 9 87 | 3.92 |isss--- 19) Soames 
(23) Jersey City, N. J..... | 1904 6.00 | £0025 |. Saal 230 50.| 108 5 
(24) TorreSdale, Phila , Pa. | 1904 |f0 50] 2.6f Oeil  rs 99 | 465 0 
(25) Cmeirinati, Ohio. . ais!) 1905 7.0 4/21 o 37) £7O gs. | 155 0 
(26) Buffalo, N. Y TOTO... ss NOS “he santa 50 BO Vet tee 


(27) Rondout; Catskill, 
) CONG YM RB Gat. Sea | 196 | 14 5 
(98) Wallkill, Catskill, N.Y.| x16 | 14 5 
(29) Moodna, Catskill, N.Y.) 1916 | 14 2 
fe} 
6 


\ J. } 630} 240} 775 

(39) Hudson, Catskill, N.Y.) 1916 | 14 if 68 aus \ | 1517 | 4200} 775 
(31) Yonkers,Catskill; N.Y.) 1916 16 AB\\ a tee Ws is5°| 100, h 77S 
(32) City Tunnel, Catskill; 

WSR ios fav F 1916 | 11 O-| 18.11 |-a--.3-s 1005 | 710 | 775 

‘ F 15 0 : 

(33) Cleveland....:..+--+5 1917 | 10.0 | 3.00 |evsseses 99 GW} satvinin ii), 
(34) Chicago, Il.....-+-+- TOTSy || etait 8.00 |..cs..ee [5 F3O 1 EIQ |eneaeee 


* Section shown for Rondout typical for all presstire tunnels on the Catskill system. 
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of note was the Harlem River crossing on the New Ctotoh Aqueduct, and this 
was lined with brick. | 


(20) Water Supply, Ni Y: City.) Rock tuhnel lined with brick, backed by rubble 
masonry. The face of the brick lining was washed with three coats of neat cement mortar. ° 

2) pees Water Works, Wisconsin. Hard clay and water-beating sand and 
gravel. Compressed air used. No timbéring tised in hard clay: Pomres avefaged 
624 ft an ay in clay. Drills atid explosives used in hard clay. | Cireiilar section lined 
with 4 rings 6f brick. 

(22) Water Supply. Rock tunnel lined with brick backed by rubble. Length of soo ft 
is iron lined; Average cover is 150 ft. 

(23) Water Supply, Jersey City, N- J. Steel plate pipe °/1g in to 7/1g in thick except 
at crossing of Hackensack and Passaic Rivers where the thickness is 11/j6 in. 

(24) Water Supply. Rock tunriel lined with 1314 in of brick in the rock and g in in 


the invert, backed with a tinimuin of 6 in of concrete. The maximum cover is rrs ft. 


(35) “Whiter Supply, Cincititiati. Rock tiihnel lined with two tings of brick batked by a 
eaibinuia 6f 6 in of conerete: Average cover over tuhiiel is i360 ft. 

_(26) Water Supply. Rock tunnel, concrete lined x to 2 ft thick. Extends 6600 ft 
under Lake Erie, inside dimiensions 12 by 11 ft 3 in. Land turnel 4300 ft long inside 
dimensions 9 by 8 ft. 

(27) Rock tunnel driven from 8 shafts by top heading and bench method, known as 
American method. Maximuin pfogress (full séction) 48814 ft permonth. Four 314 in 
Ingersoll-Rand drills on 2 vertical columns and 2 on Beith. 22 holes, 8 to 12 ft deep 
per round in heading. 175 £6 200 [bs of 66% dynamité pet rotihd. Concrete lining 
12224, 15 to 17, in thick. “Steel fotms. Approximate co8t to city pef lin ft based on 
contract prices: Tunnel $180, shaft $285 in rock and $350 in-earth, Minimum rock 
cover 180. aximum depth 710 ft. 

(28) Rock turinél driven from 6 shafts in Hudson River shale,-by American method. 
4 air drills in heading and 2 on bench. 22 to 24 holes per round. Muck hauled by mules 
and electric locomotives; Maximum monthly advance one fate 523 ft: Ventilation by 
blowers. Concrete lining 15 to x7 in thick. 

(29) Tunnel in shale and granite: 7 shafts Concrete lining 13 to 15 ih thick. 

(30) Tunnel in sound granite, 1100 ft below surface of river. Hydraulic Tadient 4oo ft 
above river. Shaft at either end. Concreté lining 13 to 15°in thick: ater bearing 
fissure sealed by building concrete ‘bulkhead 8 ft fHick heavily reinfatced with rails 
and grout, under pressures up to 1060 Ibs pet sq in forced through pipes sét in bulkhead 
and leading fo fissures. 

(32) Tunnebin gneiss, driven from. 4 shafts Concrate linitig 15 to 27 in thick. 

(32) Tunnel under New York City in gneiss, schist and limestone from 200 to 750 it 
below surface. Driven from 25 shafts) by American method. Electrically operated 
machinery generally used. Ventilation by blowers. Cost of excavation per lin ft tunnel 
based on contract prices varied from $86 for rr ft diameter tunnel to $90 per r5 ft diametet 
tunnel. Lining rz to 1g in thick of r :114:.3 concrete. Cost of lining based on bid 
prices Varied from $51 for 11 ft diayopter’ tunnel to $52 for r5 ft diaméter: 

(33) Waterworks tunnel in stiff clay under Lake Erie, driven by hydraulic ‘shield; 
Excavation for about half the length of tunnel dorle by Rotary cutting machine which was 


| abandoned arid test of work dont by hand. Maximum monthly advance 886 ft. Con- 
| sidétable trouble with inflamniable gas. Tunnel lined with concrete blocks 11 in thick 
| fadially by £8 in wide, six segment blocks and keys to the ring, blocks Weighitig 1200 Ibs 


each. 
(44) Water works tunnel in tock, 3 miles under Lake Michigan and 5 miles urdet 
{Wilson Avetiue, Chicago. 4 shafts. The top heading and bench method and bottom 


ee mixed in a tunnel and placed by hinait B process back of steel forms. are] 
bf horseshoe gection; ae lin ft of lake tunnel, 12 ft 3 in wide and 13 ft high. Rest, 
ri ft 4 in wide and 12 ft high. Lining 12 m thick. Cost per lin ft. $61.48 done by city 
force account. 


Thete are several cast-iron siphons riot included i in the above. The aqueduct for the 


; Liverpool and Manchester Water Supply have siphons consisting of from three to five 


9 in and 42 in cast-iron pipes laid side by side under heads of 300 to 480 ft. The new 
Ertan ie passes titider the 128th Stteet valley in 8 cast-iron pipes 48 in in diameter 
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Jaid side by side. The Catskill aqueduct crossing under the Narrows is a 36 in diameter 
cast-iron pipe. : 5 
13. Reinforced Concrete Conduits 


Data regarding reinforced concrete conduits are given below, the numbers 
in parentheses referring to the following notes and to Fig. 41. In the Salt 
Lake City conduit the joints at the end of the sections were thoroly grouted 
in the coldest weather and the concrete was thus thrown into compression, * 
-effectually cutting off leakage. In the Jersey City aqueduct fine cracks 
appeared at the joints, but the leakage was not serious, and eventually they 
silted up. The Cottonwood and Pinto pressure pipes were built without 
any provision being made for expansion joints, the ends of section being left 
rough for the purpose of affording a good bond with the next day’s work, 
Numerous cracks developed which were from time to time repaired, with 
the result that, one year after their completion, test showed no leakage in the 
two Cottonwood pipes; in the north Pinto pipe a leakage of 0.002 sec ft, and 
in the south Pinto pipe 0.03 sec ft, all tests being made under maximum head. 


F Date | Length, | Height,|Width, 
Name and location built | miles feet feet 

(x) Champ Isere, France.-.-|----+- I-30 10.82 | 10.82 
(2) Cottonwood, Arizona. ..- 1906 0.20 Tae | IE 
(3) Eastern Col. Power Co. .|.. 1909 | 12-00 3-00 | 3-00 
(4) Jersey City, N. J.-.----- 1904 3-59 8.50 | 8-50 
(s) Kensico By-Pass, N. Y... 1916,| 2.21 11.00 | TI-00 
(6) City of Mexico, Mexico..| 1906 |. 17-00 .| 6-23 |° 6.72 
(7) Newark, N. J.-.-------- See 5-00 | 5-00 
(8) Pinto, Arizona 0.92 5.25 | 5-125 


(9) Salt Lake City, Utah:.-. 7.20 4.46 |, 3-42 


t 


(zo) Sosa & Ribabona, Spain. 0.61 12.50 | 12.50 
(xr) Umatilla, Oregon. .---.-|------ 0.89 3-92 | ° 3-92 bs. 
(12) Albelda, Spain. .-------|------ 0.45 13.12 |13-12|.------]-+-- ++] ee 


(x) Hydro-electric plant. Hoops and longitudinal rods forming a 4-in mesh used fc 
reinforcement. Maximum head sustained 65.6 ft. iy 
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(2) Power pipe lines. This is a double line siphon with a maximum internal head 
of 75 ft and an external head not exceeding 10 ft. Reinforced with 5%-in steel hoops 
spaced 3 inc to c and ro longitudinal rods. 

(3) Pressure Pipe. In a trench 4 ft wide and back-filled with a minimum cover of 
30 in. Used for siphons up to a head of ros ft. Reinforced with hoops of No. 5 steel 
wire spaced 12 inc toc. 7 tunnels on the line aggregate in length 1500 ft. Pipes were 
cast in lengths of 2 ft before being placed in trench. 

(4) Flow-line water supply aqueduct. Reinforced with transverse %6-in twisted steel 
rods 12 in c to c and longitudinal 14-in twisted steel rods 24 inc toc. Portion of the 
22.99 miles of aqueduct from Boonton to Jersey City. 4 

(5) By-pass on Catski!l Aqueduct at Kensico reservoir. Maximum depth of invert 
‘below flow line of reservoir in which by-pass is located is about 53 ft. 

(6) Flow-line water supply aqueduct. The reinforcement is expanded metal. Conduit 
entirely built in cut and cover. : 

(7) Im Cedar Grove Reservoir. Maximum head inside 50 ft and outside 50 ft de- 
pending on whether pipe or reservoir isempty. Reinforcement is No. ro gage expanded 
metal with three-inch mesh and joints lapt. 4000 ft are single conduit and 1500 ft are 
double conduit. F 

(8) Power-pipe lines. Double-line siphon with maximum internal head-of 31 ft and 
external head not exceeding ro ft. Reinforcement is 5é-in steel hoops placed 6 in c to c 
and 6 longitudinal rods. ; 

(9) Big Cottonwood Water Supply, flow-line aqueduct. Part of conduit was built 
in cut and cover, part in fill and part in tunnel. ‘The reinforcement is twisted steel bars 
84-in to ¥-in in diameter, space 6 in tog inc toc. Cost was about $9.80 per lin ft. 

(zo) Consist of a steel tube 0.118 in thick, embedded between an inner mortar coat 
0.9 in thick, plastered on wire mesh, and an outer concrete shell 5.9 in thick reinforced 
by hoops of T iron, all in shallow trench, maximum head 85 ft. 

(xx) A siphon on the Umatilla irrigation system. The maximum head is 55 ft. The 
reinforcement is a coil of 54,-in wire. 

(v2) Same irrigation system as Sosa and Ribabona. Maximum pressure head 97 ft. 
Shell of pipe 7.28 in of concrete faced with o.59 in cement mortar. Reinforcement 124 
longitudinal round bars 4 in apart and circumferential T bars. Concrete, 1 Portland 
cement: 1.28 sand: 2.56 gravel under 114 in and o.58 to 1.00 part of water, all by volume. 
Lining 1 cement: x sand, Seepage loss under full head 0.14 sec ft. 


14. Wooden Stave Pipe 


Stave Pipe is much used in Western United States on account of the cheap- 
ness of lumber and the high cost of steel and cement. It is built in place by 
assembling the staves for the lower half in a cradle, after which a pipe ring 
is set inside and the staves for the upper half assembled on it. The staves 
all break joints with those adjoining and are “driven home” on the end. 
Bands are placed but not finally, tightened until the wood is thoroly saturated. 
Junctions are made by cutting the last staves.a little long and springing them 
into place. 

The Staves vary between 114 in and 2% in in thickness and 6 to 8 in in 
width and are uniform thruout the length of the pipe, the variation of head 
being met by variation in spacing of bands. The staves are shaped to true 
cylindrical surfaces on the inside and to true radial,lines on edges. The 
| outside is usually curved, but sometimes flat. A very shallow bead left on 
the edges crushes and results in greater water-tightness. Thin steel tongues 
| let into the ends of the staves make tight joints and insure a smooth interior 
surface. The timbers most used are California redwood, Oregon and Wash- 
| ington fir, yellow pine and several kinds of spruces. The timber should be 
| clear, somewhat seasoned and protected from warping. 

' Bands are from 3% in to 8% in in diameter. They are rubue lst for the 
initial tension on erection, plus the.stress from water pressure plus the stress 
gore: swelling wood, It is generally agreed that a pressure sufficient to keep 
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*) Total | Lengfal 5. Imaectslapea j 
Di length|of wood Capac: arene? pa Band |Max. 
Name and location “18+! of pipe| stave ity, |nessiOf OF Ispacing,| head 
ins | \jne, | pipe, cu ft }staves, bands, Tene ile 
iniles | iniles |) ROSES |, 05 aS : 

o peter n sai) 18 | oTE-9 7-4 6.4 | 188. |, ‘Ac (asta ) 175 

(2) Butte, Montana----| 24)| 9-9 Vy |2749-6 | 202 

(3) West Los Angeles--|30 | 7-5 1 34p-12 105 

(4) Vancouver, B.C.-.-| 30 | 4- Vy 184. | 210 

(5) Pikes Peak Plant..-| 30 | 4> Yy |244-8 | 205 

G@) Denver Col snnrh9@ | 203 408-8 | A TE | A Ieee a 

(7) Je sPacagian 3¢ Ay PeBy | ssntar Vy 234-12 |) 17) 

(8) Atlantic City, N. J.-| 42 I-29) | 1-9 ; he 12 9 

(9) Johnstown, Pa. ---- 42:| 6-4 |> 4-4 Vout s\\wakocr ene 

(ro) Johnstown, Pa-.--- 44|.6-4 | 2-7 14, |444-12 | 63 

(x1) Bear Valley, Cal,.--| 52 | 9:4] 0-4 5% 12 28 

o% |. ..| 66 

(12) Deep Canyon Pipe.-| 52 |+--+-> 0.2 129.0 |272-6|--.+-- |2¥ert2 307 

| (13) Morton. Canyon Pipe| 52 |------ O.1 120.0 | 2-2.6|.-..--|2¥e-12 ist 

| (14) Warm Spring Pipe--| 52 |------ o-1 120.0 Pb RT 25 = 544-12 |, 63 

(1s) Ogden, Utah..-----| 73 6.0 | 5-21 | 250-9 2 5g. |27e-S44I, 135 
| (16) Manchester, N. H..-| 72] 9-4 | 9-7 
i (17) Tumwater, Wash..-|102 | 2-2 |. 2-1 
| (28) Floriston, Cal. ----- 108 | 0.3 | 2-3 
(19) Madison Canyon.--|120,} 1:4.) T-4° 
(29) Madison Canyon. - -|144 1-4 I-4 


az 


i} 
i 
| _ a ahaa 
(x) 1895. Water Supply and Power. Oregon yellow fir. Staye pipe cost city go ce 
per lin ft. Grade 5.03 ft per 1000 ft. Leakage 0.099 sec ft. At end of 10 years © 
of ail staves were replaced and 54%, of the line was reconstructed. : 
| (2) 1892. Redwood. After 14 yeurs service was in very good condition; up. to t 
{ time no staves Were ever replaced on account of rot. . ‘ } 
(3) 1896. Redwood, : 
(4) Water Supply. Mostly fir used, some cedar. Average spacing of bands 394 in 
{ (s) Beaver Creek, Pueblo. Redwood. .One tunnel on line 1533 ft long. 
; (6) 1890. Texas pine. Cost of stave pipe, including erecting, $1.365 per lin ft. Tren 
i ing and back filling $0.483 additional. * ! gid synt 
4 (7) Little Conemaugh Riyer Water Supply- Washington fir, Average cost of wl 
i line $2.60 per lin ft exclusiye of trench and supports. Grade 1 to 2 per 1900. ie 
q (8) .1993- Water Supply. Washington fir, Grade 0.16 ft per 1900 ft. Cost $: 
| per lin ft. (9) See note under (7). _ (19) See note under (7). (rr) 1893. Redwoox 
(12) Santa Ana Canal. Cost of pipe $6.20 per lin ff. Cost complete $rr.29 per Ii 
i j (+3) Santa Ana Canal. Cost of pipe $7.46 per lin ft. Cost complete $ro.04 per li 
{ (v4) Santa Ana Canal. Cost of pipe $4.06 per lin ft, Cost complete! $6.51 per liz 
| (15) 1897. Pioneer Power Plant. Douglas fir. Pipe is laid in trench 85 ft \ 
fl and covered to a depth of 3 ft. on top. re 
14 (16) 1874. Power Deyelopment. Southern pitch pine- Grade 43.33 ft per 160 
i Said to be fh first wood stave pipe- 
: (17) Cascade ‘Tunnel Power Plant. 1909- Washington fir. Mostly in rock trenc 
4 (18) 1898. Power for paper mill, Redwood. | Mainly laid above ground ; bo’ 
a portion on earth and stone spalls. After 8 years service there was no evidence of ri 
(1g) No, 2 plant of the Madison River Power Co. Norris, Mont, 1204p pipe fini 
ui 1906, 144-in pipe finished 1908. Redwood. (20) See note under (19). : 


i the wood saturated, or nearly. so, prolongs the life of the staves, and 

! contact with earth charged with decaying vegetable matter and crushir 

the exterior surface of the wood in adjusting bands shortens it. Examina| 
of pipes which haye been in use for a number of years show that the int 
surfaces wear smoother and do not become fouled. ae 
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“15. Flumes 


Flumes are used where excavation for a canal is difficult, as on steep hill- 
sides, where’ the soil is so loose that an unlined canal is impossible, or where 
the canals cross rivers or deep depressions and the use of siphons is undesirable. 
Since much higher velocities can be used than in canals, and the frictional re- 
sistance is less, it is possible to use a much smaller area of cross-section. Con- 
. crete, iron and wood are the principal materials employed 


Reinforced Concrete Flumes of varied design are used by the U, S. Reclama- 
tion Service on its irrigation projects. No. 1, Fig. 42. shows the type con- 


Fig. 42. Reinforced Concrete Flumes 


‘structed in 1908. This design is more or less standard for flumes up to 72 sq ft 
section, the spans between bents varying trom 14 to 30 ft., No. 2, Fig. 42 shows 
the Brooks Aqueduct, Alberta, consisting of a curved shell of reinforced con- 
crete suspended between two girders on a reinforced concrete trestle, bents 20 ft 
c toc, 

Wooden Flumes are most numerous on account of smaller first cost, tho they 
have short life. Fig 43 shows 2 by 3 ft wooden flume on trestle. The bents 
are 15 ft between centers, 4 in by 4 in up to 7 ft high and 6 in by 6 in up to 
i2ft high. The stringers are 4 in by ro in by 16 ft long: The sides and bottom 
are 2 in by r2 in with % in by r in splines set in edges and quarter round 
molding nailed in corners; the sides are spiked to the bottom by 20d nails x ft 


Fig. 45. Wooden Stave 
Fig. 43. Wooden Flume Fig. 44, Flume 


centers; the yoke frames are spaced 4 ft centers. Fig. 44 is a cross-section 

of the San Diego flume, Cal. Fig. 45 shows the wood stave flume. The 
greatest difficulty in construction is encountered in making the junction be- 
tween the flume and the natural earth bed of the canal, since this joint must 
be absolutely watertight. 
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msg Thick- |Grade, 
F Length,| Height, |Width,| ness of | ness of ft ity, 
Name and location miles | feet | feet | walls, | floor, | per cu ft 


(1) Bear River, Utah. --.-|» 0.02 4-00 | 10.00 


(2) Conconully, Wash---| 3-03 | 2-00] 3-00 
(3) Dulgura..------+--- 0-94 | 3-83 | 4-5° 
(4) Henares, Spain. ----- o.or | 6.20 | 10-17 
(5) Illinois & Mississippi. |’ 0.34 | 7-00 | 40-00 
(6) Kern River, Cal-.-.- o.so |. 7-17 | 8-00 
(7) Nadrai, Ind....----- 0-20 7-00 |130-00 
(8) Nebraska-Wyoming--| 0.04 | 12-50 | 34-00 
(9), Northern Colorado...|. 0-50 | 7-00 | 25-00 


(10) Northern Colorado..-| 0-19 7.00 | 36.00 
(xx) North Poudre, Col. -| 0-64 6.00 | 8-00]. 
(22) North Poudre, Col..-}| 0-14 | 4-50 | 12-00 
(13) Pecos Val, New Mex.| 0-09 | 18.00 | 20-00 
(14) Puget Sound, Wash..| 10.20 | 4-50 | 8-00 
(as) San Diego, Cal.-.---- 36.00 | 4-00} 5-83 
(16) Santa Ana..-------- 2.16 5-00 5-83 % 
[an Tieton, Wash. --...--|------- 53-83 | 8-30, 4-00] 4-00 |------|---5-="= 


(x) Bear River Canal, Utah. Plate girder bridge of three spans, viz., 60 ft, 45 ft, anc 
2s ft. Flooring between lower flanges carries canal. 

(2) Washington. Temporary flume for water supply used in hydraulic fill dam it 
xgog. Materia: used was timber. 

(3) Sides and bottom are redwood. Carried on trestle. Frames spaced 4 ft c to c.. 

(4) Canal in Spain. Steel bridge aqueduct formed by 2 box girders with iron floo 
between, attached to lower flanges. 62 ft clear span. 

(5) Canal. Reinforced concrete bridge on concrete piers. Framework of floor rein 
forcement is 19 longitudinal 1 beams 20 in deep and 34 ft 11 in long laid abreast 
Side wall reinforcement is 2 I beamsi20 in deep, 6 ft apart vertically and trussed. 

(6) Kern River Power Plant, Los Angeles. Redwood, seams beveled and calke 
on sides and flushed with asphalt on the bottom. 1 in by 6 in battens,used. Carrie 
on concrete foundations. ; ; 

(7) Aqueduct of the Lower Ganges Canal. Masonry bridge of 15 spans 60 ft clear. 

(8) Canal crossing Spring Canyon. Bridge carried on three arches of reinforce 
concrete. Walls are reinforced with 34-in to 1-in steel rods 6 in c toc in 2 rows. Floc 
reinforcement is 1-in steel rods 6 in c to c 

(9) Platte or Highline Canal. Timber. 

(zo) Platte or Highline Canal crossing Plum Creek. 

(11) Colorado, Timber with joints calked with oakum. Constructed on rock bencl 

(zz) Colorado. ‘Timber with joints calked with oakum. Constructed on trestle. 

(13) New Mexico. Irrigation canal built in 1903. Concrete reinforced with T iror 
spaced 4 ft c to c. Supported on four concrete arches of 100 ft clear span and 25 ft ris 

(24) Power canal in Washington built in 1903. Timber, carried on trestle from 6 ° 
80 ft high. The maximum curve is 70° and the total curvature is 10 280°. 

(15) Redwood. Carried on timber stringers and mudsills- 

(16) Wooden Stave. Redwood. Held by T irons 244 in by 214 in 4 lbs per lin 
spaced 8 ft c to c and 2 intermediate 56 in steel binders. Supported on timber crad 
_and concrete piers. 

(17) Washington. Semicircular reinforced concrete. Transverse reinforcement 96 
Steel rods 4 in c toc, longitudinal 18 steel rods 14 in in diameter, 12 inc toc. Carried | 
reiniorced concrete trestles. 


. 


. 
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CANALS 
16. Navigation Canals 


Canal Prisms (Fig, 46). The cross-section varies with the material 
past thty, the value of adjacent property, and the facilities to be given to 
traffic. In earth the side slopes are usually from 2:1 to 3:1 but there are many 
examples of steeper and flatter slopes. The Erie and Manchester canals 
have in places side slopes of 1:1, but these are protected by paving for the 
full height, and have failed in some cases. In cities it has often been found 
economical, as in the case of the Erie canal, to provide vertical side walls. 
In rock the sides are usually made vertical, or nearly so. The recent use of 
channeling machines has facilitated the formation of smooth vertical sides, 
with great benefit to vessels. Clearance between-the keel of the vessel and 
the bottom of the canal varies with the form and area of cross-section of the 
vessel, the width of the channel and the speed desired, as the following table 
shows: 


, | Haulage Authority 


N.Y. S. Eng., 1877 
Lindley 


Dortmund & Ems, Ger ..- . % is Herman 

Merwede, Holland : Int. Engr. Congress 

Brussels to Rupel, Belgium|1o 

Ghent-Terneuzen, Holland|20 7 Int. Engr. Congress 

Amsterdam (before last en- ; 
largement) ; Int. Engr. Congress 

Suez (before last enlarge- 


Panama Report, 1906 


The width of the canal should be at least sufficient to permit two boats meeting to 
pass each other, but on account of the rapidly increasing resistance to the movement 
of a boat as the cross-section of the canal diminishes, the width of boat canals is generally 
greater, so that the area of the wet cross-section may be three to five times the area of the 
cross-section of the boat. On the New York State Barge Canal, the ratio is designed 
to vary from 4.76 in earth sections to 4.51 in rock sections. 

Level Sections are required for a navigation canal, since strong currents 
are inadmissible. Difference of level between adjacent sections is over- 
come by locks, inclines or mechanical lifts. Inctrnes or high mechanical 
lifts are suitable only in the exceptional cases where the slope of the valley 


is very steep or where they can be so located as to concentrate a large descent 


within a short distance. They effect a saving of water as compared with 
locks. Locks are. usually best adapted to meet topographical conditions; 
in general, lifts of locks vary from 5 or 6 ft to 15 or 20 ft, but some have less 
than 5 ft and a few have been built with lifts of from 25 ft to 30 ft and upwards. 
Larger lifts require more water for lockage, reduce the time required by a 
boat to overcome a given elevation but tend to reduce the ultimate traffic 
capacity of the canal. Locks are used in most places where an incline or high 
* mechanical lift would be practicable. If the slope of the ground is not too 
steep, sections of canal are placed between adjacent locks which enables some 
saving of water to be effected; where the topography does not permit these 
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Fig. 46. Cross-sections of Navigation Canals 


(1) Marne to Rhine (8) Dortmund and Ems (16) Chicago Drainage, Ear! 
(2) Erie (9) Merwede (r7) Chicago Drainage, Roc 
(3) Ene (ro) N, Y. Barge, Earth sec (18) Bruges-Maritime . 
(4) Erie (a1) N. Y. Barge, Rock sec (19) Ghent to Terneuzen 
(5) Erie (x2) Soulanges (20) Suez ‘ 
(6) Canal du Centre, Belg. (x3) Corinth (21) Amsterdam 


(7) Illinois and Mississippi (14) Manchester, Rock (22) Kiel 
(ts) Manchester, Earth (23) Panama 
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intermediate canal sections the locks are connected into a succession of steps 
forming a “flight,” 


Widening Prism on Curves. It has not been usual in the United States to increase 
the width of canals on curves. In the plans of the New York Barge Canal no increase 
in width was proposed for curves of 5° or less; for 6° the widening proposed was § ft. 
On the Canal du Centre in Belgium the widening was 400/R in meters, R being the 
radius of the curve. At the International Copgress for Inland Nayigation held at. 
Vienna in 1886, a tule was adopted that the amount of widening should be twice the versed 
sine of the arc whose chord is equal to the length of the largest boat traversing the canal. 
This was adopted for the Dortmund and Ems Canal, the length of the boat being taken 
at 220 ft. 

On the Ship Canal from Ghent to Terneuzen, the widening on curves was determined 


by the formula 4 (R— V R2—200%) in feet, R being the radius of the curve. On the Kiel 
Canal, the widening was determined by the formula 26—o.or R in meters, or 85.3 —0,0r 
Rin feet. On the Kiel Canal it has been found by experience that ‘‘it is not so: much 
a large radius that is required as a proper widening of the cross-section.” This view is 
abundantly confirmed in the United States as regards vessels moving under steam power. 


“Rubble in 
Hydraulic Limo 3 


Fig. 47. Methods of Bank Protection 
(rt) Canals in the north of France. (2) Luik Maastrecht Canal. (3) Enlarged 
_ Erie Canal, Eastern Division. (4) Canal from Maastrecht to Boisle Duc. (5) Dortmund 
‘and Ems Canal. (6) New York Barge’ Canal. (7) Manchester Canal. (8) Ghent- 
~Terneuzen Canal. (9) (10) (rr). Kiel Canal. (12) (13) Amsterdam Canal. 
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Protection of Side Slopes (Fig. 47). In earth some form of protection is 
usually advisable, particularly in sandy soils, to protect the slopes against ' 
wave action caused by passing boats. The extent required depends upon 
the character of the traffic. At the Dortmund and Ems Canal, traversed 
by boats drawing 6’7’” at a speed of 3.1 miles per hour, it has been found 
sufficient to extend the protection 2 ft under water; one of the several forms 
used is shown in Fig. 47. On the- New York Barge Canal, the protection is 
extended 2’6” or more under water. In larger canals, traversed by large ships 
and at higher speed, the protection is usually extended 5 to 8 feet under water, 
and terminated at its lower edge on a berm. Of the three figures relating to the 
Kiel Canal, the last one is designed for use when the canal is filled with water, 
and the stones cannot be laid with regularity below water level without unwar- 
ranted expense. In some cases the protection has been designed to serve the 
further purpose of maintaining the-bank at a steeper slope than it would other- 
wise sustain, as in the standard section of the Erie Canal and at places in the 
Manchester Canal. This is decidedly objectionable for propellers, as the slope 
walls are liable to break the wheels and it is better practise in nearly all cases to 
give the earth below the belt requiring protection from wave action a slope at 
which it will stand. 


When the protection is of stone it usually consists of a paving of rubble masonry or 
selected stone laid dry with as close joints as practicable in order to prevent washing 
thru the joints of the paving, the earth is first covered with a layer of gravel or of small 
broken stone. A cheaper form of revetment has been used successfully at the Soulanges | 
Canal, and has been adopted for the New York Barge Canal where specifications de- 
scribe it as consisting of three grades of stone; first one-quarter of the whole volume to 
be quarry waste, stones ranging in size from 9 in to 5 in in longest dimension; second 
one-quarter of stones from 4 in to 9 in in longest dimension; and, third, one-half of 
stones from 1 in to 2 in in diameter. The targer stones are bedded on smaller ones and 
rammed firmly in place; the remainder of the small stones are used to fill voids and form 
a smooth surface. No flat stones are permitted. On the eastern section of the Illinois 
and Mississippi (Hennepin) Canal a trench was cut in face of the embankment, extend- 
ing from 2 ft above normal water level to z ft below it, and filled with rubble laid 
roughly by hand. On other sections no protection was provided until after the canal was 
put im useand a berm had been formed by wave-wash; stone was then brought in on 
barges and deposited in the trench thus formed. Bricks have been used in various forms; 
also concrete blocks and reinforced concrete. Where water seeps into the canal, revet- 
ments of masonry or of concrete require to be back-drained by being laid on sand or 
gravel or by other means. 

Control of Leakage from Canal (Fig. 48). Where canals are formed in 
sandy soil or other permeable material, the loss of water by percolation or 
seepage may be so great as to endanger the adequacy of the water supply. 
If the water supplied to the canal carries silt the seepage will become less as 
the voids in the sand gradually become filled with fine particles of silt carried 
by the water, or with silt, sawdust or similar material thrown into the water 
near the points where leakage is greatest; but in such material it is usually 
advisable to take means to prevent or reduce seepage during the construction 
of the canal by interposing less permeable material, and where the canal is 
carried on an embankment this is usually essential to insure the safety of 


. the work. Insuch a case the canal should have an impermeable lining, which 


is usually of clay with sand or gravel well puddled or rammed. In order to 
prevent shrinkage cracks above the water line and in the sides and bottom 
when the water is drawn out, and also to protect the puddled material from 
abrasion by boats, the puddle is usually covered by a layer of ordinary soil. 

‘In the canal from the Marne to the Rhine the water-tight layer contained three parts 
of sind to two parts of clay, the mixture, after spreading, being sprinkled and rammed to 
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24 of its original volume. In the navigable feeder of the Arroux, Canal du Centre, 
France, the mixture contained 65 to 70% of clay; the material in the bottom was 
compacted by grooved rollers drawn by horses, and in the slopes was rammed; the ~ 
material was spread in 4-in layers and reduced in volume 40% by rolling or ramming. 
In the Dortmund and Ems Canal, where the canal was in embankment, the material ~ 
of the embankment was principally marl, and the water-tight lining was of the form 
shown in the figure, the thickness of the puddled material increasing with the height 
of the embankment. In the Canal du Centre, Belgium, a lining of concrete has been 
used successfully, protected on the bottom of the canal by a fill of clayey earth. This 
is suitable only where the bank is of firm material not liable to irregular settlement, 
and is liable to injury by boats. In the canal from the Marne to the Rhine concrete 
in banks was also covered with earth. 
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Fiz. 48. Methods of Tightening Canal. Prisms. (x) (2) (3) Dortmund and Ems, 
(4) Marne to Rhine. (5) Arroux. (6) (7) (8) (9) Canals du Centre, Belgium. 


Where the bottom of the canal is subjected to up-lifting pressure when the canal is 
laid dry, the water-tight layer is likely to be breached; underdraining is sometimes 

_ practicable. The case may arise where the head of the inflowing water is above the 
bottom of the canal but below the water surface desired; each case of this kind must be 
Studied as it arises. A water-tight lining of the sides and a silt lining of the bottom may 

_ besuitablein sucha case. Where the bottom of the canal is in.excavation and the material 
sufficiently water-tight, while the sides are embankments, seepage may be prevented 
by a puddle lining on the slope or by a puddle wall in the middle of the embankment. 
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When placed on the slope the thickness should be great enough to permit considerabl 
abrasion by boats. without cutting thru it. This is avoided by forming a puddle wall f 
the middle of the embankment, but the fill on the water side is likely to become saturate 
and then may contribute little to the stability of the embankmient, or may even reduce if 
- Care must be taken to remove all loose or yielding material and to avoid forming a perme 
able joint between the original ground and the fill. : 
Drainage of Adjacent Territory. A canal in a river ‘valley is so locate 
that its banks may be above the highest flood level. Small streams, arti 
ficial drains, or storm water may be received directly into the canal or pa: 
under it thru culverts (Fig. 49). When circumstances permit, the latter 1 


~ Reinforced Concrete Conduit | 
“| Sheet Piling 


% osolag > 


Fig. 49. Dive Culvert, N.Y. Barge Canal 


preferable; the principal objections to draining into the canal are the resultir 
silting, which will involve continual expense, and the variations produce 
in the water level. Where practicable, water, if silt bearing, should be mac 
- to pass thru a settlis 

basin before entering t 
canal. If the amount 
water flowing into t 
canal is considerable, t 
resulting current is ¢ 
jectionable. The surpl 
water received into t 
canal is discharged oy 
: WASTE-WEIRS (Tig. 5( 

or thru wastn-caTes. Where the requisite control can be given by a weil 

_ has the advantage of being automatic; but this may at times cause waste, sir 


Fig. 50b. Siphon Spillway, N. Y. Barge Canal 


a high wind blowing in the direction of the canal, or a succession of b 
moving.in one direction, may cause a rise at one end of a canal level. Waste1 
also result from the difficulty of adjusting the supply to the summit level to 
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varying pees for lockages} to overflow from short levels; to unequal lift at 
locks, ete. 


In the New York Barge Canal the crests of the waste weirs are at low water 
elevation. Channels are provided for Par flashboards to raise the crest of 
the waste weir if required. On 
this canal a. siphon spillway 
shown by (Fig. 506) has been 
used. 


Waste-gates are usually placed 
with their sills at canal bottom 


and are useful for draining the - 
Pecan eared tor spats Fig. 51, Irlam Locks, Manchester Ship Canal 

At the Manchester Canal, where large amounts are received a the ane at times 
of floods, each level is controlled by Stoney sluice gates placed in a sluiceway adjacent to 
and parallel with the locks. ‘The sills are ‘at the same elevation as the sill at the upper 
end of the locks; the sluice gates are each 30 ft opening, and can be raised about 20 ft. 
The Irlam sluices (Fig. 51) can discharge 26 000 cu ft per second. 


Large streams are usually crossed by aqueducts forming part of the canal, but usually 
reduced in width to the requirement fora single boat. The superstructure, or “ trunk,” 
may be of wood, masonry or iron. The crossing of the Erie Canal over the Mohawk 
River at Rexford Flats is a good example of a trunk of wood; of the same canal over the 
Genesee River at Rochester is a good example of a trunk of masonry; both of these struc- 
tures have been in use for many years. The one at Rexford Flats has been partially 
removed and the one at Rochester is still in use. The Bridgewater Canal is carried over 
the Manchester Canal on a swing bridge, the trunk is of wrought iron, has a clear width 
of 19 ftanda depth below ordinary water surface of 6 ft and a freeboard of 1 ft. 


17. Water Required for Operation 


Filling the Prism of the Canal. The prism of the canal may be emptied 
either for repairs or as a result of accident. In dealing with the question 
of water supply for the proposed New York Barge Canal, E. Kuichling 
assumed that the prism of the summit level would be laid dry once per 
year; also, that in addition to the volume of the prism, an equal amount 
would be required to saturate the adjacent soil to its normal condition, but 
this additional amount depends on the water-tightness of the wetted contour 
of the canal prism, and, if this is not well provided for, by the porosity of the 
adjacent ground, In the case considered by Kuichling it was coniemplated 
to line the canal with clay where formed in permeable ground. 


Evaporation and Seepage. For the New York Barge Canal, Kuichling 
estimated that the evaporation from the water surface would be 0.30 inch 
per day, to which he added 10% as. a liberal provision for consumption by 
aquatic plants, or a total of 0.33 inch evaporation per day. from the surface 
of the canal. 


In the simmer of 1909 observations were made to determine the loss by percolation 
from yarious sections of the Erie and Champlain canals. In some cases where the canal 
had been deepened within a short time before the gagings were made the loss was large, 
running up to 773 cu ft per mile per minute; in other cases, even where percolation thru 
the banks could be seen, the gagings indicated little loss, and, on the whole, the results 
were not of great value, but, rejecting the abnormal results, a loss from percolation of 
too to 150 cu ft per mile per minute was indicated. 

Kuichling finally estimated that the loss from evaporation and seepage from the Barge 
Canal would aggregate 414 in in depth per day, equivalent to 169 cu ft per mile per minute, 
but this was based on the assumption that clay linings would be provided in permeable 
soil. The thickness of the puddled material was intended to be 3 to 4 [t on the slopes on 
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embankments and 11% ft in excavation where the materials were of a nature to permit 
seepage. The thickness on the bed of the canal was to be 14 ft in all cases where puddle 
was deemed necessary. The canal was to be 123 ft wide at the water line, 75 ft at the 
bottom and 12 ft deep. . 


G. W. Rafter estimated the probable percolation from the summit level of the proposed, 
deep waterway from the Great Lakes to tidewater at 330, to 440 cu ft per mile per minute. 
At the divide near Rome, N. Y., the water in the canal would be slightly below the level 
in the adjacent streams, and about 15 ft above at the ends of the summit level. No 
puddle lining was intended for the canal. { 


The excessive loss of 4144 cu ft per mile per minute from the Marne-Saéne Canal 
is said to be due to fissures in the rock in which a section of the, canal is excavated.) A 
similar loss, and for the same reason, has been met in the Glens Falls feeder for the, Cham- 
plain Canal. Such leaks are difficult to close after the water is once admitted to the canal. 
On the other hand, earth sections of canals become tighter with use. Some of the large 
losses shown in the table occurred when the canal was new or had been deepened within 
a short time. 


Measurements of Loss of Water from American Canals by Evaporation and 
R Seepage, Including, in Some Cases, Waste at Structures 


Tenth) wiath| Width a 
When | cerved| @t | 24 |Depth,|minute 
Canal : Obe icachial| Sube bot- feet || per 
served | 45 face, | tom, eet) PX 
OD, | feet | feet mils 
miles | “°° cu ft 
Original Erie Canal: ‘ 
Lodi to Little Falls... .--- 1841 le: 40-0] 28-0 4-9} 67-5* 
20.7 | 70.0) 52-5 | 7-9 
Palmyra level....-------- 1841 8.3 | 40-0] 28.0) 4-0 108. 8* 
Clyde level. --------- 1841 | 27-7 | 40-0] 28-0] 4-0 35-3* 
Lockport to Pittsford- 1841 | 69-0 | 40-0] 28-0] 4-0 73-0* 
Western Division... ------ 1841 |122-0 | 40-0] 28-0] 4-9, | 74-5 
Enlarged Erie Canal: < 
Tonawanda to Clyde. .--- 7858 }126-0 |} 70-0] 52-5] 7-0 200.0% tay 
Spencerport to Rochester-.| 1877 | 12-0') 72"5') 53-7 | 7- 5 |190-0 
Chenango Canal: sT } 
Summit leyel-.--.------- 1838 || 22-0 |,40-0]| 28-0) 4-0 65-5 
Genesee Valley Canal: | 
General, 26- gn<s-cneeit lo 2e4® lite vas 4o.0| 28.0] 4.0 | 19-0 
General... aleokexe 40-.0| 28.0] 4-0 | 25-0 lige 
General... -.---.--+-----| 1848 | ------ 4o.0| 28-0] 4-0 | 30-0 
Rochester to Mt. Morris -| 1854 | 36-0] 40-0] 28.0) 4-0 37.0 
Mt. Morris to Oramel-..-| 1854 | 42-0 | 40-0 28.0| 4.0 |153-0 
Rochester to Mt. Morris -} 1855.) 36-0 | 49-9 28-0).4-0.| 27-9, | 
Mt. Morris to Dansville...] 1855 | 16-0 | 40-9 28.0| 4.0 | 23.8 
Sonyea to Portage... ----- 1855 | 15-0 | 40-0] 28.0] 4-0 25.6 
Portage to Oramel...----- 1855 | 22-0 | 4o.o]| 28.0] 4-0 | 43-0 
Chesapeake and Ohio! Canal-| 1838 | 49-0 | 50-0} 32-0 6.0 | Go.0 | ° i 
Chesapeake and Ohio Canal. 1838 | 40-0 | 50-0] 32-0] 6.9 | 64-0 0 
Sandy and Beaver Canal, O.|.~----|------ 38.0| 26.0] 4-0 | 13-9 
Ohio Canal: ) 
Fort Wayne summit. --.-- 1839 | 54-0 | 50-0] 36-0] 5-9 | 52-0 
Fort Wayne summit. .-| 1847, | 54-0 | 50-0] 36-0] 5-9 46.0 
Various places. --..------ 50.0| 36.0] 5-0 | 33-0 
Illinois and Mississippi Canal] - 80.0] 60.0| 8.0 |120.0 
Illinois and Mississippi Canal 80.0| 60.0] 8.0 | 60.0 
Morris Canal, N. J.: | 
Mountain View to Stone- b 40-0| 25-0] 5-0 |211-7 v 
house Plains 1879 8.0 | 40-0] 25-0] 5-0 |170-8 " 
. 1879 | | 8-0 | 40-0] 25-0] 5-0 164-1 | 
1879 | 4-7 | 49-9] 25-0] 5-9 | 3-8 


* For these cases evaporation, seepage, did waste were measured. For the other cases 
only evaporation and seepage were measured, 


~ 
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Percolation, infiltration or seepage is usually much greater in amount than evaporation. 
The combined loss from evaporation, seepage and waste is usually measured together by 
current observations at two or more cross-sections of the canal, and simultaneous measure- 
ments made of waste. The loss by evaporation plus seepage is then given by sub- 
traction and usually reported together. Evaporation can be estimated with reasonable 
correctness and seepage determined within a small range of uncertainty. The table on , 
p. 1338: is condensed from Kuichling’s report on Water Supply for New York Barge 
Canal. 

The loss by evaporation, seepage and leakage fromthe Illinois and Mississippi Canal 
is stated to be less than 6o cu ft per mile per minute. 

In some of the European canals where the water supply is limited, and particularly 
where the summit level is maintained by pumping from the lower levels, greater expense 
is incurred to reduce seepage than is usual in the United States. 1n the Dortmund-Ems 
Canal the loss by percolation and evaporation amounted to 32 cu ft per mile per minute 
of which 9 cu ft was estimated to be due to evaporation and 23 cu ft to percolation. 
This was rather more than had been anticipated but it is expected that it will be reduced 
by silting. The water-tightness of the prism was of much importance because the water 
on the upper levels was supplied in large part by pumping. Lindley states that the mean 
value of the loss by evaporation and percolation is estimated for the whole of France at 
about 40 cu ft per mile per minute. Ina given permeable soil the amount of seepage 
varies with the width and depth of the canal, but no satisfactory expression of the relation 
has been advanced. 

Leakage at Aguedacts, Culverts and Waste-Gates. ‘The amount of 
leakage at these structures depends principally wpon the care taken in design, 
construction, maintenance and operation, and can be limited to a small 
amount. In a report made in 1837 by W. H. Talcott the leakage of waste- 
weirs and aqueducts on 22 miles of the Chenango Canal (depth 4 ft) was 
given at 220 cu ft per minute, or ro cu ft per mile per minute. Kuichling 
gives an estimate of 1.6 cu ft per mile per minute on certain old canals in 
France. The losses will obviously depend on the depth of water and may be 
assumed to vary with the square root of the depth as an approximation. 
Kuichling estimates for the New York Barge Canal (depth r2 ft) 12 000 cu ft 
per day for each culvert and waste-gate, and 96 000 cu ft per day for each 
aqueduct, which appears to correspond approximately with the observations 
of Talcott, without allowance for increased depth. With modern methods 
the older class of masonry should be improved upon. 


Leakage at Locks. This will be at the valves for filling and eriptying the 
lock and at the lock-gates. Seepage around the locks should be prevented 
by suitable construction or reduced to a negligible amount. From observa- 
tions at the Chenango Canal (in 1839) W. H. Talcott estimated leakage 
at a Canal lock of rr ft lift at 447 cu ft per minute or 643 680 cu ft per day. 
Knuichling gives an estimate as low as 14 100 cu ft per day on certain small 
French canals. Measurements of leakage around the filling valves of the | 
Weitzel lock, St. Marys Falls Canal, made by J. Ripley in 1899, gave a co- 


efficient of o. 49 for use in the formula v = CV 2 gh gh or v= 4Vh A nearly. The 
valves were of the butterfly type, 8 ft by ro ft, turning about the ro-ft axis. 
‘The mean width of opening around the closed valves was about 3g in, The 
valves had been in use about 18-years, and saving of water was not important. 
This type of valve is wasteful and should not be used where saving of water 
is important, altho there should be no difficulty in reducing the leakage to 
¥% the amount observed by Ripley; its advantages are in simplicity, low cost 
of maintenance, and facility of operating. Leakage at the gates results 
from imperfect fitting; in the case of the ordinary mitering gates, the gates 
may be too long, in which case one or both (usually one) will not be in contact 
_ with the sill when closed, resulting in an opening, approximately triangular, 

extending from the miter to or toward the quoin; or the gates may be too short 
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(usually from wear), in which case an opening of similar form will exist between 
the ends of the gates, extending from the sill upwards. 

For the gates of boat canals, maintained in good condition, it will be suffi- 
cient to assume an opening between the sill and one gate 1 in wide at the miter 
and gradually tapering to nothing at the quoin. For ship canals the maxi- 
mum width of opening may be doubled. While locks are being operated the 
head on the opening thru which water is being wasted may vary from 
nothing, when the filling or emptying of the locks begins, to the full lift of the 
lock when the operation is completed; but as a safe provision, which covers 
small leaks between the quoins and the gates and elsewhere, the full head is 
usually taken. 

Using the coefficient for leakage at valves found by J. Ripley, and computing the ‘eakage 
at gates as just indicated, the leakage at the Weitzel lock (60 ft wide at gates, 20 ft lift) 
“js estimated at 72 cu ft per second, but the valves are not close-fitting. The various 
Commissions of the old and new French Panama Canal Company allowed 35 to 53 cu ft 
per second for each lock, the lifts being about 30 ft. Kuichling estimated the leakage 
at locks from the summit level of the Barge Canal at about 23 cu ft per second, the lock 
at one end haying a lift of 20% ft and the lock at the other end 16 ft, He followed the 
method above outlined, assuming 4 in opening around each valve and an opening of 
z in at the miter between the sill and one gate of a pair. 

Loss over Waste-Weirs. It is impracticable to adjust the supply of feed 
water to the varying requirements of traffic; therefore the crest of the waste- 
way must be fixt at such a height that the canal will always have the required 
depth of water, or the crest may be provided with flashboards, permitting 4 
temporary surplus of water to be held until wanted, or the water must be 
wasted, Wasi may also result from the action of the wind blowing toware 
the weir, from a succession of boats moying toward it, etc. It is customary 
to provide a limited amount of storage by fixing the elevation of the cres' 
of the wasteway somewhat above the level required for ‘traffic, but it is re 
stricted by the cost of the corresponding increase in height of the canal banks 
lock walls, etc. In general, the best form of wasteway for ordinary condi 
tions is a simple overflow weir, because its action is automatic; its length mus 
be fixt with reference to the allowable rise of water in the canal. 

Data regarding existing or projected canals vary greatly. For the eight waste-weir 
on a 22-mile level of the Chenango Canal W. H. Talcott observed (in 1839) a wast 
of 96 cu ft per minute; for the proposed deep waterway from the Great Lakes to tidewater 
G. W. Rafter estimated the waste for the summit level at 150 to 200 cu ft per second = 
9 000 to 12 000 cu ft per minute, but his large estimate resulted from the provision of 
waste-weir long enough to pass the floods of the Mohawk which was to be taken into th 
summit level. For the summit level of the New York Barge Canal, Kuichling assume 
4 waste-weir long enough to control the water level within about 5 in with a water suppl 
su ficient for normal amount of lockages flowing in but with no lockages, and estimate 
the discharge over the waste-weir from this and other minor causes of waste to averag 
46 cu ft per second (400 o00,.cu ft per day) from each end of the summit level. 

Power for Operating Locks. This is usually developed by water frot 
the higher level. Power may be required for (A) opening and closin 
valves; and (B) hauling boats {nto or out of the lock. (A) For opening an 
closing of gates and yalves, occupying only a’small part of the time, accum\ 
lators may be employed. At the Dortmund and Ems Canal, where the loch 
are 2814 ft wide with 9.84 ft on the sills and maximum lifts of 2044 ft, tl 
lock-gates and sluice valves are moved by power; the greatest amount 1 
quired for any single operation is 7.2 H.P. At the Weitzel lock, St. Mar 
Falls Canal, there are two turbines of 25 HP. each; one is sufficient to accum 
late power as quickly as necessary, the other is a duplication for safet 
The largest gates are 39 ft high, the lock 60 ft wide at the gates; two valy 
for filling the lock and two for discharging, each valve 8 ft by 10 ft. The pow 
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required being given or estimated, the corrésponding water consumption can 


be approximated in any given case. (B) The power required for haulage at 
the locks of the Erie Canal was given at about 8 H.P., the immersed cross- 
seetion of the boats being 17.5 ft 6 ft= 105 sq ft. For the Barge Canal, 
and boats of 25 ft X to ft = 250 sq ft immersed cross-section, Knichling pro- 
posed 20 H.P. as sufficient, the power to move a boat at a given speed being 
assumed to vary with the immersed cross-section. 


Power Required for Lighting. For.the New York State Barge Canal from 


“to to 14 arc lights each of 750 c p. have been used. The United States canal 


at Sault Ste. Marie has 13 lights, each of 1200 nominal c p. (300 actual) for the 
duplicate locks, and ote similar light each 400 ft, approximately, on each side 
of the canal. ‘The Canadian canal on the opposite side of the St. Marys River 
has 8 lights, each r 200 c.p. nominal, at the locks, and one similar light on each 
side of the canal every 300 ft. The length of each of these canals is approxi- 
mately 114 miles. The Kiel Canal is lighted by incandescent lights placed 
opposite each other on the canal banks, spaced on curves at distances R/15 
between pairs up to a maximum of 820 ft, on tangents. 


Practise is not well defined as to the exte +t of lighting desirable, and the only practicable 
course is to prepare a plan for lighting be: 'eved to be the best suited to the case in hand, 
from which the amount of water requireai can be computed. The fall at the locks is 
usually the most convenient source of pow~r, in which case the amount of water consumed 
is an element of the quantity to be supped to the upper level, but in many cases the 
electric current may be supplied from a distance, between the reservoir and the canal, 
Tequiring no additional water; in other caves it may be found economical to buy current. 

Under present. conditions arc lighting is estimated to require o.4 H.P. per 1000 c.p. 
with efficient plant management, and incandescent lighting with carbon filament 4.2 H.P. 
pet roso ¢.p. These are approximations, and for canal illuminations the power should 
probably be doubled. For the New York State Barge Canal, Kuichling estimated a 
consumption from the summit level of 21 cu ft of water per second or 6 H.P. for four 
arc-lights, each of rooo c.p. 

Water Consumed for Lockages. Let Q=area of lock multiplied by lift 
of lock, D =displacement of vessei, N =number of locks in flight. There are 


‘four possible conditions of lockage affecting the consumption of water. 


CASE 1: A boat ascending after another has descended will draw from the 
upper level, past the upper gate, V=NQ+D. Case 2: A boat descending 


- after another has ascended will force into the upper level, past the upper gate, 


V=D, the draft from the upper level being—D. Casr 3: A boat ascending 
folowing another that has ascended, will draw from the upper level, past 
the upper gate, V=Q+D. Case 4: A boat descending following another 
which has descended will draw from the upper level, past the upper gate, 
V=Q-D. The ascending boats draw from the summit level. their dis- ~ 
placements, and the descending boats force their displacement back into the 
summit level. Ordinarily no material error will be introduced if the’ dis- 
placements be assumed equal, therefore D may be elitninated from the 
formulas which become: 

Case 1, Y= NVQ (boat ascending); Case 2, V= Q (boat descending); 

Case 3, V= Q (boat ascending); Case 4, V= Q (boat descending). 

If the summit level is reached by a single lock, and the number of boats passing in one 
direction is equal to the number passing in the opposite direction the minimum consump- 
tion of water would be given by alternating ascending and descending boats, cases rand 
2; in Case 1, WV becomes 1, and the two boats of a pair would consume 0 +O =Q, or an 
average per boat, of %4 Q. If the boats follow each other the average consumption per 
boat is Q@. The actual consumption will be between these extremes 4 Q and Q since 
it will frequently be impracticable to delay a boat which is awaiting another from the 
opposite direction. 
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Tf the summit level is reached by a flight of two locks, ascending and descending boats 
alternating require 2 Q for the ascending boat and O for the descending boat, or an aver- 
age of Q, and the same average amount if the boats follow in the same direction. 


For a flight of three locks two boats alternating will require 3 Q or.an average for Se 
two of 84 Q, and the average for all lockages will equal or exceed Q. When the number of 
locks in a flight exceeds two, economy in use of water for lockages results from dupli- 
cating the flights of locks, using one flight for up-bound and the other for down-bound 
boats, the consumption for each boat being Q. 

Water for lockages may be economized by the use of side ponds receiving the water ~ 
discharged from the lock chamber during the earlier part of the process of emptying ant 
returning it to the lock chamber during the earlier part of the operation of filling. At the 
Dortmund and Ems Canal two pairs of side ponds are used, at different elevations, two 
ponds at each side of the lock and about 50% of the lockage water is saved. 

Pumping is often necessary to supply the higher levels. The average cost of pumping 
by water power at the French canals may be taken at 60 cents to $2.90 per million gallons 
delivered into the canal, or 1 to 2 cents per million gallons raised x ft high, according to 
the length of delivery main. The average cost of pumping by steam power at the 
French canals is $6.82 to $12.18 per million gallons delivered into the canal, or $0.055 
to $o.105 per million gallons raised x ft high, depending on the distance. The electric 
pumping plant for supplying Canal de Bourgogne cost $15 600. Annual cost of work- 
ing and up-keep $400 or $1.75 per million gallons raised 17.3 ft, or $0.10 per ae 
gallons raised x ft. 


18. Speed of Canal Boats 


Where steam power is used the speed is usually limited by regulations, 
The power required to move a boat increases rapidly as the ratio (wet cross- 
section of canal) + (wet cross-section of boat) decreases. On boat canals the 
boats are usually of the largest dimensions permitted by the locks. On © 
ship canals the tendency to uniformity is not well marked, and is affected or 
controlled by numerous conditions other than lock dimensions. Following 
are data for various canals: P é 


Cross-section 

of boat Ratio 
Canal Sur- | Bot- of | Power 
face | tom |Depth,] Beam, | Draft,| OSS 
width,| width,| feet | ft in | ft in |Sectton 
feet |. feet 


Cross-section of canal 


4-03 | Horse 
_ 13 }2 Horses 
4.20 |2 Horses 


Erie, Original. .-.| 40.0 | 28.0 | 4.0 { 
Erie, Enlarged. -| 70-0 | 56-5 7-0 


Brie, Enlarged... ooo oo]. son cl niee se 4-72 | Steam 
Dortmund-Ems. .| 98-5 ] 59-0 | 8-2 3-82 | Steam 
Dortmund-Ems.-.} 98-5 } 59-0 | 8-2 4-41 | Steam 
Ghent-Ter. Belg.|183.7 | 55-8 | 21.3 3-92 |. Steam 
Ghent-Ter. Hol... [155.0 ) 56.0 | 20-7 )|| 0.2... )ssee0-] 0-20 Steam 
CSS GALI IAOCIEe ROR ne 3-10 | Steam 
eee et opal ster e enn - ve oe s| team 
Io1-0 } 66.0 6.6 wee c= |-dulectrié 
108.0 | 49.0 | 10.5 3-43 | Steam 
107.0 | 66.0 | 10.2 3-06 | Steam 


4-00 | Steam 


++4+-|200-0 |120.0 26.0 


* Actual average is somewhat less. + By trial. + Permitted by rules. 

§ By regulations; actual speeds allowed on tangents 7.4 miles per hour. Average 
speed on sharp curves 3.7 miles per hour. 

| Permitted by rules for small vessels. Large ships cannot attain 6a miles per hour. 

{ By regulation; enforced for large ships. Small vessels specially licensed to run 9.2 
miles, but attain 11.5 to 15 miles per hour, 
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The New York Barge Canal with a wet cross-section of 1188 sqft is intended 
for steam barges having a wet cross-section of 250 sq ft when loaded, giving a 
ratio of 4.75- In concluding report on the probable speed in such a traffic, 
E. Sweet expressed the opinion that a higher speed than 3 miles per hour would be 
“economically inadmissible.” 


In France the speed limit on canals is considered to be 1.67 miles per hour; traction 
by horses. On the Northeastern canals where on account of congested traffic a concession 
for horse traction was instituted in 1875, the contractor is bound to maintain the speed 
of 1.24 miles per hour for ordinary service and 1.8 miles per hour for accelerated service. 
Interesting experiments have been made on the French waterways on the tractive 1crce 
required by various types of boats at various speeds and in various channels. The types 
of boats were: “‘Peniche flamande,’’ — box bow and stern, only slightly rounded where 
the ends join the sides and bottom; “Flute,’’ cut-away bow, rising in a curve from the 
keel; “‘Toue,” pointed peaked bow and square box stern; ‘Prussian barge,”’ pointed 
bow and ‘stern; ‘‘Margotat,” punt-shaped. The boats were towed in a river of large 
section (practically an unlimited cross-section) ata uniform speed of 3.35 miles per hour to 
determine the influence of the form of boat on tractive force required. 


: Traction force |: 
Draft, [Coefficient] Gog, | im Ibs at 3.35 


ype of boat Length, | Beam, 


feet feet feet x ‘a tonnage Cun 
a fi On Per 
boat |gross toa 
Peniche famande. - 126 16.4 5-25 0.99 305 1530 5-03 
126 16.4 5-2 0.95 283 785 2.77 
126 16.4 | 4-27 0.95 250 695 2.78 
126 16-4 | 5-25 0-97 299 590 | I-97 
113 16.4 4.27 0.94 210 410 I-95 
Comalg suas See 92 16.4 4-27 0.82 116 310 2.67 


Another set of experiments was made in various canals with the “flute” at 4.27 ft 
draft at various speeds. The coefficient of resistance is the factor to be applied to 
the tractive force required in an unlimited cross-section in order to obtain the tractive 
force required in the canal named. The ratio of cross-section of channel to cross-section 
of boat is represented’ by r. 


Coefficient of resistance for 
Depth,| Area. speed in miles per hour 
feet | sq ft —_-- 
0.56'4-1.12 | 1.67 | 22231) 2279 


Diversion of the Yonne at 
NGIEDVP eaiees vor nceccs| 8.20. 
Canal de Bourgogné.....-] 7-95 
Canal de la Curé (Yonne).| 6.85 
Canal de St. Dizier at Vassy| 6.80 
Canal du Nivernais 5-60 


The resistance at 1.67 miles per hour in the unlimited section was 172 Ibs, and in the 
- Diversion of the Yonne at Joigny with r= 6.39 it was 238 lb or 38% greater; but with 
y reduced to 2.94 it increased 232% in one case and 282% in another, the greater resist- 
ance being in the shallower canal, a diminution of 1.2 ft in depth or 48% in clearance 
under the boat, increasing the resistance 1 5 = 


Experiments to determine influence of form of boat and cross-section of canal on cost 
of transportation were made in 1898 on the Dortmund and Ems Canal, and in 1906 
on models in the government experimental tank in Berlin comparing cross-sections of 
equal/area, one with a greater central depth, also cross-sections of different areas, and two 
forms of boats moving at different speeds with a view of determining the most economical 
conditions of transport for assumed amounts of traffic. The effects of draft and speed 
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were found to be similar to those indicated by the French experiments and for the con- 
+ ditions assumed r= 4.2 to 5.3, and boats carrying 667 tons one way and’!/5 as much the | 
other way, with mechanical haulage, a speed of 3.1 miles gave economical transport. _ 


19. Locks and Lock Gates 


Locks are usually employed to overcome differences of level.. In the earlier’ 
canals in, the United States they were frequently built:of wood, but. these were. 
soon replaced with stone masonry, the face being cut accurately to true lines 
and surfaces, and until within the last 20 years practically all’ canal’ locks~ 
in the United States were of stone masonry. Recently concrete made with — 
Portland cement has come into use. Brick masonry laid in cement or hy-, 
draulic lime has been used largely in European canals, either for the entire 
mass of masonry or for facing, except at quoins and other exposed places, where ' 
heavy stone blocks have been built) into the brickwork: Bricks for facing 
are of specially good quality. j vob 


In the locks of the Kiel Canal the floors and lower portion of the side walls up to the | 
floor level are of concrete; above the floor the side walls are of brick masonry built with 
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Fig. 54. Gatun Locks, Panama Canal ade 


large openings filled with cheap beton of 1 cement to 8 sand. Fender courses, lock=" 
sills, angles of gate recesses, and guide grooves for the pontoon gates are of granite, 
The locks of the Manchester Canal are of concrete, with brick facing above low-water ° 


ba’ 
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and stone copings; miter sill masonry facing of sandstone, the coping of specially hard 
quality, but stones in contact with gates (no timber sill) are of granite; brick and stone 
are used at other exposed places. t 

The Poe and Weitzel locks at Sault Ste. Marie are of limestone masonry. The new locks 
are of conerete, Fig. 52 illustrates a lock of the New. York Barge Canal, Fig. 53 
shows the principal dimensions and Fig. 54 the cross-sections of the Gatun locks of the 
Panama Canal. 


Foundations and Floors of Locks. Where rock foundation is not avail-_ 
able, the lock is usually founded on piles, and the entire foundation enclosed 
within sheet ‘piling and with lines of sheet piling under the sills. In Amer- 
ican’ practise the’ floors of small locks have 
usually been built of wood, but with increased 
width the use of timber is not advantageous. 
In. foreign’ canals,* lock floors ave usually of 
concrete jin the form of an inverted arch: The 
thickness ‘of the floor is usually sufficient to 
resist the full upward. pressure of water when 
the lock is pumped out, but in some cases weep 
holes have been form- _ 
ed in the floor to re- 
lieve this: pressure. 


Where founded on 
tock, the thickness of 
the floor is more fre- A 
quently reduced and ~ 
may bé, in great part, 
omitted if the rock is 
especially sound and 
free from fissures, but 
usually a covering is re- 
quired, either to protect (b) St. Marys Falls Canal 


the rock or to givea Fig. 55. Locks of Large Canals 
smooth surface. In 


the St. Marys Falls Canal this protection is of timber and concrete; the floors are firmly 
bolted to the underlying rock. With the increasing price of timber the reduced’cost 
of Portland cement, and the introduction of reinforced concrete, the economy formerly 
effected by the use of timber is reduced. 


_ Facilities for Filling and Emptying Lock. Small locks are usually filled 
and discharged thru valves in the gates, or thru short, culverts around the 
_ quoins. This causes the boat to surge, and in large locks this action prevents 
rapid operation. The large boat canals, and nearly all. ship canals, have, 
sluiceways or culverts formed in the side walls of the locks, provided with a: 
valve at each end to open or. close. connection with either level and with 
openings leading into the lock chamber near the bottom. of|,the side, walls, 
At the St. Marys Falls Canal, the timber floors, have, facilitated forming! 
culverts underneath, discharging upward thru many small openings, affording, 
a more uniform distribution of water supply and giving the least possible dis- 
turbance to ships. Lat 


Valves in gates are usually of the butterfly type turning on a central axis. In cul- 
verts' or sluices they ‘may be plain ‘slide valves, either of wood or metal, but with 
large shvices friction makes the operation of such valves difficult or slow, . Stoney 
sluices have been used, for example, at. the Manchester Canal. At the St. Marys 
Falls Canal butterfly valves are used for the 8 ft by ro ft openings, but aré not. 
economical of water. Valves moving on four large wheels have been adopted for the 
N.Y. Barge Canal (Fig. 62). On this canal one lock at Oswego has no valves for’ 
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filling and emptying the lock chamber, it being filled and emptied by means of siphons 
in the lock wall. 

Lock Gates. Mitering gates are in pairs, each of the two “leaves” turn= 
ing about a vertical axis in a recess in the lock wall. When closed, the two 
leaves, usually of equal length, meet and support each other about 4 to 1/5 

ice ie the width of the lock from a straight line connecting the two 

<—6'6"> axes of rotation. In earlier practise, and particularly in small 
BYSS|¥ locks, the gates were made of timber, but steel is coming into | 
more general use; at the Manchester canal, as well as the 
Liverpool docks, greenheart timber is still used for openings up 
to 80 ft or more in width, and the engineers 
® claim for it much longer life than for metal 
Ah gates. 


@ i Timber gates (Fig. 56) consist: of hori- 
a= / a zontal girders usually framed into strong 


BAN an end verticals called, respectively; “quoin 
AWW aS post” or “‘heel post” and “miter post” or 
. 2 “toe post”; the gates are planked on the 
upstream face, where necessary for water- 
a aS tightness. On the Canadian canals the 
miter and quoin post and planking are 


omitted and the gates built solid. _ 
Steel gates (Fig. 57) havea strong vertical’ 
Ln 
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girder.at each end which is usually furnished with a timber-bearing face. The 
intermediate framing may consist of horizontal girders carrying stresses directly 
from the miter to the quoin, or of a heavy girder top and bottom to which 
the vertical girders carry the water-pressure loads. The upstream or both 
faces are covered with’ continuous plating, and in cases of heavy gates an air- 
tight chamber is formed to facilitate moving the gate. ' 


Fig. 58 shows one leaf of a gate for the New York Barge Canal. The gate is supported 
by a pivot under the quoin post and a steel strap or other device at the top strongly 
anchored to the side’ wall of the lock. In the United States and Canada, and in some 
foreign canals, these arrangements suffice to support the gates in position, In. English 
practise, a heavy gate is usually supported ona roller at the miter end, which moves along 
a path laid in the lock floor. * i q 

Many forms of single-leat gates are in use. ’ On the Erie Canal the gate at the head of 
the lock is frequently of the form called “tumble ” gate, which turns about the lower 
edge, falling upstream when opening and lying flat on the bottom of the lock, boats 
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passing over it (Fig. 59). The span (width 

of lock) is 18 ft and the depth of water 7 

ft. Similar_gates are in use at the head of * 
locks on the Oder and Spree Canal, where 

the span is 29.52 ft and depth of water 8.2 ft. 

These gates are of wood. 


On boat canals, where a limited overhead 
clearance is admissible, gates lifting vertically 
have been used, asin the recently built Teltow 
Canal. A lifting gate on the Coevorder — 
Canal, Holland, has a length of 21.3 ft anda 
height of 5.6 ft, is of metal, and hfts vertically 
high enough for boats to pass under. On 
this canal one lock with a lift of 40.5 ft has 
a vertical lift gate at the lower end of the 
lock. Gates turning about a vertical axis at 
one end and closing the entire width of the 
jock are in use in some European canals. 
Following are examples: In the diversion of 
the Scarpe around Douai 
the single-leaf gates at the 
foot of the locks are 21.8 ft 


Fig. 57. Steel Lock Gates 
(x) Panama (2) Poe (3) Kiel (4) Spree 


| long and 25.2 ft high; those 
at the head of the locks are —=S 
21.6 ft long and 11.7 ft 
| high; the depth of water 
| over the sills is 8.2 ft and 
| the lift of the lock 13.4 ft; 
; gates are of iron with wood 
| sheathing and contact 
| pieces. At Lichmis on the 
| Dedemsvaart Canal , Hol- 
" land, single-leaf gates at the 
"head of the lock span 19.7 
| ft; depth of water on sill 
6.6 ft; height of gate 7.3 ft; 
built of iron. At the Canal 
| St. Denis a single-leaf gate 
‘is used at the foot of a lock 
here the lift is 32.5 ft. 
a clear headroom of 
ly 17.2 ft is required, a 
asonry arch is extended ‘ 
‘across the lock, and the “4 : 
zate when closed is ‘sup- Fig. 58. Barge Canal, Steel Lock Gai 
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ported on all four sides; the 
o gate is 28.7 ft long and 33.6 
. ft high; depth of water over 
sills about ro ft. It hasa 
frame of iron with wood 
sheathing and contact pieces. 
Rolling gates moving trans- 
versely to the canal are in use 
in many places. In the locks - 
for the Ohio River navigation 
at Davis Island and elsewhere 
(Fig. 60) which are 110 ft 
wide, the gates at the head 
and foot of the lock are alike; 
| the lift is limited to about 8 ft 
and the maximum height of 
gate built up to this time is 
ty Uy 18.5 ft, The gates have steel 
YY frames with wood sheathing, 
“\ and are carried on wheels 
which run on tracks laid in 
Athe lock floor. The gates 
are opened and closed in 1 ly 
to 2 minutes with steam 
power. In the Canal Fran- 
cois, Hungary, the locks (two 
in flight) near the R. Sisza 
have a width of 52.5 ft and a 
- ‘ ¢ depth of 8.2 ft on sills; the 
Fig. 59. es whee nee Erie Canal and upper and middle gates arc 
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of/iron and of the roller type, suspended from trucks running’ on an overhead bridge. 
The middle gate is 55.6 ft long, 30.1 ft high, and weighs 150 tons mounted. It has 
air chambers which lift 44 tons, leaving the net weight to be moved 106 tons; operating 
machinery is electric. Time to open and close the gate 3 minutes, 


Operating Machinery. In the smaller boat canals the gates and valve 
are operated by hand. The lock gates of the Erie Canal have “balance beams”’ 
attached to the top of the gate and extending back over the side walls, and the 
gate is moved by men pushing against the.beam. In some foreign canals a 
segment of a toothed wheel is attached to the quoin post and extends back over 
the wall and is operated by means of a windlass with vertical axis carrying a 
pinion which acts upon the toothed segment. At the Dortmund and Ems 
Canal the piston rod of a hydraulic cylinder acts upon an arm extending back 
from the gate, replacing the toothed gear just mentioned. At the larger locks, 
hydraulic machinery is in most general use. As Y 
the machinery is operated for only a small part 


of the time, accumulators are employed, usually =a 
in the form of a vertical cylinder, into which ST 
A 


water ispumped, lifting a heavily loaded plunger, 
and from which the water is drawn when wanted. 
- At many places, as the Manchester Canal and the 
Liverpool docks, the gate is opened by means of 
a chain attached to one end of the gate and then 
led around guides and rove thru two sets of pul- 
leys, one attached to the lock wall and the other 
to the plunger of a hydraulic cylinder. The 
effect of this is to multiply the movement of the 
end attached to the gate when the plunger is 
operated. A similar arrangement effects the 
closing of the gate, At the Weitzel lock of the 
St. Marys Falls Canal a single cylinder is used to 
_ open and close each gate, a piston being sub- 
stituted for the plunger, a long piston rod passing 
thru both cylinder heads with a set of pulleys at 
each end (Fig. 61). At other places winding 
drums are operated by three-cylinder hydraulic engines, as at the Kiel Canal. 
A simple and efficient machine, consisting of a hydraulic cylinder with its 
piston rod guided and a connecting rod attached directly to the gate and 
opening or closing the gate by a single movement of the piston was introduced 
at the Barry dock at Bristol, England, and is used at several places. 

In the smaller canals the valves for filling or emptying the locks are operated by hand” 
power. The 8 ft by 10 ft butterfly valves at the locks of the United States canals at 
St. Marys Falls are opened or closed by a single stroke of a hydraulic engine, the con- 
necting rod being attached directly to the valve—all below the lock floor. At the Cana- 
dian Canal, St. Marys Falls, the valves are operated by a long connecting rod attached 
to a crank arm of the valve stem. On the New York Barge Canal the valves which are 
counterweighted are operated by electricity (Fig. 62). 

In foreign canals the water pressure used in hydraulic machinery at locks is usually 
4o to 50 atmospheres. In recent years the use of electric current for operating lock 


machinery is increasing; two notable examples are the Canadian lock at the St. Marys 
Falls and the sea lock of the Amsterdam Canal. 


Approaches to Locks. In canals where boats are moved by men or horses at low 
speed the change from canal section is effected abruptly at the ends of the lock walls 
but where vessels are moved by steam the danger of accidents to Jock gates is greatly 
increased, and a long guide wall should be built at each end of every lock or flight of locks 

with posts strongly anchored placed at short intervals for use in checking speed by means 


\ ' . 
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Fig. 61. Method of Operating 
Gates, St. Marys Falls Canal 
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Fig. 62.. Lock Valve, New York Barge Canal 
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of lines. . Such arrangements exist a 
the St. Marys Falls canals, at the Nev 
York Barge Canal, and at the Panam: 
Canal. : 


20. Lifts and Inclines 


High Lifts. There are severa 
examples in European and Canadia 
canals of so-called “hydraulic lifts. 
This type consists of two tank: 
each large enough’ to receive 
boat, and supported by a plunge 
working in a Gylinder of sufficien 
length to give the desired lift b 
one stroke of the plunger. Th 
cylinders of the two tanks a1 
interconnected, so that the tank 
balance each other. The boat tf 
be lifted or lowered “is placed’ 1 
one of the tanks, displacing i 


own weight of water, and th 


not! affecting the balance. Mov 
ment is effected by admitting 

small amount of excess water to tl 
tank which is desired to be lowere 
The tank has a gate at each en 
a gate is also placed at the end: 
each canal level. Following a 
some of the details of existi 
hydraulic lifts: 


[fine reitag Fontinettes, er ee a ah rat 
i France. elgium. D 
quate ji SS Neufosse Canal du Capac vane 
Canal Canal Centre Canal | Canal 
When built... ..2..-.--. +. 1875 1888 1888 1994 1906 
Tank, inside length.....--- 73' of 132 107 | rqr’ 7!” 139’ 0 | 139' 
Tank, inside width... ...-. eee a/b ‘of 18 4” 33/0!” |. .33' 0 
Tank, depth of water ---+- Bish 6 634" 8 Gt 80” 8 o 
(Height of lift... --.-..--+-- so! 2!” asininot got G7 65’ o” | 48! 5’ 
Diameter of ram af 1134” 6’ 684" 6! 684" 7 6" 7 6 
Pressure of ram, Ibs persqin| 532 |-++--*+----- 500 600, 600 
Weight to be lifted, tons -... 250 770 1100 1700 1700 
Displacement of boat, tons.) 120 300 400 800 800 
Carrying capacity of boat, 

TOMS 3a etelele see tee = Bo. | seed ebm ltenmnh —eble Gis siete el ee 
Time to lift boat, minutes. .]-.-------|----------- 24, 134)" |Geeoee 
Time complete operation,| 

minutes... 6.2... ese oc}e ee eee ee |e ee ee eee eee 15 2") |ettene 

380 000 320 000 500 000 |..-.-- 


Cost in dollar: 


* The record time of complete operation was 6 ¥% minutes. 


230 000 
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The Anderton lift, the first to be built, was operated with little trouble for several 
years, but finally the plunger becamescored to such an extent that it was. decided to remove 


. the hydraulic appliances; each tank is now counterweighted separately, the counter- 


weights being connected to the tank by wire cables carried over pulleys supported) by 
an elevated frame; the operation is by electric machinery. oe change was -carried 
out in 1908. erie ir 

The high lift at Henrichenburg, built in 1899 on the Dortmund ane Ems Coen con- 
sists of a single tank supported om five water-tight-air-filicdcylinders immersed in wells 
which are interconnected and kept full of water. Principal data are: 


Depth of wells..2..2..4.. ++. 98’ 6” Length of largest boat. ~,.----- : 
Diameter of wells. ...:..:-..- 30’ 2” Width of largest boat. - 

Diameter of cylinder floats... 27’ 6” Draft-of largest boat... 

‘Length of cylinder floats... . . 32/ 914” ~ Time-to lift-or lower tank!....- 21 min. 
Length of tank (useful). ..... 225’ o” Time for one round trip, lifting 

Width of tank (useful)... .... 23" 4” one boat and lowering another 25 min. 
Depth of water in ‘neal min.. 3 3! Power supplied. ..../0/1..... 440 H.P. 
Heighirofiliftssou14 Jose... 45’ 11” — Cost, including irstalldadn ---- $630 000 
Weight to be lifted, tons.:.... 3100 


Carrying capacity of boat, tons 950 


The movement of the lift is controlled by guides, and uniformity is secured by four 
Massive vertical screws, interconnected, and working thru nuts fixt to the lift. It is 
stated that “a lift constructed on the open trough principle should only be adopted where 
the conditions for it are favorable, and a good foundation.can either-be found or can be 
prepared without any great trouble and expenditure. In conclusion, it should be mentioned 
that when the further extension of the Dortmund and Ems Canal is taken in hand, ‘it 
is contemplated to construct a flight of locks by the side of the canal lift.’”’ , 


Inclined planes have been used to surmount high lifts, both in the United States and 
Europe. The following table gives detaiis of several examples : 


No. 


of | Lotal Largest boat’ Th aad 
ne tsa Toad,| P48) abandoned 
eines feet | Length} Width |Draft ice ony 
‘| Morris Ui 58 2.22) 2. 23 |1449-0 | 89-0 |10' 6” |4/ o”| 70 | 1831] In use 
| Pennsylvania, U.S...-| 10 |2007-0 | 85-0 |13/ 6” |..... 75 | 1831 |Abandoned 
Ches. & Ohio, U.S...) 1 39-0. | 90.6 |14’.5% | 5’ o”| 125 | 1876 - 
| Monkland, Scotland..| . 1 96-0 | yo.0 |14’ 4 | 2 2] Go | 1850] | * 
Shropshire, Eng...... I 23-0 |N2OsOmInG Of haragt)| (Gok oo. In use 
Shrewsbury, Eng...-.| 1 73-5 | ao.o | 6’ OM eng! nace ub 
27:5 
Chard, Eng.J¥ 220)... 3 to AG, | Soares Secs 31) ie 
: 86.0 
Grand Junction, Eng.|. 1 78-2 95-0 |12° 0! 13%) 4”/| 075, 
Oureq, France....... x 40-0.,|.92.0 |10’ 0” |4’ 0”) 70, 
66.0 
| Oberland, Germany..| 5 to bee fates Ph A | Pa lich 
! 80.3 
ete REA oD OO Zorg st GM ee see 


The small boats using the Bude incline have wheels’ built in, and are drawn’ up ‘the 
incline in trains, counterbalanced to some extent by descending trains or boats, On 
the inclines of the Morris, Pennsylvania, Shropshire, Shrewsbury, Ourcq and Oberland 
canals, boats are (or were) carried on trucks; on the inclines .of the Chard and Monk- 
land and Chesapeake and Ohio canals, the boats are hauled while water-borne, or nearly 
s0, in tanks. In some cases the incline is double, the boats or tanks, counterbalancing 
each other. Boats are usually carried endwise, but on the Foxton incline on the Grand 
Junction Canal, the boat is carried sidewise and is water-borne; two tanks are used counter- 


- balancing each other. 


The incline of the Chesapeake and Ohio Canal (at Georgetown, D, C,) provided for 
larger boats than any other yet built. __In connection with the projected Austrian sys- 


} 
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tem of canals to connect the Danube with the Ober, the Elbe and the Moldau, incline: 
have been proposed for boats of 600 to. 859 tons capacity. It was announced in 1902 
that the Government of Austria had decided to build an experimental incline for boat: 
of 600 tons, investigations having indicated a saving in cost of transport by the use o! 
inclines instead of locks, provided no unforeseen difficulties develop in actual use o! 
inclines constructed on a scale so much exceeding any previously built. 


21. Guard Gates, Safety Gates, Stop Gates 


Guard Gates are arranged at the St. Marys Falls canals by extending 
the lock walls at each end sufficiently to receive an additional pair of gates 
both opening outwardly 
They could be used t 
protect the ordinary loc} 
gates from approaching 
vessels, but are not s 
used, their purpose bein; 
to enable the lock t 
be closed quickly b 
unworn and_ perfectl 
fitting gates, for repair 
ing the lock and it 
gates and valves. Th 
summit level of th 
Charleroi Canal (suZ 
plied by pumping) 1 
divided into short sec 
tions by SAFETY gate! 
so that in case of a brea 
in the canal bank th 
gates may be closed an 
the loss of water limite 
to about 26 000 a00 
ft, Stop gates (Fig. 6: 
were introduced in tl 
Dortmund and En 
Canal which in places 
carried .on heavy ef 
; bankments. These a 

on the same principle as Taintor gates, and when opened permit the passa; 
of boats underneath. In the New York Barge Canal guard gates (Fi 

64) are placed at least every to miles in canal sections; these are lifting gat 

and in duplicate, each affording @ clear opening of 55 ft and a clear he: 
 yoom of 15.5 ft above the water surface at high navigable stage when opene 

‘These gates are steel and carry wheels moving on _yertical tracks fixt in t 

masonry. They are operated by hand power. The last three devices a 

designed to be operated inj moying water. ; 

These devices are impracticable for closing a ship canal where unlimited height 
required, and for such canals the safety gates are some form of movable dam. 
these are to be manipulated in powerful currents, a subdivision of the structure is ec 

sidered necessary, atid as the emergency requiring their use will seldom arise, and if 1 

in sight they would be more’ liable to be neglected and unserviceable when need 

they should be above water and readily inspected when not in use. These conditic 
have been met’ at the St. Marys Falls. canals by swing bridges carrying the sectio! 
dams. Fig. 65 shows the structure m the canal on the Michigan side of the rapi 
‘The canal, which is in rock excavation, 1s separated by an island into two channels, e2 
108 ft wide and 25 ft’ deep, Each channel is closed by 16 wickets which can be lowe: 


ee 


Fig, 63. Guard Gate, Dortmund and Ems Canal 
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separately. Each wicket will consist of two parts, a frame and a shutter movable in the 
frame. It is expected that the frames will be lowered first, offering only a partial obstruc- 
tion to the current, and when all are properly placed, the shutters, guided in the frames, 


Fig, 64. New York Barge Canal Guard Gates 


will be lowered one at atime. This structure is similar to the one at the Canadian Canal 
which was successfully operated when lock gates were carried away in June, 1909. On 


: me 
Sectlon C-C 
Fig. 65. Movable Dam, United States Ship Canal, Saulte Ste. Marie 
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Span from 150'to 240° 
Fig. 65a. Movable Dam. New York Barge Canal 


. the Panama Canal a safety device is used similar to that shown in Fig. 65, It is 
_ described in mcge detail on p. 1360. ‘ 
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22. Statistics of Canals ~ 


United States. Total approximate milea 


ge and cost of construction is 


Total length, Cost of 
Owned by miles construction * To June 30, 190° 
Includes expenditure 
United States Government - 194-49 $42 443 357*| by prior owners. 
1 358-98 156 983 538 + Includes Chicag 
Private parties. - - - 635-58 50 573 160 Sanitary and Shi 
Fe i Canal, built by Sanita 
Total in operation....--- 2 189.05 250.000055*| Hitrict of Chicag 
Abandoned canals. .----- 2 444.26 8r 173 374 Length 32.95 mile 
4633-31 | $332 171 429 Cost ‘$52 697 495- 
ab 
Tllino’s 
hee a New York Barge Canal 
sippi 
. Main Main | Oswego Ser ie 
Line Line Canal Canal Cant 
Length, miles.........-.---- wee 338.6* 23.8 62.6 92.78 
Width at bottom earth, ft..... 52 75 75 75 75 
Width at water surface earth, ft. 80 123rE7E |! 123171 || 1223-177 | 123-27: 
Width at bottom rock, ft. 2... ]--++-.-+ 1194 94 94 94 
Width at water surface rock, ft.|........ 96.4 96.4 66.4 96.4 
Width, bottom, in rivers.......]---++-++ 100-200 | 100-200 | 100-200 | 100-20 
Mepthonb, igs <5 ska anise esas 7 I2 12 I2 12 
Number of locks..........-+ ° 33 35 My II 4 
Maximum’ lift... ......08.+-> 12 40.5 27 19.59 26 
Total lift, ft-......+.--..0+- + | $292 364.75 118.6 168.3 bh 
Length of lock chamber, ft...) 17° 339 339. 339 339 
Useful length of lock, full 
width; ft... .csgceebee eee [eres nese 300 300 300 300 
| Width of lock, ft.........-.+5 35 45 45 45 45 
Culvettson .,...ss0ssfee es. | dn mas- | In'side Inside | Inside | In sid 
onry at* walls walls walls wails 
- gates 
No. of inlets to chamber......|.--+--++ 16-28 18-28 16-28 16-26 
(CHGemayind: Sean yee noun oeEe Miter ¢¢| Miter (t)| Miter Miter Miter 
: wood 
Gates, material..........---- Wood Steel Steel Steel Steel 
Valves, type... -.----+- ..... [Butterfly q 1 q q 
Speed allowed, miles per hour. 6 6t 6 6 6 
Motivepower.. .. 24... 55 ++ Any Steam or | Steam or | Steam or | Steam 
gasoline | gasoline | gasoline | gasolit 
Cost! of maintenance per year. [175 000 |.....-.0:feeeene rs e|ose seen ett ee sees 
Time required for passage, hrs. ols aia] (SEE ASET SeiET I AAAI [oiocarrc, Semi 2 
Bank protection.....,....-.- Riprap Riprap | Riprap | Riprap | Ripra 
Tightening...........---+---- None Steel Steel Steel Stee 
‘ piling piling piling pilin; 
concrete | concrete | concrete | concr 
Clay Clay Clay Clay 
i * Hudson River to Niagara River. +1 lift gate Little Falls. t Land lines. 
§ Includes Cayuga Lake 31.2 and Seneca Lake, 34.4: 
q Rectangular steel frame valves on wheels, see Fig. 62. 


** Not including 29.3 miles of navigable feeder. 


tt Tumble gates at head of r4 k 
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- Nearly all the canals built by the United States Government are lateral 
canals, avoiding rapids in the natural waterways and providing for steam- 
boats ar well as barges. The most important one is the St. Mary’s Falls 
Canal which will be described as one of the great ship canals. The Colbert 
Shoals Canal is typical of lateral canals along navigable rivers. It avoids 
Big Tree and Colbert Shoals in the Tennessee River; length 8 miles, depth 
at low water 7 ft. Width for lower 51% miles in earth excavation 112 ft at 
bottom, 140 ft at low-water surface, side slopes 2:1. Width for upper 244 
miles, mainly in rock excavation, 175 ft at bottom, about 190 ft at water suc- 
face. Lock at lower end of canal: available length 350 ft; width 80 ft. Lift, 
maximum at extreme low water, 26 ft... Mitering gates steel, circular in plan. 
Culverts in side walls for filling and discharging, 8.6 ft by 9 ft, with 11 openings 
into the chamber from each wall. Valves of the Stoney type. Banks 20 ft 
wide at top extend 9.5 ft above low-water line and are protected by Bermuda 
grass above that line. Side drainage received into the canal usually thru cul- 
verts. Five waste-weirs, each roo ft long, are built into the bank on the river 
side, exclusive of a guide wall 7000 ft long at head of canal serving also as a weir. 
Crests of weirs 0.5 ft above low-water surface. 

Only two canals with summit levels and intended for boat oz barge navigation have been 
undertaken within recent years in the United States. One of these is the Illinois and 
Mississippi Canal (also called ‘‘ Hennepin ”’ Canal), and the other is\the New York Barge © 
Canal with its branches, the Oswego, Champlain, Cayuga and Seneca canals. 

Traffic in the boat canals of the United States has been steadily decreasing with increas- 
ing competition of the railroads and this has not been checked materially by the removal 
of tolls and the assumption of fixt eharges and operating expenses by the state. On 
the continent of Europe, where the canals. are generally owned’ by the state and free 
from tolls, the assumption of construction, operation and maintenance by. the state 
enables water transportation to compete with rail, and traffic.on the waterways is in- 
creasing rapidly. 

New York Barge Canal. The Barge Canal is the improvement of four existing 
canals, and consists of (1) the Erie, stretching across the state from east to west and join- 
ing the Hudson river and Lake Erie; (2) the Champlain, running northerly from the east- 
ern Erie terminus to Lake Champlain; (3) the Oswego, starting north midway on the 
Erie and reaching Lake Ontario; (4) the Cayuga and Seneca, leaving the Erie a little 
west of the Oswego junction and extending south, first to Cayuga lake and then to Seneca 
lake. 

The Barge Canal is largely a river canalization project, natural water-courses being 
available for much of its length. With intervening lakes and adjoining rivers there is a 


_ total length of a little more than 800 miles in the State’s internal waterway system of: 
| Barge Canal. dimensions. 


The main water supply is taken from Lake Erie, from reservoirs in the Adirondack 


| region and from the upper Hudson River. The supply is adequate not, only for the 
| 10 000 000 tons seasonal traffic for which the canal was designed, but also for the maximum 


traffic which the canal is capable of handling, namely, from 18 500 000 to 20 000 000 tons 


| per season. 


The locks on all branches of the canal are of standard dimensions. The lifts range from 
6 ft to 401% ft. * They are built of concrete thruout and except on rock or hardpan have 
pile foundations. Within each side wall runs.a culvert for filling and emptying the lock. 
The culverts are connected with ports that open into the chamber at the bottoms of the 


| walls. With a few exceptions the lock gates are of the mitering, girder type, carrying 
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the principal load as beams. They are built of steel, with single skin-plates, have white 
oak quoin and toe posts, swing on cast-steel pivots set in the concrete, are held at the 
top by adjustable anchorage and bear against cast-iron quoin plates bolted into the side 
walls. In general a power station at each lock supplies the energy for operating and 
lighting the lock. A majority of these installations are hydroelectric, but at locks beside 
movable dams gasoline-electric stations are employed. 


(\t about fifty cities and villages along the waterways the State has built terminals, 
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which ‘provide suitable dockage, mechanical devices for handling goods quickly anc 
cheaply. a building for temporary storage and, where possible, railway connections—al 
available to any shipper or boatman, 

France, Practically the whole of the canal system is owned and controlled by thi 
state, In rgo5 the total length of canals in use was 3010 miles. The more importan 
canals have a bottom width of 33 ft or more; depth 6.6 ft to 7.25 fit. 

Belgium. The total mileage of the waterways (canals and rivers) is 1345 mile: 
The total length of the more important canals is 334 miles. The total lift at 141 lock 
(excluding lifts) is 1445 ft. The total lift at 4 lifts (t completed, 4 building) is 217 fi 
When new work or enlargement is taken up the locks are given greater lifts, up to 14- 
ft. and water saving ettected by side ponds. 

Germany. The total length of the waterways on which the traffic is of importance 
6200 miles and the total lift at 359 locks (excluding lifts) is 3129 ft, In the canal connec 
ing most directly with the French waterways the width at the water surface is abou 
52 ft, at the bottom 33 ft, depth 6.6 ft; useful length of locks 126 {t, width r7 {t, adapte 
for use of boats on the French and Belgium canals. 

Great Britain. The canals were built by independent companies. without assistans 
from the State. Nearly 1% of the total mileage has been acquired by railway companie 
The total length is 3811 miles (Engr. News. Apr. 16, 1890), The annual trafic on tl 
independent canals is about 33 000 000 tons: on the railway owned canals, about 6 00000 
The greater part of the traffic is short distance. there being no uniformity of canal dime 

sions, making frequent transshipment necessary on thru business. Excluding the-sh 
canals, only 16% of the total mileage has a depth of 6 ft or more. while 46% has a dep 
of less than 4 ft. On account of the diverse ownership a material extension or improv 
ment.of the boat canal system is not expected. ° 

Holland. There are 265 canals, with a total length of 2100 miles. of which abo 
1/99 belongs to the State: the remaining canals are under control of provincial or municit 
authorities, administrative corporations, or private companies. Many of these cani 
are designed primarily for drainage. and some of the branch canals can be navigated or 
by small boats poled or towed by manual labor. Power boats and tugs are used on t 
larger canals. On the Merwede Canal recently built, length 4334 miles, 106 ft wide 
water surface, 66 ft at bottom, 10.2 ft minimum depth, the tugs tow trains of 12 boa 

This canal cost $8 480 000 for construction: annual maintenance, $103 900, All 

canals otvned by the State, and nearly all the others. are free from tolls, 


t 
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Suez Canal. Connects the Mediterranean and the Red Sea. Shorte 
the sailing distance from Northern Europe to India about 5000 miles; | 
Australia about 1000 miles. Total length of canal including harbor at P 
‘Said and roadsteads at both ends 104.08 miles. Minimum depth 31.1 
Width at this depth (excluding harbor and roadsteads) 108.26 ft to 118.11 
widened on curves to 131 to 262 ft, There are 23 passing places where | 
bottom width is increased to 147.63 ft for a length of 2460 ft, reducing at e 
end to standard width in a distance of 984 ft, Side slopes yary from 2 :1 
3:1 or flatter. The width and depth are being increased gradually. C 
of the work up to the end of 1908 was $122 275 000. Expenses during 1 
were about $8 668 coo and net profits about $12 850 900 ee: 


On account of the tides and effect of the wind in the Mediterranean and Red s 
currents are produced in che canal reaching 14g miles per hour between the Bitter Le 
and Port Said, and 3 miles per hour betweeri the Lakes and Suez. The speed of ves 
is limited to 73% miles per hour on the 28-mile tangent beginning at Port Said. ant 
6.2 miles per hour elsewhere in canal sections. A high speed is permitted in the la 
The average time actually consumed in passing the canal is from 18 to 19 hours. 


Corinth Canal. Connects Gulf of Corinth with Gulf of #gina. Is at 
level. Shortens sailing distance from Adriatic ports about 175 miles, | 
from Mediterranean ports about 100 miles, The canal is 3.91 miles k 
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The great central cut is 244 miles long with a maximum depth of 286 ft from 
surface of ground to bottom of canal. The canal is 26.64 ft deep and has a 
bottom width of 68.9 ft. The sides have a batter or slope of 1 horizontal to 
4 vertical (x : 4). Unless vessels move Mery slowly they strike the sides of the 
cut frequently. The traffic is small. 


Manchester Canal. Connects Manchester with the River Mersey at 
Eastham near Liverpool. It is 3514 miles long; when opened for navigation 
(1894) its depth was 26 ft; ruling bottom width 120 ft. Side slopes in earth 
from 1 1 to 3 21,in rock 1:5. For a distance of four miles from Manchester 
the bottom width was r7o ft. The depth of water on the lock sills was made 
28 ft; and the canal was deepened toi the same. 

‘The Manchester level is 70 ft above mean tide at Eastham, and is reached in five lifts, 
varying from 9 ft 6m to 16 ft 6 in; the smallest lift is at Eastham and overcomes the 
difference of level between .nean tide and mean high water. 

At the Bastham terminus there are three parallel t:cks having the length and width, 
respectively, of Goo ft by 80 ft: 350 ft by 50 ft and 150 {t by 30 ft; the lengths given are 
from quoin'to quoin. At the other lock sites there are only two parallel locks, respectively, 
600 ft by 80 ft and 350 {t by so ft. 

Each set of locks is paralleled by a sluiceway, with sluice getcs of the Stoney type 20 to 
30 ft wide (30 ft except at Eastham), and with sills at the same Ic vel as the upper sill of the 
adjacent lock. Each 30-ft gate has a discharging capacity of about 6500 cu ft per second. 
‘There are three to five (excluding Eastham) such outlets in each stuiceway, so that ‘n times 
of flood strong currents may be set up for short periods. The smaller sluiceway at East- 
ham is supplemented by extensive sluices in the bank of the canal in the level immediately 
aboye. The speed permitted is 6 miles per hour for the largest vessels, rising to 12 miles 
or more for smaller vessels and tugs. The time required for passing thru the canal varies 
from 5 to 8 hours. 


Kiel Canal. Connects Baltic and North seas. It is 61.31 miles long, 36.08 ft 
deep, 144.32 ft wide at bottom, 333.74 ft and upward at water surface. The 
width is increased on curves at bottom. The canal has 11 passing places, four 
of which are 984 ft wide at bottom to serve as turning places; the others are 
439-52 ft wide at bottom, length 1968 to 3608 ft. There is a lock at each end 
of the canal with ebb and flood gates at each end of the lock. Normal water 
level in the canal is mean tide in the Baltic. There is also in each an intermediate 
pair of ebb gates and one pair of flood gates, permitting use of a shorter lock 
chamber. The locks have a useful length of 984 ft, width 147 ft 8 in, depth on 
sills 45 ft. 

The speed allowed by regulations is 9.3 miles per hour, but the largest vessels cannot 
attain this. The time required to pass thru varies with the draft, from about 8 hours 
for the smaller vessels to 13 or 14 hours for the larger. 

Amsterdam Canal. Connects the North Sea at Ymuiden with Amsterdam 
and also with Zuyder Zee.. Its principal purpose is to make Amsterdam a 
seaport. Its length from the North Sea locks at Ymuiden to the Zuyder Zee 
locks is 17.4 miles, and from the North Sea locks to the entrance to Ymuiden 
Harbor about 2 miles, making a total of 19.4 miles. Depth 32.14 ft below 
“ordinary water-level;” width at bottom, 164 ft on tangents increased to 196.8 ft 
oncuryes. Side slopes generally 3 : 1 with a berm of varying width and depth. 


| The new great lock at Ymuiden is intended to accommodate vessels of the maximum 
Jength of 721.6 ft, width 82 ft, draft 30.18 ft. It has intermediate gates to permit the use 
of a shorter lock for small vessels, and ebb and flood gates, making 6 pairs in all. The 
operating machinery is electric thruout, and it is the second ship-canal lock to be so 
_ equipped. 
_ The speed permitted varies with the draft of vessel; it is 6.52 miles per hour for vessels 
drawing 19.68 ft or more, 7.45 miles per hour for vessels drawing 13.12 to 19.68 ft, and 
_ 9.32 miles per hour for vessels drawing less than 13.12 ft. 


1358 Canals Sect. 11 


Petrograd and Cronstadt Canal. Connects deep water in the roadstead 
in the Gulf of Finland with one of the delta mouths of the River Neva af 
Petrograd, and it is intended to make Petrograd a seaport. It consists of 
a channel about 1734 miles long dredged in the open water of the bay and 
across the Neva bar and protected by dikes for a distance of about 6 miles 
at the upper end. Its depth was made 28 ft. Bottom, width from 213 to 
275% ft in the diked portion and 3554 ft in the portion not diked. 

Cape Cod Canal. Sea level canal connecting Cape Cod and Buzzards Bays; 
shortens the sailing distance from Boston to New York by 66 miles and avoids 
the dangerous Cape Cod Coast. Highest. part of ridge cut through was 29 ft 
above mean sea level. Material chiefly sand. Length of canal proper 8 miles, 
2s ft deep at low water too ft wide at bottom side slopes.1 on 2, There are 
5 miles of approach channels having bottom widths of 250 ft and goo ft and 
side slopes of 1 on 3. Mean range of tide at one end 8.9 at the other end 3:6 ft. 
This tidal difference produced velocities as great as 5 ft per sec. Completed 
in 1915- 

St. Marys Falls Canals. These are lateral canals avoiding St. Marys Rapid: 
jn St. Marys River between Lakes Superior and Huron. There are two canals 
one on the American side of the river and the other on the Canadian side. Th 
fall in the rapids varies from about 17 to 21 ft with the varying stages of th 
Jakes, and is overcome by one lift in each of the canals. : 


The American Canal is about 1.6 miles long with four parallel and adjacent locks a 
the downstream end. The canal consists of two channels, the Poe and Weitzel lock 
serving the old south channel, and the new third and fourth locks serving the new chan 
neltothe north. The Weitzel lock is 515 ft long from quoin to quoin, 60 ft wide at gate: 
o [t wide in chamber and has from 15 to 17 ft of water on the sills. The Poe lock is 8¢ 
ft long, 100 ft wide, and has 20 to 22 ft of water on the sills: The two new locks are eac 
1350 ft long, 80 ft wide, and have 24% to 26 [t water on sills. J 

Upstream from the Poe and Weitzel locks, is a narrow island on which is located tk 
pivot pier of a swing bridge carrying the wickets and machinery of a movable dam, tl 
purpose of which is to close this portion of the canal in case of a break at the locks pe 
mitting a free flow. (See Fig. 65, p. 1353.) : 

The Canadian canal is 1.4 miles long, 141 ft 8 in wide at bottom, 150 ft at water surfac 
and about 22 ft deep. The single lock is goo ft long from quoin to quoin, 60 ft wide ar 
has 20 to 22 {t of water on the sills, depending on the varying stages of the lakes. 


Canadian Canals from Lake Erie to Tidewater at Montreal 


Width, feet Locks 
, uel | seater ins) Sa Total 
Canal lift, 
Length, Water |Length, | Width, | Depth, feet 
miles Boas surface| feet feet sills = 

Welland.......- 26.75 | 100.0! 164.0 270.0| 45.0 | 14.0 26" | 326.7. 
New Welland §..| 25.00 | 200.0 | 301.25 800.0] 80.0 | 30.0 8* | 325.5 

Galopsnue {secs 33 | 80. al sees aa 
i anse Se. hamucat 270.0| 45.0 | 14.0 2* ue 
Rapide Plat.....} 3-67 80.0 | 152.0]: 270.0) 45.0 | 14,0 2 irs 
Farran’s Point...} 1.25 go.o | 154.0 800.0] 45.0 | 14.0 I 3-5 
Cornwall......- rr.00 | 100.0 | 164.0 | 270.0] 45.0 | 14.0 6 48.0 
Soulanges 14.00 | 100.0 | 164.0 280.0] 45.0 | 15.0 ia 84.5 
Lachines:. 220s" 8.50 | 150 of | t |. 270.0] 45.0 14-18 | 5 45.0 


* One is a guard lock. + Minimum. $ Variable. § Under construction cond 
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The two canals actually constitute one system. No charges are made to vessels pass- 
ing, which usually take the canal having the smaller number of waiting vessels. Hy- 
draulic power is used at the American canal; the Canadian canal is operated ciectricaliy, 
and was the first ship canal to be provided with such operating machinery. A boat can 
be passed thru the lock in either canal in 8 to 1x minutes, but on account mainly of fleet 
lockages, the average time for a lockage is about 33 minutes in the American canal. In 
the Canadian canal, where fleet lockages form a smaller proportion of the total time, ~ 
the average is about 20 minutes. 

The time necessary to pass thru the canal depends largely on the amount of traffic 
and the congestion resulting, and has varied in the American canal from 4 hrs 58 min 
in 1895, when only one lock was in operation, to 1 hr ro min in 1900, when two locks 
were in use. With increased traffic since that date the time has increased to 2 hrs 40 min. 

Panama Canal. Connects the Atlantic Ocean (Carribean Sea) with the 
Pacific, crossing the Central American Isthmus in Lat. 9° N. and Long. 85° W. 
at approximately its narrowest and lowest point. It reduces the sailing distance 
from New York to San Francisco by 7873 miles (5262 miles as compared with 
13 135 miles via Magellan Straits) with a similar saving in distance to many 
ports, in South America and the Orient. The canal is 50 miles long between 
deep water inthe two oceans. The average time of passage is 12 hours, the short- 
est recorded time is 6 hours 30 minutes. 

Its construction was began in 1882, by the French, whose rights were acquired 
by United States for $40 000 000 in 1904, when a Canal Zone 10 miles wide was 
secured from the Republic of Panama, for $10 000 000 and a perpetual rental 
of $250000 perannum. The canal was completed by the U. S. Government in 1914. 


The canal is a lock canal with a summit level normally 85 ft above mean tide 
in the two oceans, the maximum tidal range being 22 ft at the Pacific and 2 ft 
at the Atlantic end. Its most distinctive feature is Gatun lake, an artificial 
body of water, 164 square miles in area, which forms the summit level. The lake 
provides wide and deep channels which permit vessels to travel at high speed 
for over half the distance between the two oceans. Its formation involved 
the building of a huge earth dam for closing the valley of the Chagres at Gatun 
and of three expensive groups of locks, but on the other hand, the depth of 
the summit cut at Culebra was reduced decidedly, and a large amount of excava- 
tion eliminated so that there was a decided saving in the total time and cost of 
construction in comparison with a sea level canal. As practically no excavation 
was required in the deeper portion of Gatun lake the work of building the canal, 


resolved itself-essentially into the excavation of the sea level sections, and of the 


cut through the Continental Divide, the building of the Gatun and some smaller 
dams and the construction of the locks and spillways. Some details of the several 
parts of the work are given below: 


Beginning at the Atlantic End, the successive sections of the Canal are the following: 
(x) A sea-level channel 7 miles long and of 500 ft bottom width, extending to the locks 
and dam at Gatun. (2) Gatun lock flight with 3 lifts of about 28 ft each. (3) Gatun 
lake at Elev + 85 forming the summit level which extends across the Continental divide 
through the Culebra (Gaillard) Cut to the lock at Pedro Miguel.—The total length 
of channel in the summit level is 32 miles of which 16 miles is 1000 ft wide, this section 
having a depth of 45 to 75 ft—414 miles is 800 ft wide, 4 miles is 500 ft wide, and 8 
miles (in Culebra Cut) is 300 ft wide. (4) Pedro Miguel lock with a 30 ft single lift. 
(5) Miraflores Lake (area 1.6 sq miles) at Eley + 55 with a channel 500 ft wide 114 
miles long and 45 ft deep. (6) Miraflores Locks, a flight having two lifts of 22 to 33 
ft each, according to the tidal stage, and finally (7) A sea level section 500 ft wide and _ 
7 miles long to deep water in the Pacific, 

Tt will be noted that, except in the locks, the channel has a minimum width of 300 
ft and a minimum depth of 45 ft. Where there is a change in the direction of the Canal 
axis, instead of connecting the tangents by curves, the channel was widened so as to 
allow vessels to turn readily. 
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Locks, The principal dimensions of the locks are shown in Figs. 53 and 54. They 
have a clear width of rro ft, a usable length of 1000 ft, and a minimum depth on the 
sills of 4x ft 4in. Thereare twin chambers, with a central wall 60 ft thick between them, 
which is extended rooo to 1200 ft beyond each end of the lock—to act as a guide wall 
for vessels. : 

For filling and emptying there is one longitudinal culvert 255 sq ft in cross-section 
(equal to a circle 18 ft in diameter) in the middle wall and in each sidewall connecting 
with transverse culverts of elliptical section built in the lock floor, which are each 4 
sq ft in area and discharge upwards into the lock chamber through 5 circular outlets 
of 12 sq ft each. These laterals extend across the lock at intervals of about 35 ft con- 
necting alternately with the culverts in the side and middle walls. The main culverts 
are controlled by. rising stem gate valves of the Stoney type, located close to the upper, 
intermediate and lower lock gates. They are 8 ft wide and 18 {ft high and are placed 
in pairs separated by a dividing wall. Asa safeguard, a duplicate set is provided <lose 
to each pair of valves. ‘The valves are, each, opened and.closed by a single valve stem, 
which extends through a ‘horizontal cast-iron bulkhead, placed just above the valve, 
and fitted with a stuffing box: The stem connects with, a guided cross head, which is 
raised and lowered by 2 non-rising screws driven through reducing gears by a 50 HP. 
electric motor. The time of operation is one minute. [ach lateral culvert leading from 
the middle wall is fitted with a cylindrical valve 78 in in diameter, placed vertically, 
which is opened or closed in 10 seconds by a 7 H.P. motor. 


Lockgates. The lockgates are double-skin steel gates of the mitering type with air 
chambers. The sill angle is 26° 33’ 54”. There are duplicate operating gates at both 
ends of Pedro Miguel lock and at the uwpoer chambers in the lock flights and an inter- 
mediaté set in all the chambers except the lower ones at Miraflores. These subdivide 
the locks into usable lengths of 550 and 278 ft. A reverse guard gate is provided in the 
lower approach to each log. There are in all 46 gates of 2 leaves each, weighing nearls 
60 000 tons. The leaves are uniformly 65 ft long and 7 ft thick and vary in height from 
47 to 82 ft and in weight from 395 to 745 tons. ‘The horizontal girders which are space¢ 
from 3 ft 8 in to'5 ft apart have straight parallel sides and curved ends. See Fig. 57 
The bearings along the quoin and miter posts and in the hollow quoins are polished stee 
plates. Their joints have proved to be absolutely watertight. - There is a woodet 
clapping sill with a rubber seal. 

The gate-moving machinery is of a novel type developed and first used on the Panam 
Canal. A horizontal strut is used, hinged at one end to the top of gate, and at the othe 
to a crank pin fixed in a horizontal wheel 19 {t in diameter, (the so-called “bull wheel” 
which is supported on the lockwall. ‘This is turned by a 2 5-H.P. motor through a serie 
of reducing gears, the time for opening or closing a jeaf being 2 minutes. The speci: 
merit of the design is the fact, due to the kinematics of the mechanism, that it give 
the leat a relatively slow motion at both ends of its travel, where the hydraulic resistance 
are greatest. 5 ‘ 

Safeguards. The following safeguards are provided jn the locks: (x) The duplicat 
lockgates mentioned above. (2) A novel system of chain fenders placed in the upp 
and lower approaches to all the locks and also just above the intermediate and low 
gates in Pedro Miguel lock and in the upper chambers of the other two locks. The 
consist of 3-inch anchor chains Stretched across the locks at the top, which are raise 
and lowered by vertical hydraulic cylinders in the walls. ‘These chains serve to chet 
vessels that may strike them, by paying out under strain, the amount of pull beit 
‘regulated by relief valves on the cylinders. It has been shown by actual tests that 
vessel of 18 000 tons displacement, moving at a speed of 214 miles per hour, can 
readily brought to rest ina distance of 5 ft, without injury to the vessel or chain. | ( 
Electric towing locomotives, traveling on rack railways on the walls on both sides of! t 
lock chambers, which are used in the case of all vessels for moving them during th 
passage through the entire length of the lock flight. They exert a pull of about 25 0 
Ibs and move at a speed of x or 2 miles per hour. (4) Emergency dams at the upf 
end of each lock for shutting off the flow of water in case of a serious accident to t 
lockgates, which has resulted in establishing a connection between the upper and lov 
devels. The dams are of the swing, bridge type, similar in design to the moyable di 
at the St. Mary’s Falls canal, shown in Fig. 65, At Panama, there is an independ 
dam, (supported on the side wall) for each twin lock flight. The arm spanning the !¢ 
is 164 ft 3 in long, while the other arm, which is 98 {t long, carries a heavy concrete count 
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weight and the operating machinery. The wicket saaeaae are 60 ft long and spaced 9 ft 
2 in apart. There are 5 wickets, in each vertical bay, which roll down along the up- 
stream flanges of the girders. In operation, the flow of water is to be gradually shut 
off by building up the wickets in horizontal tiers from the bottom, In still water, the 
dam has been swung, and all the girders and wickets put in place, in 26 minutes. 


All the machinery in the locks is operated electrically. The current which is 3 phase 
at 25 cycles is generated at 2200 and 6600 volts in an hydro-electric station at the spill- 
way in the Gatun dam operating under a head of 77 ft. Its present capacity is 13 140 
kw to be ultimately increased to 22140 kw. There is also a reserve steam turbine 
plant of 7500 kw capacity near Miraflores. The current is distributed at 6600 volts 
to transformer rooms in the lockwalls at Gatun, all motors operating at 220 volts. It 
is carried across the isthmus at 44 000 volts on an overhead transmission line supported 
on structural steel frames along the line of the Panama Railroad. 

The machines for moving the lockgates, valves and chain fenders are located in small 
rooms in the lockwalls just below the coping level, which are all connected by continuous 
longitudinal tunnels. 


The principal machines in each of the three groups of locks are normally operated 
from a central control house on the middle wall. This contains a horizontal control 
board or table, which resembles ‘a miniature ground plan of the lock, with models of 
the different gates, yalves, etc., which open and close. when the actual gates are being 
operated. Local control is also provided in the several] machine rooms. The principal 
gates, lockgates and chain fenders.are interlocked so.as to guard against errors in operation, 


In the operation of the locks, several novel and important hydraulic features have been 
observed: 

(z) A very unequal discharge from’ the several orifices in a given lateral culvert, the 
flow being greatest from the outlet farthest from the main culvert. This results in 
forcing a vessel in the lock strongly towards the wall from which filling is taking place 
and has niade it necessary to use both culverts throughout the process of filling, thus 
obtaining a very uniform distribution and permitting a maximum rate of changing 
levels of 7.5 ft per minute with safety. __ 

(2) An “over travel” of the water levels, due to the acceleration of the water in motion 
through the culverts. Owing to the great length and cross-section of the locks, this 
action, not taken into account in the ordinary formulz, is important, as it shortens the 
time of filling by about two minutes. 


The coefficients of flow are approximately: 
For-filling—using side and middle wall culverts, C=.65 


using side wall only, C=,82 
For emptying—using side and middle wall culverts C = .67 
using side wall only, C=.73 


The time for filling (for a length of lock of goo ft) is 7 to 8 min, using both culverts, 
and 12. 5 to 13.5 min, using the side wall culvert only, 

Dams. The Gatun dam is shown in cross-section in Fig. 13, No, 12. It is about 
114 miles long and polygonal in ground plan, The maximum bottom width is 2300 ft. 


| The central portion of the cross-section, except near the top, was hydraulically filled, 


by pumping a mixture of sand and clay from the bed of the Chagres: by 20-in suction 


| pumps, working in two lifts. The hydraulic fill was confined on each side by rock-fill 


dams, built for the purpose, which form a part of the main dam. The remainder of 
the cross-section is dry filling, earth and rock, brought partly from the Culebra Cut, 
partly from borrow pits close to the dam. There is no core wall. The total volume 
of Gatun Dam is 22 958 000 cu yd, of which 12 229 ooo cu yd was dry filling. Its cost, 
exclusive of the spillway, was $9 871 635. The much smaller dams, at the Pedro Miguel 


| and Miraflores locks, are of a similar character. 


Spillways. Lake Gatun is regulated entirely by a concrete spillway, built on a rocky 
‘ledge, which divides Gatun dam into two approximately equal parts. The total water- 
shed drained is 1320 sq miles, the annual rainfall 120 in with a runoff of 62%. The 

yearly evaporation of the lake area is 60 in, while there is no appreciable seepage. 

| The maximum observed momentary discharge of the river was 175 000 cu ft per sec, 
‘the maximum for 33 hours, 137 500 cu ft per sec, and for 48 hours 120 000 cu ft per sec. 
“The spillway has a capacity of 180 ooo cu ft per sec, with the lake at +87. It is circular 


q 
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in plan with 14 clear openings of 4s ft controlled by electrically operated Stoney ga 
19 ft high. The crest is at --69. f 

A similar spillway but straight in plan, uwith 8 openings of 45 ft, is provided adjacc 
to Miraflores lock, as a safeguard in case of a serious accident to the Pedro Miguel lo 
Its capacity is about 92 000 cu ft per sec. 

Capacity of the Canal. The maximum number of complete lockages at both e1 
of the canal possible with an unlimited water supply is about 48 in 24 hours, cot 
sponding to the passage through the canal of 60 commercial vessels of average s 
With the present provisions for water storage, the practicable number of lockage: 
much lower, varying with the power demands and the rainfall in different years. 
average years 21 lockages will be possible even when operating the power plant at its 
projected capacity of 22 140 kw. In very dry years, the number would be still smal 
but the capacity of the canal can be largely increased by using the auxiliary steam D) 
for part of the year, or by providing additional storage by reservoirs onthe upper Chag 

Excavation. The earth and rock excavation formed the largest single item in 
canal construction, its cost amounting to nearly half the total cost of the canal. To J 
30, 1918, the total excavation was 267 834 201 cu yd, of which 130 465 874 cu yd 
dry excavation, the rest being removed by dredging and hydraulic methods. A 
from a portion of the lock excavation and a few short channel ‘sections elsewhere, 
dry excavation was confined almost wholly to the 834 miles of the Culebra Cut, w! 
included all the most difficult work. The prism section is shown in Fig. 46. The 
cavation below the berm was. wholly in rock as was fully 70% of all the excavatio 
the cut. The established slope above Elev + 95 was 2 ong which was generally m 
tained except in the deepest portion close to the Continental divide. This section, 
over 7% mile long, was the scene of the serious slides, which delayed the opening of 
canal and subsequently stopped navigation for many months. ‘These slides have | 
practically overcome by flattening the slopes to approximately 1 on 7 by dredging : 
the channel was filled with water in October, 1913. The material removed from 
slides to June 30, 1918, was about 56 000 coo cu yd. 3 

The wet excavation, mainly in the sea-level sections, the lock pits and the slides, 
carried on by an elaborate plant, comprising suction, ladder and dipper dredges of v: 
types and great capacity. Hydraulic sluicing was also resorted to on some parts 0 
work. ‘ 

Aids to Navigation. In addition to the light houses at the entrances to the c 
a complete system of range lights, beacons, and buoys, mark the channel clearly 
by day and at night. The tangents in the lake and sea-level channels are define 
range lights, vessels going in opposite directions using different ranges giving co 
200 to 250 ft apart, a somewhat novel arrangement. In the Culebra Cut, be: 
placed at frequent intervals on the banks, take the place of range lights. Ther 
also numerous gas buoys at the sides of the channel. 


Cost of Construction of Panama Canal to June 30, 1918 


Prism Excavation.......-++--- Gunrenensgtins $137 674 924-79 
Locks and Dams...... : A 92 768 591.66 
» Breakwaters......-.---+:: As g 098 018.41 
Aids to Navigation.,....----0--06-rrepnesetts 650 139.87 
Power Plants and Transmission System....--- - 5 417 309.72 
Atlantic Terminals.......--+-+-+s++++ Aten 8 248 350.47. 
Pacific Terminals... . .. 14.394 256.12 
Permanent Townsites....-...-+--++5 he 2 414 087.09 
Buildings and Playgrounds. T5740 443-64 
Sanitary Fills, etc.....----+-++eee++ a0 718 947-64 
Water Works and Sewerage Systems.....-+-+-+- 3 285 837,85 
Real Estate. 0.0... eee eee eee es _ 2776 127.35 
Rebuilding Panama Railroad : 9 800 626.46 
Concessions from Republic of Panama’........+ IO 000 000.00 
Purchase of Canal from’'New Panama Canal Co.. 38 728 484.05 
Miscellaneous: ... 5 face e ede e ee tbe e neers 154 649.28 


FIER eo IB Ina a acer p oI O OCC OD $348,870 782.490 
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Terminals. Both terminals are protected by rock-fill breakwaters, giving ample 
anchorage grounds and equipped with concrete and steel piers for the transfer of freight. 
At the Pacific end, there‘is a concrete drydock with a clear width of rzo ft and a usable 
length of 1ooo ft close to which large repair shops have been built. There are véry com- 
plete coaling plants at each end of the canal, the one at the Atlantic end having a maxi- 
mum storage capacity of 100 000 tons of submerged and 350 000 tons of dry coal. The 
corresponding figures for the Pacific Plant are 44 500 and 167 ooo tons. 

Total Cost of Canal. The total amount charged to Canal construction to June 30, 
1918, is given on bottom of p. 1362; but a considerable additional sum expended since 
1914 for dredging out the slides and for many other purposes should properly be charged 
to capital account. In the figures given, an overhead charge is included, covering 
general and administrative costs, expenses for hospital and sanitation, etc. An additional 
sum of $30 000 000 was appropriated for fortifications. 
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Cross-Sections. Unlined canals in earth have usually a large trapezoidal 
section, at least when first built. The side slope must be fixt with reference 
to the character of the soil in which the canal lies. It is usually assumed that 
the slope should be a little flatter than the angle of repose of the earth in water. 
Tn very light fine soil the slope may be as great as 3 or 4 horizontal to r verti- 
cal; in clayey loam or coarse soil or ordinary firm soil 114 or 2 horizontal 
to x vertical; in firm clayey gravel or 
hardpan or firm clay 114 or x horizontal 
to 1 vertical. Experiment with the earth 
of the locality may be necessary, to fix 
the best side slope. 


Trapezoidal Sections. Having the 
side slope fixt, the relation of depth to 
breadth may be chosen. The efficiency 
of canals used as aqueducts, other things 
being equal, is directly proportional to 
the square root of the hydraulic radius. Let b,d and w be asin Fig: 66, A the 
area of cross-section, p the wetted perimeter and 7 the hydraulic radius. ‘The 
values of ) and d which will furnish a section of the maximum hydraulic 
- radius for a given value of A, are given by the formulas: 


reer | A sing 2d A 

b= — —dcota e= ———_ p=b+ = eS 

d 2—cos a@ sin a b 

The following table, computed by these formulas, gives the values of d, b, p and r in 

terms of A, which will furnish sections of maximum hydraulic radius, and consequently 
maximum efficiency, for various slopes in common use. 


3-647 A 
3-145V A 
3-021V/ A 
2.902V/ A 
2.794VA 


2-704 A 
2.636V/A 
2.632 A 
2.635 A 
2.8284 
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The Semi-Circular Section has the greatest hydraulic radius for a giver 
area of cross-section, but it is only practicable when lined with concrete 01 
steel. For a given A, the formulas are 


d= 0.798VA p=rg7gVA m=og64W Ay 

For small canals the equations above wi'l often fix the best dimensions, but there ar 
numerous considerations which may modify the section. If the canal is very large th 
excavation may be enough cheaper for a shal.ower canal, so that the necessary greate 
sectional area may be removed more economically than the smaller section of equa 
capacity. This will depend much upon the methods of excavation and the type of ma 
chinery used. Again, losses from seepage increase with denth, so that where such losse 
are liable to become important, or where the bottom of a dee canal would reach an ope’ 
impervious stratum, it may be wise to adopt a shallower section than would otherwis 
be economical. On the other hand, ‘ 
for canals on side hills, a still 
deeper section of greater area may 
be more economical. 

Small canals are subject to a re- 
duction of cross-section by encroach- 
ment of vegetation on the banks, 
and silting. Jeffreys, in Professional ’ Fig. 67 


Papers on Indian Engineering, says: 
“Whateyer slope is adopted in construction it is found that this cannot be maintain 


after the channel has been in use some time. A distributary at the close of an irrigati 
season invariably assumes the shape seen in Fig. 67. When the time for clearan 
comes around the engineer in charge, if he is wise, will not attempt to restore the origin 
section.... The custom in the Ganges Canal distributaries is to trim off the slope at 4 to 


as shown by dotted lines a-b and c-d.”’ 

The canal may be.a'l in cutting, or all in embankment, or part in each. Each type t 
its advantages and disadvantages, depending on the local condition. In some localit 
canals in cutting may be cheaper in maintenance and suffer less loss from seepage; { 


drainage from the surrounding territory may be more easily handled. In other locz 
ties there may be danger of reaching an open pervious stratumn in cutting which may requ 
lining to prevent excessive loss. 

Irrigation Canals all in embankment are sometimes necessary to comma, 
the surrounding land or for short lengths to avoid long detours. It is-eas 
with this type, if for any reason it becomes necessary to avoid absorbing 1 
drainage of the country, to pass that drainage across the line of the cai 
in culverts. The disadvantages are the danger that the banks may bre 
the higher cost of construction, inspection, and maintenance, and, usually, | 
greater loss by seepage, which in some cases is further objectionable by for 
ing stagnant pools on the neighboring land. This type of canal genere 
costs more than either of the other two types. F 

The advantages of the type in which the section is part cutting and part embankn: 
are that it is usually the cheapest and quickest constructed, that for irrigation it is | 
enough to command the neighboring land, and that the head of water against the emba 
ments is usually small enough to reduce seepage thru the banks to little or nothing. 

Limiting Velocities. Loss of head is to be avoided as much as poss 
in power canals, while in irrigation and’ drainage canals the velocity 
often be limited only by the ability of the earth of the banks and bed to re 
erosion. The velocity should be great enough to prevent the growth of we 
and the deposit of silt, and not so great as to cause erosion. The experim 
of Du Buat give velocities in ft per sec next to the bed of the canal wl 
will begin to erode various materials as follows: 0.25 for soft clay, 0.50 
fine sand, 0.70 for gravel as large as peas, 2.2 for gravel one inch in diame 
3.3 for pebbles 14 inch in diameter, 4.0 for heavy shingle. 

Seepage. Sometimes power canals, and usually irrigation canals, 
located on hillsides well above ground water level, so that seepage f 
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unlined canals often amounts to 25%, and sometimes 50%, of the total water 
entering their headworks. For example, from 20 irrigation canals in oper- 
ation, taken at random, including canals in France, Belgium, Italy and the 
United States, the average loss from seepage expressed in depth times area 
of the water surface of the canal was 3.8 ft depth per day. Omitting two which 
were between 6 and 7 ft per day, the average was 1.5 ft depth per day. . In 
gravel the loss was from 3 to 7 ft depth per day; in sandy soils 1 to 2 ft; in 
sandy loam and firm compact alluvial soil 0.2 ft to 1 ft depth per day. ‘These 
canals varied in depth from 2 to 8 ft. 

The common remedies for loss by seepage are silting, puddling and lining with con- 
crete. Excessive losses are likely tobe in some short length. Good results are reported 
to have been obtained by producing stagnant water, which is then made turbid by dump- 
ing pulverized clay or other fine material. If the canal water is normally turbid, slack 
water may be formed by a temporary weir and silting encouraged at the leaky length. 
A more effective method, but more expensive, is to puddle the bottom and sides with clay 
when the canal is drained. It may be necessary to protect the puddle from erdsion-by — 
a layer of coarser material. Where the saving will warrant the expense, the canal may be 
lined with concrete, as has been done in the case of numerous canals in California. 

_ Canal Linings. Power canals in earth are frequently lined either with é 

timber or concrete to reduce the friction and assure permanency of the cross- 
section. The timber lining consists of mud sills laid at right angles to the 
direction of flow and planed plank flooring spiked to the mud sills. The 


Fig. 68. Three Types of Concrete Lining. 


mud sills may rest upon and be held down by bearing piles or be held down 
by rods to masonry anchors. Fig. 68 shows linings used in the west. 

If the ground is very firm, concrete may be laid upon it without other support; in very 
soft ground bearing piles may be necessary, care being taken, however, that the concrete 
is in contact with the ground. The concrete should be deposited back of very smooth 
forms in order to get a smooth surface. For irrigation canals the concrete-lined canal 
not only costs less to maintain, and prevents loss of water by seepage, but the first cost 
is often less than for an unlined canal, for the allowable velocities may be from two to four 

times as great and the section correspondingly smaller, 
For the Tieton Canal (left-hand cut of Fig. 68) the reinforced concrete 
lining was molded in steel forms in sections 2 ft long which were later 
"transported on cars to the canal and set in position by derricks; each section 

weighing about r80o lbs was 4 in thick, of gravel concrete reinforced by % in 
| corrugated rods 4 in apart. Tach section was stiffened by a 4 in by 6 in 
crossbar reinforced by two 3 in rods. The molds were removed after about 
| 3 days and the section allowed to harden for at least 30 days, during which 
, time it was frequently sprinkled. The sections were set in place about 
11 in apart and immediately backfilled with earth which on the lower quarter 
was selected and tamped in from the ends with the greatest care; above this 
the backfilling was placed from above. The 1% in space between sections 
was later filled with rich concrete of fine aggregate which would pass a 4% in 
ting. ‘The joint was rubbed smooth on the inside before the joining concrete 
‘was completely set. ‘The canal has a fall of 8.71 ft per mile and was designed 
" fo have a capacity of 300 second feet. A test in the completed canal gave a 
alue of ior2 for the coefficient m in Kutter’s formula. The gross cost, 
exclusive of excavation, of 13 000 ft of the concrete lining was found to be 

80 per foot. F 5 : , 


————— ert rttti‘CS C/T 
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SHAFTS AND BORINGS 
25. Timbered Shafts 


Timbered shafts are sunk vertically by mining much the same as a heading 
is driven horizontally. A frame of four waling timbers joined at their ends 
forming a rectangle, is laid out on the ground. Outside are driven vertica 
polings or sheeting; inside, as the sheeting is being driven, the earth is excavatec 
to a little above or a little below its lower end, depending upon whether th« 
ground is soft or hard. As soon as the excavation is from 2 to 5 ft belov 
one frame a new frame is 
placed, and so on to the depth 
of the length of the sheeting; 
a new frame is then set with 
clearance for a new set of 
sheeting. If the shaft is to be 
shallow it may be started large 
enough at the top so that the 
sheeting may be vertical, and 
the shaft reduced in size by 
the thickness of the timbering 
at the bottom of each set of 
sheeting, which may be from 
ro to 20 ft long, as in Fig. 69a. 
Tf the shaft is to be deep, the 
sheeting will ordinarily be 5 
or 6 ft polings, as in Fig. 69D. 

The main thing to be avoided 
in shaft sinking is the starting of 
a general movement of the earth. 
The great danger is that cavities 
will be left or formed back of the 


timbering or that the timbering 

tho not slack will haye to deflect Fig. 69. Timbered Shafts 

to develop resistance and a small 

progressive moyement of the earth will be started which may extend to the surface. 1T 
precautions are, if possible, to allow no cavity to form, securely pack any accidental c 
and to wedgeall timbering tight against the sheeting so that it will develop resistance bef 
the sheeting begins to move. Perhaps the greatest danger is in water-bearing ear 
where leakage is liable to bring into the shaft earth in such small amounts as not: to 
noticeable but which may form cavities back of the sheeting in time. 

In rock shafts the principal use of timbering is to prevent the falling of loose pie 
from the sides of the shaft, endangering the workmen: below. If the rock is fairly go 
the timbering is usually kept from ro to 30 OF 4° ft behind the excavation. Tt is not 
uncommon practise to place the permanent lining, usually of concrete, in short leng 
4o or 50 ft above the bottom of the shaft as the work of excavation progresses. 

The method of open: excavation and timbering or otherwise lining the shaft as sink 
progresses is no doubt cheaper, where practicable, than any other method that has b 
devised, but when quicksand or other soft material is encountered or where rock yield 
too much water is encountered, the method may be either impossible or impractica 
For such cases various devices have been used, notably caissons sunk by the aid of ¢ 
prest air, drop shaft, freezing process, aad under-water boring. % 

Shafts by caissons are frequently used in tunnel construction for railro: 
The depth of comprest air work is limited by the pressure at which w 
becomes either two expensive or too dangerous. After a depth of 70 ft be 
water is reached the cost of labor in comprest air increases very rapidly 
account of both greater wages and shorter hours. Very little caisson W 


has been done under heads of over 100 ft. © ; Oe 


41 
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26. Drop Shafts 


Drop shafts are sunk by building a heavy lining, usually circular, upon 
the surface, and then excavating the earth inside; allowing the structure to 
settle slowly into the ground. Drop shafts have been used in a great variety 
_of places, from small wells a few feet deep to mine shafts 20 ft in diarheter 
and over 500 ft deep. The shell or lining may be of timber, masonry, brick, 
reinforced concrete, cast iron or steel. 


Several very large drop shafts of moderate depth in water-bearing soil have been built 
circular of brick masonry provided with a cast-iron shoe or cutting edge at the bottom. 
A large number of small drop shafts, having steel plate shells, have been sunk for founda- 
tion work. Most drop shafts for deep mines have had shells of cast-iron rings with, in 
some cases, steel shoes for cutting edges. ‘The excavation in some cases has been by hand, 
but, usually, drop shafts are in water-bearing strata, often in quicksand, and the water 
is allowed to fill the interior while the earth is removed by under-water excavators, such 
as chain-bucket dredges, grab buckets, and sand pumps. 


In moderate depth shafts the weight of the lining is usually sufficient to overcome 
friction on the sides. In the case of deep shafts this is not the case, and the lining must 
be weighted with pig iron or sand or be forced down by jacks. Water or air jets which 
may be forced up along the exterior surface have been used to reduce friction on the 
exterior, but it has frequently been necessary to abandon the sinking of the first shell 
and proceed with a lining of a smaller diameter sunk inside the outer lining, which will 
be subject to friction only below the depth of the bottom of the exterior lining. 

The cost of drop shafts is often less than sinking by comprest air, the freezing process, 
or the boring method. The method is, however, less sure than any of these. In the drop- 
shaft method the lining is very liab!e to be distorted, and in some cases ruptured, due to 
drawing in material from outside the lining, forming cavities, which results in unequal 
pressures. 3 

. 27. Prectine Process for Shafts 


About 60 shafts, mostly in northern Europe (France, Germany, and 
Belgium), were sunk up to 1910 by the aid of the freezing process. The 
general features of all cases are indicated by Fig. 70. Vertical pipes are sunk, 
usually forming a circle in plan, completely surrounding the site of the pro- 
| posed shaft; inside each pipe is placed a smaller pipe, called a circulating tube, 
_ opening into the outer pipe at the lower end. ‘These circulating tubes are 
_ all joined together at the top by a pipe known as the circulating ring. The 
freezing pipes are joined together at the top by a similar ring called the col- 
lector ring. Cold brine at a temperature of from — 10° to — 30° Fahr is then 
pumped into the circulating ring and down the circulating tubes, back up 
the freezing tubes to the freezing machine. 

The freezing pipes are put down by one of the well-known boring methods. Originally 
the casing of the bore hole was used for the freezing pipe. On account of the difficulty of 
closing the lower end of the pipe and making all joints of the casing water-tight, in all 
Jater work the freezing pipes are put together and tested on the surface and then lowered 
into the bore hole, after which the casing is withdrawn. The freezing pipes are from 
4 to 6 inches in diameter, the circulating pipes from 1 to 1% inches. 

In the center of the shaft'an equilibrium pipe is usually sunk. ‘This pipe is kept open, 
asa vent, for the escape of water forced out of the interior mass by the expansion of the 
freezing material; it is sometimes necessary to keep this open with a steam pipe, becayse 
rock or clay strata will freeze much faster than quicksand and possibly congeal to the 
equilibrium pipe and freeze it before the lower sand strata are frozen. 

It is very difficult to keep deep bore holes for the freezing pipes from departing from 
the vertical. Long freezing pipes are very likely to spring a leak from contraction at 
low temperatures. Both these considerations have led to the attempt to do the shaft in 
shorter lengths, say 1so tt in height. The time required for freezing a solid wall about 
the shaft site will vary with the character of the strata, size and distance apart of the 
freezing pipes, and the temperature at which the brine is maintained. The freezing 
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usually continues from 4 to To months or longer. After an ice wall has been formed 
around the site of the shaft, the shaft may be sunk by hand methods and lined as the exca= 
vation progresses or it may be sunk as a drop shaft. 


Sa 
Salt Solution 
Piping 


Fig. 70. Freezing Process for Shafts 


28. Shaft Sinking by Borings 


The Kind-Chaudron System for sinking shafts in water-bearing 1 
strata is almost identically the same method as ordinary well drilling ex 
that it is on a very large scale. In Fig. 71 a very large chopping bit or tre 
is seen at a, which may be from zo to 15 ft in diameter, and weighs f 
30 090 to 50 000 lbs, and which cuts a hole’ the full diameter of .the sl 
B are rods, usually of wood, each about 65 ft long, connected by iron hi 
¢ is a bar in a swivel joint and screw connection by which the tool is rot 
and lowered slightly between the blows, d isa walking beam which a 
nately lifts and drops the trepan, and ¢ isa steam cylinder which operate: 
walking beam. The shaft is completely filled with water during sin 
A small trepan is used alternately with the large one, and bores a pilot 
usually about 1% the diameter of the shaft, into which the choppings 
the large trepan fall and are removed by a grab bucket. 

After the shaft is drilled, sometimes to a depth of 1300 ft, a water-tight cast-iron | 
or tubbing is then sunk inside the bore and sealed at the bottom: The sealing | 
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bottom is accomplished by building what amounts to a great stuffing-box. ‘The packing 
used is moss. ¥ 

In sinking the tubbing, which sometimes weighs several million pounds, tle first rings 
are suspended in the top of the shaft from beams. Rings are added on top until the 

4 tubbing, which is provided with a 
bottom, reaches the water surface; 
the whole thing is then partially and 
later completely water-borne, after 
which it is sunk as the rings are 
added by admitting water to the 
interior. On reaching the bottom 
the great weight bearing upon the 
moss in the packing rings presses it 
against the sides of the rock and 
makes a water-tight joint. There 
is then an annular space above the 
moss box between the tubbing-and ” 
the rock, which must be filled with 
either grout or concrete. After this 
is placed and set, the shaft is pumped out, the false 
bottom removed, and sinking continued in the imper- 
vious strata below. 


About 80 shafts from. 300 to 1300 ft’ in depth have 
been sunk by this method, nearly all in northern Europe 
(France, Belgium, and Germany), where to reach the 
coal measures water-bearing strata of marl, shale, rock 
salt, and limestone must be past. The rate of sinking 
varies greatly. 25 feet per month isa fairaverage. The 
cost varies for 15 ft shafts from $500 to $1000 per foot 
depth for boring and lining with cast iron. 


DOO 


{ 29. Wash Borings 
= d => Apparatus for making wash borings can be 
nfo == obtained from companies which make rock- 
een drilling machinery. However, a very efficient 
| A AA || ES outfit, for holes 150 feet deep or less, may be made 


by any mechanic, which is not only adapted to 


ia wl work in isolated localities but has often been 
Pein [—T ~~ {== used in cities. The following is an inventory of 


| the outfit: 
e | x derrick. 1 hand force pump with suction hose and 


fittings. 200 ft 17-inch drill rods with couplings. 200 ft 
24-inch flush-joint casing. 1 bushing to.244-inch casing. 
> x hoisting water swivel 176 inch. 1 hoisting plug with 
A —— coupling. 2 cross chopping bits-6 inches long to fit 


B, [a rods. 3 prs Brown’s pipe tongs; 2 No. 3, 1 No. 4., 1 pr. 
y & Fig. 71. Kind-Chaudron System No. 3 Brock’s chain tongs. 2 Coe’s monkey wrenches, 
iif rg and ro in. 3 Stillson wrenches, ro, 14, and 24 in. 
x 15-tb crowbar. 1 pair sister hooks for 114-inch rope. 1 16-inch iron hoisting sheave 
for 114-inch rope, with strap and hook. 50 ft 114-inch manila rope. 4o ft 84-inch three- 
ply water hose. so ft i-inch'pipe with couplings. blasting battery with 500 ft No. 20 
‘wire, and supply of exploders and 4o percent dynamite, 1 tool box. 1Y6-gal ‘oil can. 
1 squirt can. 2 pail-and cup. x pick. 1 spade, 1 ax. 1 hatchet. 3 134-inch sand 
pumps. 2 1%4-inch earth augers to screw into rods. 4 sets reducers 14-inch to ¥g-inch. 
4 portable forge, small anvil, and small set blacksmith’s tools. 


__ The derrick is illustrated by Fig. 72. When set up, the drum and attached wheel are 


‘used as a hoisting winch, When folded and brought horizontal, the wheels become a 
truck on which the whole apparatus is moyed to the next hole. t 


-, 


i 
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The drill rods are usually 196 inch, exterior diameter, extta heavy pipe, in 5 to 10 
lengths, with square female threads on each end and coupling of about 6 inches lo 
’ of the same pipe with square male threads at each end. The casi 
(for shallow holes usually 24% inch external diameter pipe) may 
either “flush joint” or “drive cas- ing.” The drive casing consists 
heavy pipe with ordinary sleeve couplings. The flush-joint casing 
of heavy pipe, each length of which screws into the next, making t 
joint flush, outside and in. The chopping bit may be screwed it 
the drill rods, and. is ed like a re 
drill, but is provided with holes to allow | 
water, forced down the drill rods, to-pass ¢ 
under the bit. A chop- . ping bit should never 
used unless 2 full force of water is passing thru 
The process of sinking holes w 


flush-joint casing is usually about as f 


_lows: The der- rick is set 
and a_ hole is made, usué 
with a crowbar, to admit a | 
length of casing set a few inc 
into the ground; into this is 

length of 


serted a 1o-ft 
with chopping 
endanda hoist- 


bit on the lo 
ing watersw 


Fig. 72. Derrick for Wash Borings 


on the upper end, which is connected to the derrick rope and by hose t 
force pump. Large pipe tongs are then clamped to both the casing anc 
Water’is turned on, and as the material is washt from inside the casin 
latter is turned by the pipe tongs and gradually settles into the ground. f 
length is added to both casing and rods, and then the washing and tu 


are repeated. 


Careful measurement should always be kept so that the relative position. of the 1 
of the casing aad driil rods is always accurately known. In soft clayey ‘silts and 
holes may be sunk to a hundred fect or more in depth in this way with very little t 


‘ 


Art, 29° |. Wash Borings 4371 


but conditions are seldom so favorable. If hard sand and gravel are encountered, the drill 
rods are churned as well as turned, by which the material may be broken up, pulverized, 
and washt- out with water and the casing allowed to descend. In general the drill rods 
work below the bottom of the casing. If loose sand or gravel is encountered, there is 
likely to be trouble by the binding of the casing. If the sand is a thin stratum it may be 
possible to wash or even blast out a cavity in it which will allow the casing to pass thru 
into the next possibly more favorable stratum. Another expedient is to withdraw the 
rods, cap the top of the casing and attach the water supply to the casing, then to twist 
or drive, if drive casing is being used, while the water, which is being forced down inside 
the casing and up the outside, reduces the friction between the sand and outside of the 
casing. If a casing becomes badly bound so that no further progress downward can be 
made, it may be necessary to abandon the hole, or having started with a large casing 
to put a smaller casing inside the first when the latter becomes fast, in which case the fric- 
tion will only begin at the bottom of the first casing. If the required depth cannot be 
reached with the second casing, a third and sometimes fourth will be required. When a 
bowlder or other obstacle is encountered a charge of dynamite is lowered to the bottom 
of the hole, the casing raised 5 ft or more, depending somewhat on the size of the charge, 
a good rule being s ft for one pound and 2 ft for each additional pound of dynamite used, 
one-half to two cubic feet of sand is then poured down the hole, the charge exploded, the 
z casing worked down again as quickly as possible, and 
if the bowlder is a small one it may be found to be 
shattered so that the casing may be advanced thru it. 

A single shot often makes no gain’ when the third or ~ 
fourth will begin to break the bowlder and show pro- 
gress, but on bedrock 7 or 8 shots will make practically 
Hoisting Water Swivel 0 Progress. If after blasting several times in this way 
no progress can be made, the conclusion is generally 
4Hose from Pump drawn that either bedrock or a very large bowlder has 
been encountered, and if the purpose of the boring 
requires it, the hole is continued with a core-boring 

apparatus. A core boring is the only sure test to ° 

Screwed to Drive Heag etetmine whether or not bedrock is reached. 

For Drive Casing the bottom is provided 
with a heavy steel shoe or cutting edge, and 
Jar Weight instead of being simply twisted down as in the 
case of the flush joint casing, it is driven by 
using the jar weight (Fig. 73); at the same 
time the chopping and washing is being done 
with the drill rods. Working with the drive 
casing is somewhat slower-than with flush-joint 
casing, but in some cases, such as where con- 
siderable depth of loose sand and gravel is 
encountered, it is preferable. In hard ground 
the process is to bore or chop with the drill rods 
a hole some distance ahead of the bottom cas- 
ing, then withdraw the rods ro or 12 ft above 
the bot.om and drive the casing down as far as 
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1 it will go. 

{ 

Fig.73 shows one form of apparatus in place, where 
‘Fig. 73. Drive Casing ___ drive casing is used. There are many possible vari- 


ations of this; the jar weights are of various sizes and 
shapes; a second drive head or collar is often screwed to the top of the hollow guides for 
use in pulling the casing. The jar weight hammers upward against this collar; at the | 
Same time the casing is turned with pipe tongs if possible. It is sometimes necessary, 
‘however, to clamp a yoke on to the casing itself and hoist on this yoke with jacks. 
When flush-joint casing is used, the drive head is seldom necessary, and the joints of the 
pens will not stand much driving. 
_ To Obtain Samples of the material past thru by the drill the wash water , 
| caught in a “bucket after it rises to the surface thru the casing, and 


‘ 


1372 Shafts and Borings , Sect. 1 


the sediment is allowed to settle. Water should not be allowed to continu 
running into the bucket after it is once full, for it will wash out the clay an 
leave an unrepresentative sample. Such samples are often misleading 4 
to the true nature of the material in place. A drive sample may be obtaine 
by attaching to the bottom of the drill rods a sample barrel consisting of 

pipe open at the bottom and provided with a small vent hole in the side ne< 
the upper end but plugged at the top to prevent the weight of water in tk 
rods from forcing out the sample. This may be lowered and driven int 
the material which is removed from the sample barrel after being raised 1 
the surface. Samples obtained in this way are much better than wash sample 
but have the disadvantage that they have been considerably compacted in tl 
taking, and unless the sample barrel is driven only a short distance into tl 
material it may be doubtiul from just what elevation the samples com 
When the material is sand, samples may be. taken or the casing clean 
out by using an ordinary sand pump which is simply a length of pipe Pr 
vided with a foot valve. This is churned up and down in the hole ‘un 
filled with sand and water. ; ; 

An auger may be screwed to the bottom of the drill rod and lowered into the hole a 
bored into the material at the bottom. If the material is not clean open sand it v 
remain in the helix of the auger and come to the surface with it. In soft clayey ma 
ria's itis often possible to use drive casing in connection with an auger instead of us! 
water and the wash method. A hole is bored ahead of the bottom. of the casing, wh 
may then be driven down after the auger has been lifted well above the bottom. 

The cost of wash borings is variable, depending on the character of the material per 
trated. At present (1919) all costs are unstable and pre-war costs give the best co 
parison. To these the prevailing factor may be applied to give present day pric 
For holes up to 200 ft. deep in soft ground, such as silt and clayey sands the ¢ 
of well-managed work was $0.25 per foot and less under very favorable conditio 
Where the ground was running sand or hard earth without boulders, the price ran fr 
$o.50 to $1.00 peg foot depth. Where boulders or other obstructions were encolinte 
the cost was from $1.00 in ordinary cases to $4.00 or $5.00 per foot. The above pr 

were for favorable conditions on the surface and enough work to perfect an organizati 
Tf the location were unfavorable, say in a swaimp where staging would have to be bu 
or if water were not available, or if the conditions were otherwise difficult, the cos 
overcoming the difficulties would have to be added. For jobs involving only a few he 
the cost of moving the apparatus to the ground and organizing the work may n 
than double the above prices. For deep holes, say between 800 and 1,500 ft. deep, 
cost is much increased. A larger plant with steam or other power must then be ust 

Subaqucous borings are made upon the ice, or from a platform built on piles, or 
use ‘of a floating pile driver.or from a catamaran. 


30. Core Borings 


The Diamond Drill consists of a short length of soft iron tube calle 
“bit,” into the lower edge of which black diamonds are set. This bi 
screwed into the bottom end of another tube called a ‘“‘core barrel, » Wl 
in turn is screwed to the hollow drill rod. A casing is sunk thru the overl 
earth to the rock surface by wash boring; inside this the drill rods ° 
bit attached are placed and then rotated and prest down by the dril 
machine; at the same time water js forced down thru the drill rods and 
and comes to the surface outside the drill rods, carrying with it the r 
ground to a powder by the diamonds and bit. At intervals the drill 
are pulled out of the hole, the core remoyed from the barrel, the bit insper 
and the operation repeated. Diamond drilling, and especially the: a1 
setting the diamonds in the bit, can be learned only by experience. All 
-can be done here is to call attention to some of the difficulties and met 
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of overcoming them. The first care should always be that an ample supply 

of water is being forced down the drill rods‘to the bit at all times; the second 
is to use every precaution to see that the space outside the drill rods does _ 
not become clogged by either borings or sand washing in around the top or 
bottom of the casing. 


The difficulty most often encountered arises when seamy rock is met. Sometimes 
it happens that the water forced down the drill rods flows away thru seams, carrying 
drillings with it. If drillings are carried into a seam sloping upward, they are likely to 
run back into the hole and pack around and bind the drill rods when the flow of water 
is shut off. Small pieces from the wall of the hole of seamy rock are likely to fall in and 
wedge the drill rods. A single bad seam may often be stopt by pouring sawdust or 
horse manure into the hole; the escaping water carries this into the seam and clogs it. 
The second method is to drop balls of soft neat cement mortar down the hole and after 
it has hardened proceed with the drilling. It is usually wise to treat all seamy rock in 
this way and drill carefully and remove drill rods relatively often. It is sometimes 
possible to blast or chop with a chopping bit and sink the casing thru a loose seamy layer 
of rock. Frequently the hole is reamed out with a special tool and the casing driven 
down thru the seamy rock. 

Itis a good rule to let the water run a little time after stopping the drill to clean out the 
hole and take careful measurement of the position of the bit. In lowering the rods again, 
if the bit does not reach the original position, the water should be turned on, and if then 
it will not sink to position without drilling. the bit should be raised and the hole cleaned 
out with a chopping bit to a smooth clean bottom. 

Shot Drilling is done in much the same way as with diamond drills, and 
about the same rules apply; the difference being that instead of diamonds 
being set in the bottom of the bit, hardened steel balls are fed down with the 
water inside of the drill rods, and are rolled around under the edge of the 
rotating bit and wear out an titi lay ring the same as cut by diamonds. It 
has an advantage over diamond drilling because the apparatus is less expen- 
sive both to buy and to operate. It takes a much larger core, which is a 

great advantage in well drilling, and for prospecting usually gives a better 
sample because the large core is not so liable to break and crumble. On the 
other hand, shot drilling is usually slower than diamond drilling and it has 
been mostly used for vertical holes. 

The cost of diamond drilling varies greatly with circumstances. In the softer rocks 
like limestone, for holes 200 ft deep or less, taking 114-in cores from 184-in holes, the rate 
of actual drilling will vary from 1 to 3 ft per hour. Delays will average from 50 to 200 
percent of time of actual drilling, and moying from hole to hole will usually take one or 
two days. Pre-war costs varied from $1 to $3 per foot. The present (1919) costs will 

. be more than double these prices. For harder rocks, such as granite, the cost will be 
_ 50% greater than for limestone. 


31. Test Pits 


Test pits are sunk to determine the character of the earth as a preliminary 
fo more expensive operations. If deep, the method of work is the same as 
already described for timbered shafts. One test pit is usually considerably 
more expensive than several wash borings, but it is worth much more in the 
reliability of the information which it gives. _A combination of test pits and 
wash borings often yields the greatest amount of reliable information for a . 
given outlay; the borings may locate the strata with sufficient exactness, while 
one test pit to every ten or twenty borings will show the character of the strata. 


As the earth is excavated from the test pit, the different kinds of material should be 
_ placed in separate piles, and the bowlders and smaller stones in each kind separated. It 
often happens that workmen in digging a test pit will pile the dirt in a single pileand cover 
up all the bowlders. While the wa'ls of a test pit generally show the character of the 
J > apaterial, they do not give a correct idea of the amount of bowlders likely to be encountered, 
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TUNNELS 
32. Tunneling in Earth by Mining 


The Elementary Operation of Mining is illustrated in Fig. 74. Start 
ing with the face of earth which is to be mined, sharpened boards P, calle 
polings, supported by the cross timber C, are driven into the earth. Unde 
the protection of the 
polings the earth is 
excavated. The ex- 
cavation is advanced 
beyond the end of the 
first polings by erecting 
another cross roof tim- 
ber, Cs, and starting 
new polings and re- 
peating the operation j 
indefinitely. The min- oe Seater 
ing of ait ground is Fig 4.9 Mining tm arth 
largely a multiplication of this elementary operation. The sides of th 
excavation may be treated in the same way: small headings may be enlarge 

_ to full-sized tunnels by opening the sides by the same process. In princip 
this elementary operation covers all conceivable requirements of protectin 
the sides and roof of a working where pressures are within the strength of tk 
timbering. But there is always exposed a face F which must remain unpr 
tected, at least for a short time, and here is where mining troubles begin. 

The angle at which an exposed earth face will stand depends: first, upon the natu 
of the earth, in general, clay standing steeper than sand, and coarse sand steeper th: 
fine sand, and a mixture of clay with coarse sand or gravel being better than either alor 
Second, upon the amount of water present. Dampness will increase cohesion, but 
complete saturation is approached the angle becomes flatter. If sand besides bei 
completely saturated has an unbalanced head of water, that is, if the head or pressure 
water in fine sand exposed to the air is greater than the air pressure, then it is quicksa1 
and will take nearly a horizontal slope. Whatever the material, its thoro draining 
of the greatest importance for successful mining. Third, the length of time expose 
Time is an important element in tunneling. Some of the most unstable materials w 
stand even vertical for a little while, so that a small vertical face may be exposed and 
breast board quickly placed. Clayey earth sometimes may move so slowly that the exc 
yation may be made without the protection of the poling, which may later be simply fp 
up against the roof and supported by timbering which will be thoroly loaded lat 
Fourth, the area of the face exposed. A small area exposed cwill often stand vertic 
for a long time when a larger one would cave quickly. Fifth, the distance below t 
earth surface. By the ordinary accepted theory of earth pressures the horizontal thr 
of earth is ‘a function of the vertical pressure or distance below the surface. But whe 
small areas are exposed, dry or only damp earth will arch across the area, so that der 
does not usually appreciably affect the angle at which the exposed earth face will sta 
until some time has elapsed. The arching cannot be depended upon in wet runni 
material. Sixth, the amount of agitation the earth has received. Earth which may 
stable in its natural state may be very treacherous after it has been moved. The fear 
starting a general movement of the earth makes miners thoroly pack all voids back 
supporting timbering and use the greatest care to prevent the starting of a. run. t 

Timbered Headings. In all methods of soft-ground mining the face 
opened with a heading varying jh cross-section according to the mater 
penetrated from a one-inan burrow to fuil width and 7 or 8 ft high and a 
length (Fig. 75). The heading timbering consists of posts P, caps 
poling boards p, and breast boards b. If the ground is stiff the face of t 
heading is cut down straight at nearly the forward end of the polings and nt 
posts and a cap are set. If the ground is soft a small excavation, say two f 
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high, under one or two polings is made and a short board is quickly set ver- 
tical under the end of the polings and acts as a combined breast board and 
prop for the poling. ‘This is repeated under all polings. As soon as all 
short vertical breast boards are placed a new cap is set supported by short 
‘ posts. The remainder of 
the face is then worked 
down, usually with hori- 
zontal breast boards, to 
the bottom of the heading. 


33. Methods of Soft- 
Ground Tunneling 


Small bores are driven 
by ‘simple headings, large 
ones are worked in a variety 
of ways which have been 
classified in general accord- 

Fig. 75. Timbering Headings ing to the country in which 

the method originated, as 

English, Belgian, German, Austrian, and Italian. Obviously the classification tho widely 

accepted is far from strict, because each method has many variations, nor has the use of 
any of the methods been confined to the country for which it is named. 

English Method. The entire section is removed in short lengths, usually 
from 12 to 20 ft, in advance of the permanent lining already built, as shown _ 
in Fig. 76. The masons and miners alternate in the possession of the face, 
and the work of excavation and building the masonry is uninterrupted until 
each is complete for the length. A small drift in wet material is com- 
monly driven at the bottom of the tunnel prism from end to end of the 
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Fig. 76. English Method 


tunnel, both for the purpose of furnishing good drainage facilities and for the 
establishment of the alinement below ground; also it allows the tunnel to be | 
attacked at several points. The main attack on the face, however, always 
begins at the top of. the section with a heading which in stiff material is often 
taken out without timbering but in softer material is timbered. -Two roof 
bars are then placed in this heading with their forward ends resting on: posts 
and their rear ends supported on the completed masonry lining. Transverse 
_ polings are then driven over these bars. The heading is then widened out 
under the transverse polings for the length of the roof bars, yertical breasting 
_ boards placed under the transverse polings and new side bars are placed; 
when the ground is stiff enough the polings are not driven over the side bars 
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but placed against the earth roof after excavation as in Fig. 77. This oper 
ation is continued down the sides as far as required by the nature and pressur 
of the ground, sometimes to the bottom, while at ‘the same time the face i: 
gecurely breasted and back-strutted to the completed lining. The miner. 
now give way to the masons, who construct the length of lining within th 
completed timbering, and the operation is repeated. If the roof bars ar 
not too firmly gripped by the overlying material, the lagging is blocked w 
on the masonry and the roof bars are barred or pulled forward by jacks ant 
used over again. 


This method as a whole is best adapted to very firm material, but has been used wit 
success where the ground was heavy and wet. The Saltwood tunnel on the South 
eastern Railway between London and Dover was built thru greensind, which whe 
disturbed was a quicksand and not workable by the English method without being draine< 
A snall bottom drift driven thru from end to end drained off the water, care being take 
to confine the sand, and the main construction proceeded by. the usual English methoc 
The advantages of the system are the large open area in which the masonry lining ca 
be built up in one operation and the facility with which the spoil cars can be handlec 
The disadvantages ate that the excavators miss alternate shifts while the masons are < 
work, thus delaying the work, and that the timbering is partly carried on fresh masonr: 
The fact that the full section is excavated at once limits the use of the method to fairl 
firm material. 

Belgian Method. The upper half of the tunnel is excavated much th 
same as ia the English method except that the excavation is frequent 
carried considerable distance ahead of the masonry, and as the method : 
most often used in firm ground, the transverse polings are frequently m 
driven over the roof bars, but instead are placed as in Fig. 77, against th 
earth roof after the excavation has been made for a side roof bar. 


A cut is then excavated thru the center half of the tunnel to the invert, leaving a ber 
on either side to support the arch of the tunnel lining. From this center trench narro 
cuts are made at intervals to the side and the masonry arch is underpinned; the cuts a 
widened and the underpinning extended until a complete side wall is built, and final 
the invert arch is turnel. The main advantage of this method lies in the fact that. 
is possible in firm material to push 
the work from many points of attack, 
the successive developments of the 
tunnel, the heading, its enlargement, 
the masonry arch, the underpinning 
operations, etc., all being carried on 
simultaneously at different points 
along the tunnel. When the work is 
carried on with this system of suc- 
cessive development the timbering 
is arranged as in Fig. 77, to permit 
the ready access of the spoil cars to 
the furthest workings. This method 
is adapted to firm material, but may Fig. 77. Belgian Method 
be used, with considerable risk how- 
ever, in the heavier soils by shortening the timbered section, in which case it loses its chi 
economy mentioned above. The disadvantage of this method is‘ that the, arch is fit 
carried on earth and then on timbering, both liable to unequal settlement with the co 
sequent risk of fracture in the key. If it becomes necessary in very stiff material to ¢ 
blasting, danger to the temporarily supported arch is increased. ' 

German Method (Fig. 78). The invert is put in last, but the rest of # 
lining is built from the bottom up, but without removing the center core 
earth. In its most characteristic form the method consists in driving ty 
bottom headings, one at the foot of each side wall. In these the side wa 
are built as high as the roof of the heading will allow. On top of these hea 
ings two others are driven and the side walls brought up to their roofs, a1 
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so on until the two side walls are joined in a center heading at the top. Prac- 
tically the number of headings one on top of the other is limited to three, with 
a top center heading which is widened out to the upper side headings. Usu- 
ally only two headings on each side have been used, which brings the sides 
up to the springing of the arch; above this the entire section is taken out by 
widening out a center top heading down to the side heading by the same plan 
asin the Belgian method. 

The most notable example in America of a tunnel done by this method is the Baltimore 
Belt Line tunnel. There only one heading on each side was driven; the center top heading 
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Fig. 78. German Method 
- 
| was widened out down to the spring line and pits sunk down from this large upper working to 
the side walls which had been built in the’side bottom headings. The sequence of oper- 
ations is shown in Fig. 78. The chief advantages of the German method are the saving 
in timber due to large cores of earth being used to brace against; the cheapness with which 
the central core, a relatively large mass of earth, can be removed; the fact that only small 
| areas are opened, thus increasing safety in soft materials, and the fact that the masonry 
| is built continuously from the bottom upward. ‘The disadvantages are that the restricted 
area available for removing spoil from the small headings causes a great amount of incon- 
venience and interference with the masons and timbermen; ventilation in these small pas- 
sageways is very difficult; and there may be danger in some cases of movement of the 
center core when used as an abutment for strutting. 


Austrian System (Fig. 79). The essential feature is a center cut from 
top to bottom of the tunnel with timbering asin A-A. The cut is widened out 
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Fig. 79. Austrian System 


from the top as indicated in section BB and timbered with segmental arch 
timbering up to the time the sills are placed above the horizontal diameter 
and is supported by the central frame. The poling boards over the segmental 
arch timbers are all driven parallel to the axis of the tunnel, and the widening 
ut is done in short lengths, working practically the full face. The variations 
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in the method, depending largely on the character of the material, are prac 
cally all in the method of making the central cut. A top heading may 
driven, which then may be cut down in short lengths to the invert of t 
tunnel, or a bottom heading may be driven, then the top heading, then the cc 
between the two removed in short lengths, the short posts of the top headi 
being replaced by long ones resting on the cap timbers of the bottom headis 

Mr. Rziha, the eminent Austrian engineer, who did much to develop the system a 
who is its principal advocate, recommends the bottom heading to be first driven fr 
end to end of the tunnel, then enlarging this to about half the height of the tunnel a 
placing in it all of the lower half of the timbering required in the center cut, section ¢ 
Fig. 79. The upper half of the center cut is then taken out in a top heading and 
timbers placed as in Fig. 79. The excavation of the remainder of the full section is tl 
done, being kept from 10 to 20 ft ahead of the masonry. The masonry lining is beg 
at the bgttom and carried up continuously, the reaction of the timbers being transfer 
to the masonry as they are reached. The advantages of the method are that the timt 
ing is strong, that the timbers are in short lengths and easily handled, and that the w 
may be attacked at a number of points and each operation carried on continuously. 
disadvantage is its expense. : 

The Italian Method (Fig. 80) was especially developed for very s 
and treacherous ground and is strictly an emergency method. The succ 
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Fig. 80. Italian Method 


of the system depends on the fact that only small areas are opened ana 
material can thus be well controlled. A bottom center drift’ about 4% 
height of the tunnel is started and driven a very short distance, 6 to ro 
after which it is enlarged to full width of the tunnel, very heavy and ti 
timbering being used. The invert and as much as possible of the side w 
are constructed in the drift, and the open area is backfilled with earth. 
center top heading is then driven and enlarged to full width and about % 
height of the tunnel, leaving a bench the full width of the tunnel and someth 
less than 1% the height. This upper section of the tunnel is very hea 
timbered and braced; connection between the upper section and the maso 
walls already built is made by trenching thru the bench, after which the : 
walls are completed and the arch turned as one operation. The cen 
bench and the backfilled earth are excavated inside the completed tunnel. 
The chief advantage of this method is that the workings are so small as to be res 
braced and maintained in very treacherous ground. The disadvantage is the exce! 
cost. Modern shield methods would now be used for all tunnels for which this me 
was designed, except possibly where only a short length of very treacherous grout 
encountered. R 
American Method (Fig. 81). Here the segmental arch timbering and 
posts only are used and no interior struts. It has been’ much used in 
rock; it is specially adapted to fairly firm material. In rock a top heac 
is driven and timbered with posts and caps. A short length is widened 
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down to the springing line of the arch, the sills are placed and the segmental 
timber arches erected between the posts and caps, which may then be removed. 
In earth the face is opened by a top heading, which is poled and timbered in 
the usual way. In the space between two bents of the heading timber the 
crown segments of the timber arches are set in position and held in place 
temporarily by secondary iced or. by strips of scantlings spiked to the main 
posts as shown in 
Fig. 81. A short length 
of from 2 to 6 feet, de- 
pending on the nature 
of the ground, section 
A-A, is then widened 
out without polings or 
other roof support and 
the segments adjacent 
to the crown segments 
Fig. 81. American Method are put in position and 
held by iron dowels 
and a short prop. If the segmental timbers are not set close together, lag- 
ging is inserted above the timbering and cavities between the lagging and 
the earth are packed. The widening out for the next timber is done in the 
same way down to the sill. After the two sills are placed the roof timber is 
completed and the bench is then removed. 


During each operation the sill timbers are underpinned by any one of the several differ- 

ent methods. If the material is very firm a longitudinal cut is made in the bench, leaving 

a berm on which the sill rests, and the counterforts are excavated at intervals under the 

sill and posts placed. If the material is too soft for this, pits are sunk at intervals, and 

first short posts and later, if excavation has proceeded, long posts are placed to support 

the sills. If the material is firm enough, as for example rock, the sills or wall plates are 

set in niches at about the springing line and no posts are used. The number of segments 

in the arch varies from 3 to 7 or even more. It can be used successfully in firm material 

which will stand for a short time without support. This type of timbering has been used 

in American tunnel practise as a semi-permanent lining, but is usually replaced within 

_ xo to 15 years by masonry. The chief advantages of this method are in the large open 

area within which the masonry lining can be built continuously from invert to crowr 
_ and the saving of timber. 


34. Tunneling in Rock 


: Top Heading and Bench Method. Tunneling in rock by the top head- 
_ ingand bench method, shown in Fig. 82, is the prevailing practise in America. 
The heading usually com- 
_ prises the upper 7 or 8 ft of 
the tunnel prism and is 
driven with comprest air 
drills mounted on vertical 
columns by one gang, while 
a second gang with tripod 
“drills works on the bench. 
In the more recent practise 5 : 

ere ecleK ant cutie las? Fig. 82. Top Heading and Bench Method 

to the heading, so that the mucking of both heading and bench is done together, 
the blasting being so arranged that considerable of the heading excavation is 
shoveled into spoil cars by hand, or, if the tunnel is large enough, by air-oper- 
ated steam shovels. What remains in the heading is handled reas to cars 
ith wheelbarrows and a movable platform at the bench, é 
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Bottom Heading Methods in Rock 
Tunnels. There are two general types of 
bottom heading methods in use in Europe. 
The first is the method used notably in the 
Loetschberg and Simplon tunnels, in which 
a bottom heading is driven in advance; at 
intervals, in the Simplon every 164 ft, small 
upraisers or shafts are excavated to the top 
of the tunnel and top headings driven in 
both directions and enlarged laterally. The 
next step is the removal of the bench be- 
tween the top and bottom headings and 
finally the side benches. The bottom head- 
ing is kept clear for the muck: cars by 
closely timbering its roof. In the second 
type, a bottom heading is driven in advance 
and at intervals break-ups are made to the 
crown of thearch. The material of thefull 5 
upper portion of the ‘tunnel is shot down 3} 
upon a heavy timber platform which acts 
as a roof for the bottom heading. 


Outside Pioneer Heading Method. By 
this method a heading is driven entirely 
outside the main tunnel which is to be 
built. From this heading drifts are driven eee 
to the center line of the main tunnel and St. Gothard 
from the ends of these cross drifts, headings i sea 
are driven along the main tunnel, usually 
on its centerline. As soon as one of these 
center headings reaches the working being 
carried on from the main portal, radial 
holes are drilled from it to the limits of the 
cross section of the main tunnel. These 
holes are loaded and the rock is shot down 
2 in front of a steam shovel working inward 
from the main portal. 


The advantage of the method is that the 
drilling operations do not interfere with the 
work of the shovel because the drillers and 
the air mains to the drills all enter from the 
side heading. 

Drilling Diagrams. Fig. 83 shows 
the method of spacing the drill holes in 
the headings of several rock tunnels. The 
practise of setting drill holes normal to the 
face of the heading is nearly universal in 
Europe and was used in America prior to 
the inauguration of the center cut system 
in the Hoosac tunnel. The depth of holes 
used in European practise is seldom more Pe snijtnta tale 
than 4.5 ft while in America 6 to’ 10 or 12 ft ‘Aranadeeun 
depth prevails. In general, the higher speed Fig. 83. Drilling Diagrams 
has been attained in the European practise, 3 
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with a great number of holes normal to’the f ce and from’3 to 4.5 ft deep, but 
the amount of powder and the cost of driving are greater than where the center 
cut with deep holes is used. It is not entirely evident, however, that the ar- 
rangement of drill holes accounts for the difference, as the higher speeds in the 
Buropean practise were made where large drills mounted on a heavy c rriage 
were uséd instead of the smaller drills mounted on columns as is usual in America. 


Mucking is the universal term for removing the blasted rock, called muck, from the 


' tunnel. It is usually done by laborers with shovels. Steel plates are often laid on the 


floor before the blast; from these the muck is shoveled more easily. Many mechanical 


- muckers have been devised, but none have come into general use except the small © 


steam shovel operated by comprest air. 


35. Data Regarding Tunnels 


In the following notes the numbers in parentheses refer to the tables on 
pages 1382 and 1383 and to the numbers within the circles in Fig. 84. 


(z) Box, Great Britain. Odlite rock, forest-marble, and Lias marl. Lined with 
brick 27 in thick at springing line. 

(2) Blechingly, Great Britain. Blue clay of Weald. 1x shafts. Maximum progress 
492 ft per month, 187 ft per month average for completed work. Hand drills and gun- 
powder. Lined with brick varying from 221% to 27 in thick. 

(3) Saltwood, Great Britain. Greensand (quicksand before being drained). ‘12 shafts. 
Average progress completed work 238 ft per month. Lined with brick in horseshoe sec- 
tion; thickness varies between 22% and 27 in. 

(4) Moncreiffe, Great Britain. Poor rock. Widened and relined in 1902, 88% lined 
with brick arches 18 in thick on 9-in brick walls. ’ 

(5) Lydgate, Great Britain. 14 of length on curve. Clay, strong shale, rock with 
veins of shale, limestone, fire clay, and coal. Thickness of arch in shale 2 ft, in rock 1 ft 
6in. s shafts. Progress for completed work 52 ft per month. Hand drills used in rock 
and strong shale; clay and loose shale axed out. : 

(6) Netherton, Great Britain, Carries a canal. Marl, coarse sand, rock, hard 
shaly clay, coal, Lias ironstone and fireclay. 17 shafts. Average progress for completed 
work 294 ft per month. Hand drills used. Lining 221, in thick in horseshoe section. 

(7) Bergen No. 1, Erie Railroad, N. J. Doletite. (very hard trap). Hand drills 
used. 20% lined with brick arch ad stone masonry side walls. 

(8) Buckhorn Weston, Great Britain. Kimmeridge clay and veins of loose wet rubble, 
gs shafts. Average progress 168 ft per month. Lining 27 to 32 in thick. 

(9) No. 6 Union Pacific Railroad, California. Granite. Average progress 1.6 ft 
finished tunnel per working day, using 4 working faces. 

(zo) Sand Patch, Pennsylvania. Red sandstone and shale varying from hard to soft. 
About 50% lined with sandstone masonry. 

(z1) Mont Cenis. From France to. Italy. About 34 mile on curve. Limestone, 


 ¢alcareous schist, quartz, carbonaceous schist, gneiss and schistose sandstone. Maxi- 


mum depth below surface 5277 ft. Maximum rock temperature was 80° Fahr. No 
shafts. Maximum progress one heading 297 ft per month, average for both headings 
completed 231 ft per month. Cost $272 per lin ft. Hand drilling used for first four 
years with holes 1.5 ft deep, subsequently 3-in cylinder comprest air drills with holes 
3-5 ft deep were used. After first four years 70 to 80 drill holes 1.2 in in diameter in 
heading averaged 67 lbs gunpowder per round, or about 3.8 per cu yd. Mucking done 
by hand; horses for hauling. Gas for lighting. Ventilation at first by exhaust from 
drills, then blowers and bratticing were installed, and finally exhaust bells. 2 rounds 
were fired in 24 hours. ‘Time of drilling 6 to 8 hours, loading 1.5 to 2 hours, mucking 
3 to 5 hours. Lined with side walls of stone and arch which is stone for 44 length and 
brick for the rest; the thickness is 3114 in. 

(12) Baltimore, B. & P. R.R., Maryland. 20% on curve. Soft rock, clay, sand, and 
earth. 16% t tunnel, 84% cut and cover. Hand drills and black powder used. Brick 
arch 22 in thick; limestone side walls 54 in thick. 

(x3) Clifton, Great Britain, Mountain limestone, conglomerate, and red sandstone. 
ashafts. Average progress of completed headings 196 ft per month, using 6 faces. 92% 


: ‘by hand drilling, 8% a boring machine. Partly lined with 5-ring brick arch on 


- stone masonry-walls. 
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‘ Clear " 
Single (S) width, < 
or eth Clear | feet uae tL Co 
Number and Name_ | double (D) St; | height, |Straight| “4; Lining |,.P* 
track and miles | “feet | (S) or ae line 
4 method fox 
date curved 
(C) 
(Cs); Box; Gio. wht. » D 1837-41| 1.8 | 28.0 |30.0 Rock E | Brick |$x6 
(2) Blechingly, G. B...) D 1840-42 0.8 | 25.0 |24.0S |Clay E Brick | 11 
(3) Saltwood, G. B...| D 1842-43) 0.5 25.5, |24.0S |Sand B Brick | 1¢ 
(4) Moncreiffe, G. B...| D 1845-48] 0.7 | 19.0 |26-5 C |Rock | Brick |... 
(s) Lydgate, G. B....| D 1854-56| 0.8 | 20,0* |25.0 Q|\MistE |B&M| « 
(6) Netherton, G. B.. 9. .1856-58] 1.7 |.24.3.. [27-0 S |Mixt E | Brick (i 
(7) Bergen, Erie R.R,| D 1855-61 0.8 | 2t.0 |28.0$ |Rock H |B&M| x 
(8) Buckhorn Weston. D 1859-63) 0.4 | 24.0 |25.° S |Clay E Brick | 11 
(9) No.6U.P.R.R.,Cal.) S 1866-70| 0.3 | 20.2 |16.05 Rock H |Timber |... 
(xo) Sand Patch... \ 5 1854-71| 0.9 ie a i © g |RockH |Rubble| § 
(11) Mont Cenis.....- D 1857-72| 7.9 | 24.6 |26.2 Q |Rock B |B&M| 2; 
(x2) Baltimore, B.& P.| D, 1871-73] 1.3 18.5 |27-0Q |Mixt V |B &M| t. 
(x3) Clifton, G. B.....| D 1871-74) 1.0 20.8 |26.0S |RockP |B&M),. 
(x4) Church Hill, Va...| D 1872-74] 0.7 | 19.2 |27-5 Q |Clay A |B&M) 1 
» |(15) Musconetcong.. , . D 1872-75} 0.9 | 21-0 |26.0 S |Mixt W | B&M}.. 
(x6) Hoosac, Mass.f...| D 1854-76} 4.7 19.8 |25.0S |Rock W | Brick | 3 
(17) Bergen, D.L.& W.) D 1874-77 0.8 | 2t.0 |27.0S |RockH |B&M).. 
(18) Osakayama, Japan S 1878-80] 0.4 | 14.0* |I4.0 Rock B | Brick | 
(x9) St. Gothard...... D 1872-82] 9.3 | 24.6 |26.2Q Rock B | B&M| 2 
(20) Mullan, Mont....| S 1883 0.7 | 20.0% |15.0S |Rock B&M|).. 
(2r) Arlberg... ...++++ D 1880-83} 6.5 | 25.0% |26.3 S |Rock L |Rubble | x 
\(22) Severn, G. B..... | D. 1879-86] 4.4 | 24-5 |26.0 Q |Mixt E | Brick | 2 
(23). Vosburg, Pa...... D 1883-86} 0.7 | 20.7 |28-0 Q |Mixt K |B&M) 1 
(24) Stampede, N.P.R.| D 1886-88) 1.9 | 22.0 |16.5 Rock H | B&C | 1 
(25) Ronco, Italy..... D 1882-89} 4.8 |....---|-++-+5- Rock X | B& M).. 
(26) Balt. Belt Line...| D 1890 1.6 | 22.0 |27.0S |EarthG | Brick |.. 
(27) Little Tom........ S 1888-go} 0.4 | 20.1 |14.0 Rock Brick |.. 
(28) Cowburn, G. B.§ .| D 1888-92] 2,1 | 24-5 |27.° S |Rock L | B&M| 3 
(29) Totley, G. B.§.... D 1888-92] 3.5 | 26.2 [27.0 Q |MixtR | B&M} ; 
(30) Niagara Falls Co . ...-1890-92, 1.3 | 21.0 |19.0 S |Rock K | Brick J.. 
(3r) Busk, Colo......- S 1890 1.7, | 21-0 |15.0 Rock H |Timber 
(32) Panir, India...... D . 1893 0.6 | 20.7* |29.5 MixtsB, Uhoanete 
(33) East River Gas.. .|...-1891794)--..-+ 8.g |ro.5 S |Mixt M |....... ey 
(34) Tequixquiac, Mex.|.. . .1866-9s| 6.2 | 14.0 |14.0S Rock H | B&S 
(35) AmpthillNo.2,G.B. D = 1895 0,41 25.0, 125.5 Clay E | Brick 
(36) CwmCerwym,G.B. S 1897 HOU Q |Mixt | Iron 
(37) Catesby, G. B,...| D, 1895-97) 1.7 | 25-5 27.0  |Clay E | Brick |. 
(38) Boulder, Mont... . iS) 2 | 21.5 |15.7 Q |Rock B&M|). 
(39) Palisades... ..-+- D 10 TROCK Bn. aoa 3 
(40), Cascade, G.N.R.. S 1897-00] 2.6 | 21.5 |16.0 § |Rock K |Coner. |. 
(41) Sherman, Wyo... D 1900-01] 0.3 |.,.--0-[e-e- ees Rock K ' fs 
\(42) Graveholtz.......+ S 1895 Chel ariel lair ac Rock 
(43) Barrientos, Mexico| D 1903 0.1 | 28.2. |37.0S |Mixt H 3 
(44) Scranton.....-.. S$ 1904-05] 0.9 | 22-0 17.0Q |Rock K |TC&M 
(45) Chicago Subway.. |... .1901— 65.0| 7.5 | 6.0Q |Clay M |Concr, 
(46) Gallitzin, Pa..... S ‘1903-05} 0.7 | 23-5 [17.5 S |Rock K | C&M 
(47) Alfreton No.2,G.B.) D aS 0.5 | 25.5 |26.5 |RockE | Brick |. 


* Above rails. Contract price. { Height =18.5 to 21.0 ft; width 24.0 to 2f 


|| Excavation and timbering only. § Height =23.2 to 25.8 fs A pr oF 


al 
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Clear 
apse (S) Clear er Material, Cost 
Number and Name _ | double (D) Leth, | height, |Straight] °*S®V2" | Lining tes 
track and | eS feet | (S) or | HOP pas 
date mica method foot 
(C) 
(48) Simplon......... S 1895-06j12.4 | 18.0* |16.4Q |Mixt L_ |Rubble | 240 
(49) Capitol Hill,..... D 1904-07] 0.8 20.0 |16.0Q |EarthZ |BC&M |..... 
(so) Haversting.......|.... 1902-08] 1.4 agpo-altsvorS.iRock.«, o) baile oe 
(st) Bergen, D.L.& W.| D 1906-09] 0.8 26.9 |30.0S |Rock H |Concr. |..... 
(52) St. Paul Pass... .. Eto mal bas on aa] eS SE | Oo Rock H |Timber }..... 
(53) aPenn.Twin,N.Y.| D 1905-09] 1.8 | 18.2 |16.3 Q |Rock H 
b Penn. 3 Tr.,N.Y.|....1907-09| 0.2 18.2 |39.7S|Mixt Y 
‘|(54) Bergen, P.R.R....| D 1905-09] 2.2 18.3 j19.0S |Rock H 
(55) Gunnison, Colo...}.... 1905-09] 5.8 | 11.4 |10.5S |Mixt H 
(56) “ArthursPass,;N. Z.| S 1g08- | 5.31 | 16.75 |t5S  |Rock R 
(57) Fu-Chin-ling.Mch.| S 1909-11! 0.92 | 18.0 |12.0  |Rock P 
(58) Loetschberg;Switz.| D 1906-13) 9.03 | 22.3 |25.0 |RockL 
(59) Necaxa,No.1,Mex.|....1909-13)| 2.15 9.83°| 9.17 |MixtZ 
(60) Pirahy, Brazil....|....1911-13| 5.25 | 13.2 |12.85 |Rock 
(6x) Laramie-Poudre,C.|....1909- 2.27 7.5 9.5 Rock M 
(62) Mt. D’Or,F.&Swz.|....1910-15; 3.8 20.0 |26.2 Rock L we s.5 
(63) Astoria-Brx.,N.Y. |....1910-15: 0.88 | 18.0 [|16.75 |Rock Concey Po ce. a 
(64) Rogers Pass.,B.C.| D 1914-16. 5.0 | 21.12 |29.0S5 |RockZ > 
(65) Twin Peaks, Cal..| D 1914-17| 2.27 | 15.0 |25.0 eget re 
(66) Roosevelt, Colo::.|....1907- | 4 ~ |.......]....0.. ROCK IVE {hoe meas 
67) Rove France! . ... sp: 02. Pens. -s 4.0] 40.0 |72.0 . |Rock Z |Concr. |,.... 
(68) Mt.Royal,Mont’l.'D 1912-18 | 3.25 | 19.75 |13.0 Rock L |Coner. }..... 
Z { 


* Above rails. For waterworks tunnels see Aqueducts. ; 4 


S= Straight, C= Curve, Q = Straight and curved, B & M=Brick and stone masonry, 
B & C=Brick and concrete, B & S=Brick and artificial stone bricks, TC & M=Timber, 
concrete, and stone masonry, C & M=Concrete and stone masonry, B C & M=Brick, 
concrete, and stone masonry. 

A=American method, B=Belgian method, E= English method, G=German method, 
H=Top heading and one bench, K=Top heading and two benches, L=Bottom head- 
ings, from which small shafts at intervals are driven to top of tunnel and full width top 
headings are excavated in both directions. The bench is removed between the top and - 
bottom headings and the lower section of the tunnel is enlarged to full width, M=The full’ 
tunnel prism is removed as one operation, O = Cut and cover method, P= Top heading and 
enlargement, no other particulars are available, R = Bottom headings followed successively 
by their enlargement laterally and upward, V = Cut and coyer and English method, 
W = Top heading and one bench and English method, X= Belgian and English method, 
Y = Top heading and one bench and cut and cover method, Z.= see description of 
methods in the notes on pages 1387-1389. } 

Costs are taken from published accounts in which the elements composing the figures 
are seldom recorded. 
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(x4) Church’ Hill, Virginia. Miocene clay with infusorial ‘shells. 22-inch brick 
arch on masonry side walls. : 

(15) Musconetcong, N. J. Soft ground, limestone and syenitic gneiss. English 
method in soft grotind; top heading and bench method used in rock. 3 shafts. Maximum 
progress in one heading 144 {t per month, average for whole work 181 ft per month; using 
8 faces, 5-im cylinder Ingersoll comprest-air drills and dynamite used. 36 drill holes 
in heading, 10 in bench. Depth of holes 11 ft. 270 lbs explosive per round in heading, 
107 in bench. 6 drills in heading, 2.0n bench. Spoil loaded into barrows, wheeled 
to traveling platform at bench, and dumped into chutes over cars. A derrick on the 
platform handled large bench excavation. Average time of drilling and loading for one 
round 32 hours. 20% lined with 7 or 8 ring brick arch on masonry walls. 

(16) Hoosaic, Massachusetts. ‘Hard granitic gneiss, conglomerate, and mica schist. 
Maximum cover i800 ft. English method in soft. ground. Top heading. and bench 
method in other material... x shaft. Maximum progress for 1 heading 184 ft per month, 
average per month for! all faces. 194 ft. Holes 2.1 ft deep were drilled by hand during 
the first 12 years, using 16 lbs of explosive per lin ft of tunnel. During the last 10 years 
holes 11.5 ft deep were drilled by z2 comprest-air drills at each face, and 33 lbs of powder 
per lin ft of tunnel were used. Spoil loaded into cars, wheeled to traveling platform at 
bench... Derrick on platform handled Jarge bench excavation. Lined with brick in 
poor rock, 

(17) Bergen No. 1, D: L. & W. R. R., New Jersey. Dolerite (very hard trap). Rend- 
rock powder used. Brick arch on masonry side walls. 

(28) Osakayama, Japan. Soft rock with clay veins. Lining is 2, 4, or 6 ring brick 
arch on brick side walls. Hand drills. Fans for ventilation. 

(z9) St. Gothard, Switzerland. Straight except about 500 ft. Gneiss, mica schist, 
serpentine, and hornblende schist. Maximum depth below surface 5576 ft. Maximum 
rock temperature 88° ahr. No shafts. Average progress of single heading 225 ft per 
month. Sommelier drills used tor a few years, then Ferroux 214-in cylinder and McKean 
4-in cylinder drills with comprest-air. Enlargement by hand drills. 6 drills, mounted 
On a carriage, bored 24 to 26 holes in each heading 2.6 ft to 4.2 ft deep. 29 lbs, 75% 
dynamite, explosive per round, or about § Ibs per cu yd, were used in each heading. Horses 
used in headings, comprest-air locomotives in full-size sections. Oil lamps for lighting. 
Exhaust bells for ventilation. Time of drilling 3 to 5 hours, mucking 3 to 4 hours. Brick 
arch on rubble masonry walls varying between 17.7 and 29.6 in thick. \ Altho in rock, 
was built by the Belgian method. 3 

(20) Mullan, Montana. Treacherous rock. Relined with masonry in 1892. Costs, 
including engineering superintendence and interest: concrete $8 per cu yd; brick $17 per 
cu yd. Total relining $50 per lin ft, brick arch 20 in and concrete side walls 3o in thick. 
- (ar) Arlberg, Austria. Mica schist and gneiss more or less rich in quartz. Maximum 
tock cover 2300 ft. Maximum rock temperature 64° Fahr. No shafts. Maximum 

_ progress for x heading 641 ft rer month, average for single headings 4o8 ft per month. 
Ferroux comprest-air and Brandt’s rotary hydraulic drills used: With Ferroux drills 
4.8 lbs of powder per cu yd and with Brandt 4.0 lbs. Lining is mostly between 19.7-and 
37-4 in thick, 6% of length not lined. 

(22) Severn, Great Britain. Conglomerate, limestone, carboniferous beds, marl, 
gravel, and sand. Lining of vitrified brick 27 to 36 in thick. 

(23) Vosburg, Pennsylvania. 138.5 ft on curve, the rest is on tangent. Red, green, ~ 

and black shales and red and blue sandstone. Short length earth roof. American 
system of timbering used. No shafts: Average progress single heading 1347 ft per 
month. In the heading 4 Rand or Ingersoll 344-in cylinder drills bored 12 to 18 holes 
9 to 10 ft deep. 3.13 Ibs rack-a-rock were used per cu yd excavated. 2 drills and Altas 
powder were used on the bench. 10% of all the drilling was done by hand. Theaverage 
amount of explosive used was r.71 Ibs per cu yd of all excavation. No special provision was 
made for ventilation. Mostly arched with 3 rings of brick. About 4% arched with stone 
18 to 24 in thick. Side walls of stone 30 to 36in thick. Stone used is black limestone. 

(24) Stampede, Washington. Soft basaltic rock. No shafts. Maximum progress 

| of single heading 274 ft per month, average for two headings 413 ft per month. About 

_ 9% with hand drills, the rest with comprest-air drills. 31 lbs of Giant and Hercules 
45% and 60% dynamite were used per lin ft of tunnel.” 20 to 23 drill holes r2 ft deep in 
heading, 18 in bench. Spoil from heading hauled to chutes at traveling platform at 
bench by mules. Removed in cars from chutes by small locomotives. Electric light 

ing. Ventilation by exhaust fans. Concrete side walls and brick arch, 
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(28) Ronco, Italy. Argillaceous schist with considerable water. 6 shafts. Average 
progress one heading 231 ft per month, average of completed tunnel 123 ft per 
month. Brandt rotary hydraulic drills and Ferroux comprest-air drills. 0.48 to 0.68 
Ibs 75% to 78% dynamite used per cu yd. Sheeles system of ventilation. 2 exhausts 
coupled. , 

(26) Belt Line, Baltimore. Howard Street Tunnel. Sand with seams of loam, clay, 
and gravel. 5-ring brick arch. 

(27) Little Tom, Norfolk & Western R.R. Seamy gray sandstone disintegrating on 
contact with air. 1470 ft originally lined with timber. Later relined with brick. Arch 
made of four rings.of brick. Cost of relining complete was $33.50 per lin ft. 

(28) Cowburn, Great Britain. Material about 14 shale, 24 rock intermixt with thin 
beds of shale. Quite dry. Average progress for single heading, dry shale by hand drill- 
ing 299 ft per month, rock by hand drilling r1x ft per month, rock and shale by machine 
drilling 270 ft per month, rock by machine drilling 199 ft per month. 44 excavated with 
hand drills, est with Larmuth comprest-air drills. 17- lbs gelignite used per lin ft. 
2 drills in heading. Horses used in headings and locomotives in finished sections. Venti- 
lation by fan. Arch entirely brick. Side walls 24 length stone masonry and ¥ length 
brick. ; 

(29) Totley, Great Britain. Hard and soft black shale, coal, fire clay, sandstone, and 
grit rock. 4 shafts. Average progress machine-drilled heading 242.4 ft per month. 
314 and 3% in Schram percussion drills and 3-in Larmuth. Average number drill: holes 
in heading 13.4. Holes 6.2 ft deep. 38 Ibs gelignite per round. 2 drills in heading. 
For clearing heading of fumes and dust, a jet uf comprest air and spray of water were 
used. The arch is entirely brick and the walls are brick for 70% of length and coursed 
masonry for 30% of length. r 

(30) Niagara Falls Power Co., New York.’ Limestone and shale with slaty seams 
extremely wet. Progress 304 ft per month with 5 headings. Rand comprest-air 
drills, 4 to 6 per heading, Dynamite. Electric lighting. Ventilation by exhaust from 
drills. Lined with from 4 to 6 rings of brick. Anat 

(3x) Busk, Colorado, , Gray granite, disintegrated in places. Maximum progress 
of single heading 202 ft per month, average completed tunnel 190 ft per month. 344-in 
cylinder Ingersoll comprest-air drill, Holes 12 ft deep, Electric lighting. Blower for 
ventilation. 78% lined with timber. : 

(32) Panir, India. Limestone, clay, and soft sandstone. Average progress single 
heading 145 ft per month, average whole work 95 ft per month. 4-in cylinder Climax 
comprest-air drill bored 25 holes in heading 3.8 ft deep and 17% in in diameter. Dyna- 
mite and gelignite wete used. The time for drilling one round was 5 hours. 520 ft is 
one-half lined and 2690 ft is three-quarters lined. 

(33) Hast River Gas, New York. Gneiss, mica schist, veins of decomposed feldspar, 
and black mud. Maximum progress ror ft per week on New York side in rock, average 
69 ft per week in good rock in each heading. Comprest air 15 to 48 lbs per sq in used 
while in soft material. Good rock not lined; soft material lined with cast jron—see 
table of cast-iron lining in tunnels, p. 1398, 

(34) Tequixquiac, Mexico. Sandstone with lime, soapstone, and conglomerate 
Very wet. Progress 18 ft per day in heading. Timbered, Lined with 20-in arch o! 
brick and 18-in walls of artificial stone blocks. Hand drills and dynamite. 6 drill holes 

. in heading 6.5 ft deep, . 6 lbs of explosives per round in heading. ; 

(35) Ampthill 2nd, Great Britain. Kimmeridge clay. Progress averaged 6 days tc 
complete x length of 12 ft. 144 lbs tonite per lin ft. Horseshoe section, walls, and arck 
lined with 33 in of brick; invert 27 in brick. 

‘ (36), Cwm Cerwym, Port Talbot R,R, Slight curves at end. Shale, hard clift, tire clay 
thin veins of coal, and about soo ft of pennant rock. Originally lined with brick with 
out invert, afterward relined without interrupting heavy traffic. Concrete blocks in inver 
and cast-iron segments above, : 

(37) Catesby,-Great Britain. Clay. 9 shafts. Average progress for finished worl 
330 ft per month, Lined with brick 2244 to 31 ¥ in thick. ~ ; 

(38) Boulder, Montana, x50 it curved at one end. Material penetrated 80% seamy 
blue trap rock and 20% syenitic bowlders and. debris. Originally lined with timbet 
Later relined with  20-in coarse granite rubble in walls and 4 rings of brick in arch. 

(39) Palisades, New Jersey. Hard trap rock with many seams in places. 1 shaft. Aver 
age progress’ 186 ft completed tunnel per month. 24 holes in heading drilled by fou 
Ingersoll-Sergeant 2}4-in comprest-air drills. 6 drills on bench A derrick cat was used t 


ot 
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handle large stones from the bench. Horses were used at first, dummy locomotives 
later. 

(40) Cascade, Washington. Medium hard gray granite, seamed and wet. Temporary 
5-segment timbering used. Maximum progress using two headings 527 ft per month. 
Maximum progress in single heading 301 ft per month. Average two headings 350 ft 
per month. Six 314-in Rand comprest-air drills bored 24 to 28 holes 12 ft deep in 
heading. 8 drills on bench. Spoil run out in wheelbarrows to a traveling platform at 
the bench and dumped thru chutes into cars. A six-ton derrick mounted on platform 
handled large bench excavation. Ventilation by exhaust fan. Electric lighting and 
electric motor haulage. 

(41) Sherman, Wyoming. Solid granite. Top heading and two benches. Heading 
progress 4.92 ft per day. Drill holes 9 ft deep. 6 drills on 3 columns in heading. 

(42) Graveholtz, Norway. Quartzy granite or gneiss. Average progress of finished 
headings was 263 ft. per month, Hand drills used at one end for 21% years, after 
which Brandt boring machines and comprest-air drills were used. Only about 3% 
lined. 4 

(43) Barrientos, Mexico. Hard granitic porphyry with clay seams. No shafts, 
Heading progress 367-ft per month, completed excavation 245 ft per month. 3 Ingersoll 
Sergeant comprest-air drills bored 14 holes in heading 10 to 12 ft deep. 29.3 lbs of 
60% dynamite used per lin ft. 3 drills on bench. Small cars were loaded and run to 
platform at bench, where they were dumped into larger cars. Lined with concrete blocks 

28 to 31 in by 6o in deep by 7 ft 8 in long. c 

(44) Scranton, Pennsylvania. Sandstone and shale. 2 shafts. Maximum progress 
in single heading 261 ft per month, average all headings 387 {t per month. 3)4-in cylinder 
comprest-air drills and so% dynamite. 1305 ft not lined, 2717 ft 5-segment timber lin- 
ing and 725 ft concrete and stone masonry. 

(45) Chicago Telephone and Express Subway, Illinois. Stiff blue clay. Full-size 
excavation. Excavated with spades and draw knives. Comprest air used, 9 lbs per sq. in 
Floor 30 ft below street. Lined with 10 in of r: 3:5 concrete. 

(46) Gallitzin, Pennsylvania. Sandstone and shale, also some limestone, fire clay, and 
slate. No shafts. Average progress of completed tunnel 164 ft per month. 16 holes 
in the heading and rz on the bench ro feet deep were drilled respectively by 4 and 2 
Ingersoll-Sergeant comprest-air drills: 2.5 Ibs 40% forcite were used per cu yd. An 
air-operated steam shovel following up at the bench handled the excavated material. 
Horses were used in tke headings and dinky locomotives in the full-size tunnel. Electric 
lighting. Time of drilling was 8 hours, two rounds being fired per day. Concrete arch 
22 in thick and concrete and rubble side walls increasing from 38 in at spring line to 
54 in at bottom. 

(47) Alfreton 2nd, Great Britain. «Gray sandstone, rock, shales, nae fire clay with 
seams of coal. Worked {rom 5 shafts with no portal headings. The average time of 
mining a 15-ft length was 19.7 days. Lined with 28 in of brick. 

(48) Simplon, Italy to France. Short curves at ends, Mostly very hard gneiss and 

calcareous rock, also short lengths in green cipolin, disintegrated slate, clay, and mica 
schist. Maximum depth below surface 9118 ft. No shafts. Maximum progress single 
heading 685 ft per month, average both headings 440 ft per month. In bottom headings 
Brandt rotary hydraulic drills, enlargement by hand drills. 83% dynamite and 64% 
blasting gelatine used in opposite ends of tunnel. 10 to x2 drills holes 4.5 ft deep, 34 in 
in diameter, in heading. 2.8 lbs explosive per cu yd. 3 drills in the heading. Time 
of. drilling one round 2.75 hours and the time of loading, firing, and mucking was 6 
hours, Steam and comprest-air locomotives for hauling. Blowers and water sprays 
used to keep the tunnel air clean. Both gas and oil for lighting. Lined with coursed 
_ masonry of various thicknesses. : 
q (49) Capitol Hill, Washington, D. C. About 4 on curve. Gravel and fine sand 
overlaying hard blue clay. Very wet. 1600 ft in open cut and 2400 ft in tunnel. Sepa- 
rated by lining into twin tunnels. Each tube excavated separately. 2 side drifts at 
bottom and crown drift excavated in one tunnel. “Crown bars 24 ft long placed in top 
drift and supported by radial struts. As top heading was widened segmental timbering 
was placed under the crown bars and carried down to posts on concrete footings in the 
side drifts. The radial struts were removed and the core of earth between the side and 
crown drifts was excavated with’a steam shovel. The lining was placed in this portion 
of the tunnel and the excavation of the other tube was proceeded with, the timbering for 
_ it abutting against the crown bars of the first tube. The arch is brick backed by concrete 
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of a total thickness of 36 in. The side walls are concrete 72 in thick and the core-wall is 
stone 48 in thick. 

(s0) Haversting, Norway. The cross-section is about 270 sq ft. Gneiss with vary- 
ing amounts of feldspar and quartz. Total progress both ends rr4 ft finished tunnel 
per month. Hand drills. Horses for hauling. 

(st) Bergen No. 2, D. L. & W. R.R., New Jersey. Very hard trap rock. Ingersoll- 
Sergear.t comprest-air drills. 29 holes in heading 7 to 8 ft deep. 8 holes in bench. Blec- 
tric lighting. Air-operated steam shovel for mucking. Lined with concrete 24 in 
thick. 

(52) St. Pani Pass, Idaho to Montana. Laminated quartzite with some tale layers. 
Average progress two headings for four months 576 ft per month. 314-in cylinder Inger- 
soll-Rand comprest-air drills, 8-in heading and 5 on bench. An air-operated steam 
shovel uset at berth. Excavated material hauled by electric locomotives. Fans for 
yvantilatio: Electric lighting. Lined with five-segment timber arch. : 

(533) Punnsylvania R.R., twin tunnels wnder Manhattan from Sixth Avenue to 
East River. Hudson schist. Two sets of twin tunnels averaging about 4730 ft long. 
At east etd 350 ft excavated as 4 single tunnels and the remainder was excavated as two 
tunnels from 42 to 52 ft wide and separated by lining into four single tubes in sets of two. 
2 shafts for each set of tunnels but no portals. Three methods of excavation used in 
wide tunnels: double heading, center heading, and full-width heading. Bench was usu- 
ally ro to'15 ft behind the face: The maximum progress of a single heading was 206 ft 
per month, the average for all six headings was 451 ft. The average length of tunnel 
completed per month was 257 ft. The number of holes drilled varied greatly’ with the 
with ard location ofthe headings and averaged between 8 and ft in length. ‘In single 
headinzs 4 Ingersoll-Rand 314-in drills mounted on 2 columns and in full-width headings 
to drills mounted on 5 columns were used. 1.9 lbs 60% forcite were used per cu yd of 
all excavation, Air-operated steam shovel followed at the bench. Blectric motors for 
haulage. “Blowers for ventilation. Electric lighting. Lined mostly with concrete. 
Small sections in wet rock have brick arch and concrete side walls. Minimum thickness 
of lining 22 in. 

(s3b) Pennsylvania R.R., three-track tunnels under Manhattan. 218 ft long on 
west end of one’set of twin tunnels and 683 ft long on the other. Hudson schist. Sand 
in the crown at places. Part done in open cut. Lining in open-cut sections concrete 
thruout with a minimum thickness of 59 in and in'tunnel brick arch 564 in thick on con- 
crete side walls. as . 

(54) Pennsylvania R-R., Bergen Hill Tunnels. Mostly hard trap rock, also 940 ft 
in decomposed sandstone, ‘shale, feldspar, calcite, and sandstone. ‘The maximum progress 
of a single heading was 145 ft per month, the average progress was 3.13 ft per day at each 
face. 8 Rand 35%-in drills on 4 columns drilled 32 ‘holes 12 ft deep in the headings. The 
holes tapered from 234 or 3 in at the top to 1 3% or 244 in at the bottom. 1 ft of steel was 
used up for every 10 cu yds of excavation. ° An average of 5 lin ft of hole was drillec 
per cu yd at the average rate of 2.66 ft drilled per hour of the machine at the face. Ar 
average of 2.9 lbs of 60% forcite was used per cu yd of all excavation. The average 
time of each attack was 36 hours. Air-operated steam shovels handled the muck 
os for ventilation. Electric lighting. Lined with concrete with a minimum thicknés 
of 22 in. 

(ss) Gunnison, Colorado. Irrigation Canal. Mostly black shale and metamorphic 
granite; other materials penetrated, clay, water-bearing gravel and sand, ‘sandstone 
limestone, coal, and marble. 1 working shaft. Maximum progress of single headins 
824 ft per month, average length of tunnel completed 566 ft per month, Sullivan 3-i1 
and 24%-in and Leyner 214-in cylinder comprest-air drills were used. Jeffrey coa 
augers were used in shale. 40% gelatine dynamite used. 18 to 22 drill holes 6 ft to 7 f 
deeo in the heading. 4 drills in the heading and one on'the bench. Blowers for ventila 
tion. It was necessary to drive an inclined shaft for ventilation. Electric lighting 
Lined with concrete 16 to 26-in thick. , 

(56) Arthurs Pass, New Zealand. Badly fissured sandstone and shale, 3% grade 
not much timbering. 2 to 3 Ingersoll-Sergeant 314 in drills on a 4 in cross-bar withou 
arms in heading. 0 to 16 holes 41% ft to 6}4 ft deep per round and 4 to 6 Ibs of Nobel’ 
gelignite per cu yd im heading. Electric haulage. Side walls of concrete poured in place 
arch roof of concrete blocks 12 in radial by 9 in by 18 in’ along tunnel, mortar joints 
Over break of hand-packed stone. 

(57) Fu-Chin-ling, Manchuria. Hard limestone. No timbering. Lined with’ cu 
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limestone on sides with a 3 ring brick semi-circular atch of 8 ft radius in roof. Cost 
$75.00 per ft lined and ready for track. 

(58) Loetschberg, Switzerland. Limestone, slate, gneiss and granite, Greatest 
thickness of overlying rock 4692 ft. Noshafts. Temperatures 75°to1r0o°F. Maximum . 


_ progress of single heading 1or3 ft per month. 4 to 5 Ingersoll-Rand 35 in drills on 
| carriages in bottom heading'and on columns in top heading. In the headings there were 


a2 to r4 holes 4 ft to 5 ft deep and $5% dynamite was used. Lighting by individual 
acetylene lamps. Due to an inrush of water, sand and gravel which filled sgoo ft of the 
excavation and buried 25 men 0.85 miles of the old working was abandoned and the 
alignment changed. 

(60) Pirahy, Brazil. To diyert water from Pirahy riyer to powet company’s reservoir 
in adjacent valley. Mostly solid gneiss, Bottom heading 13 ft wide by 8 ft high. «Best 
month 512 ft. Very little timbering. About rooo ft of concrete lining, the rest unlined. 
Five 3% in Ingersoll-Rand drills at each face on an 8 in horizontal bar operated by a 
Carter tunnel carriage. Total construction period less than 23 months working from 
portals and 4 shafts. : 

(6r) Laramie-Poudre, Colo. Irrigation tunnel. Granite syenite and quartzite. 
Leyner pneumatic hammer drills. 20 holes 7 ft to 9 ft deep per round. 100% blasting 
gelatin in the bottom of the cut holes and 50% and 60% dynamite for the rest of the 
blasting. Holes fired and fuse cut to proper length to discharge them in pre-arranged 
order. Muck hauled out by hoist and by mules. Average monthly advance 473.7 ft 
for 19 months. 

(62) Mount D’Or France and Switzerland, Limestone and marl. Swiss heading 
averaged 566 ft advance per month for 25 months. 4 Meyer type air drills mounted 
ona bar and 12 to ts five-ft holes per round in heading. Water up to 20,000 c.f. per min. 
encountered. Lining placed immediately behind the excavation. Comprest air loco- 


| motives. 


(63) Astoria-Bronx, New York. For gas mains under East River. “Gneiss and 
dolomite. About 250 ft below mean sea level. Much trouble with water. Rock 
seams grouted thru pilot drill holes driven in advance of excavation, grouting under 
pressures up to 500 Ibs per sq in and using a total of 118 000 bags of cement. Working 
once fivoded by leak of 12000 gals per min. Tunnel then bulkheaded and whole heading 


_ grouted back of bulkhead. Work then advanced by small heading thro grout with 


pilot drill holes for grouting as before. 

(64) Rogers Pass, B.C. Quartzite and schists. Not much water. Noshafts, Thick- 
ness of overlying rock 5690 ft. A pioneer tumnel 7 ft by 8 ft was driven from each end 
parallel to the main tunnel and about 50 ft away. The central mile of this pioneer 


* tunnel was not excavated. 3 and 4 light hammer drills on a horizontal bar per heading 


and 21 to 28 holes per round. Maximum monthly advance for a-single heading 932 {t. 
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From the pioneer bore cross cuts to the main tunnel were made at intervals of rs5co ft to 
2000 ft and headings 11 ft wide by 9 ft high carried each way along the tunnel center 
line. This central heading was then enlarged to full section at one operation working 
in from each portal, Steam shovels and air locomotives used in mucking. The best 
monthly advance for one shovel was 1030 ft. Only partly lined with concrete. 

(65) Twin Peaks, San Francisco. For 2-track ‘street railway. Clay, sand and sand- 
stone. Heading 8 ft by 8 ft. 65 000 cu yd of reinforced concrete lining placed by pneu- 
matic process through a maximum length of 4,000 ft of pipe. 8 lbs hydrated lime was 
used per 100 Ibs cement. : 

(66) Roosevelt, Colo, For underdraining Cripple Creek mining district. The 
tunnel at its inner end is over 1800 ft below the surface and takes the ground water 
from the surrounding mines. Maximum discharge 17000 gals per min. Part in 
granite and remainder in hard volcanic rock. In granite it cost $27.27 per lin ft. Sec 
about 75 sqft. In volcanic rock cost $20 to $25 per ft. Sec about 80sq ft. Two 
Ingersoll-Leyner drills on a horizontal bar, about 30 holes per round. Muck hauled ta 
shafts by mules. a 

(67) Rove, France. Rhone-Marseilles canal tunnel. Dolemite and limestone, 
“ Holed through” Feb. 1916, 2 side drifts 9.8 ft by 10.7 ft are driven at bottom, enlarged 
to give room for track and drainage and small heading at the crown. Side headings 
enlarged upward and connect with crown heading. After this the lining is placed and 
the core remoyed. 


4 
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36. Shield Tunneling 


A Shield (Fig. 85) consists of a circular steel box or ring generally provide 
with a transverse diaphragm. ‘The forward end of the ring, or cutting edg 
projects into the earth to be excavated, while the rear end or tail projec 
backward a little distance over the completed lining, which usually consis 
of rings of cast iron. To the shield are attached powerful hydraulic jack 


Shield 


~~ i : as E 
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Fig. 85. Shield Tunneling 


which react against the completed lining and shove the shield forward as t 
earth is excavated, As soon as the shield is advanced a short distance t 
jack plungers are withdrawn, a ring of lining built, and the operation repeate 

Methods of Work. In clay or other frm material which will sta 
alone for a short time the full face is simply excavated to about the length 
one shove in front of the cutting edge without poling or breasting and 1 
shield quickly shoved forward. If the earth is not hard enough to inj 
the cutting edge, only the center of the face is excavated for a depth equal 
length of shove and the cutting edge is allowed to break in the rest. 
softer clay the cutting edge and working floors may be always buried; o1 
the back of the working chamber in front of the diaphragm is kept clear 
earth. In still softer material the shield is sometimes shoved against the ea: 
face, part of which is allowed to flow thru the openings in the diaphray 
of the shield and the rest is pushed aside. In sand or gravel the face is u 
ally breasted with timber, which is held by struts against the shield. Th 
struts must be collapsible so that the shield may be shoved up to the fa 
‘A favorite:form is simply two pieces of pipe which telescope as the shi 
is shoved, the resistance being regulated by set screws in the larger pi 
Hydraulic rams attached to the shield have been used for this purpose. 

Numerous London shields have been provided with sliding platforms operated 
hydraulic rams. / When driving the shield for the Water:oo and City tunnel, Lond 
thru sand and grave! pot holes were raked out in front of the cutting edge and filled y 
soft tempered clay. This formed a continuous ring of soft clay into which the cut 
edge was shoyed. The full face was then excavated under coyer of the shield. 

Where the material fo be tunneled is part earth and part rock the full-sized tur 
above the rock is usually poled and excavated and the face breasted as in ordinary mir 
for a length of one or two shoves in front of the cutting edge, the rock in the same ler 
is then drilled, blasted and removed, and the rock bottom smoothed off to the forn 
the bottom of the shield with concrete in which steel rails are imbedded; the shiel 
then advanced for that short length and the operation repeated. 
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The General Design of the different types of shields used for tube tunnels 
up to the year rgro is shown in Figs. 86-89. ‘The working chamber in front 
of the diaphragm has been small as in Fig. 86 or large as in Figs. 87, 88, 89, 


Fig. 87. Shield, Greenwich Tunnel 


depending upon the character of the material and the methods of excavation. 
The diaphragm has openings for the passage of men and materials, and may be 
designed to be closed by locks or doors or be always open. Under either con- 
dition the diaphragm should 
be designed to lend stiffness 
to the skin, and since, when 
closed, it may take a part or 
_ + even all of the water or earth 
_ pressure at the face, a sys- 

tem of transverse girders is 

introduced as reinforcement. 
_ Some of the later shields 
_ working in London clay had 
practically no diaphragm be- 
_ cause the material was: well 


3 So aon 8 
: known as being uniform, and —— 


not water-bearing. The Fig. 88. Shield, Hudson Tunnel 
Wshields for the Blackwall is 1 


tunnel, Greenwich (Fig. 87), and Pa. R. R. East River tunnels (Fig. 89) 
were built with a double diaphragm, the doors of which when closed formed 
air locks between the working chamber and the tail for the passage of men 
and materials. ‘These locks were never used, and the lower plates in all cases 
were removed during the course of the work to give easy access from the tunnel 

~ to the face. 
The cutting edge at the extreme forward end of the shield in the earlier shields was 
the edge of the skin plates stiffened by brackets, but in later practise with few exceptions 
" was a heavy ring made up of cast-steel segments beveled on the forward edge. Costly 
_ delays have resulted from damage to cutting edges caused by unexpected bowlders and 
rock ledges. The reaction of the hydraulic jacks must be transmitted to skin, cutting 
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Fig. 89. Shield, East River Tunnel, P. R. R. 


edge, and partly to diaphragm, These requirements have developed the circular box 
girder, a form of which is shown in Fig. 90, attached to the skin, bearing on the cutting 
edge brackets and carrying the connections of the 
transverse diaphragm girders. The box girder is 
provided with cells into which the jacks are placed, 
the location being convenient for substitution and 
repairs. 
Shield jacks are all connected witl 


a battery of valves under the hanc 
of the operator so that he may ad 
vance or withdraw any one or an} 
: combination of jacks at his will. 4 
number of spare jacks should be pro 
vided and they should be designed s 
a 


that they may be easjiy and quick): 
removed as they are sure to need re 
pairs and delays are very expensive 

Most shields for work in sand ar 
provided with a hood or extension © 
the upper part of the cutting edge 
The tail of the shield should be long enough to exend about 6 inches beyond the join 
between the second and third rings before the shove, to facilitate repairs to jacks an 
shield, and, more particularly, so that, should a segment of the tunne! lining be broken dun 
ing the movement of the shield, it may be replaced at the conclusion of the shove without ea 
posing the earth. ‘The inside of the tail at the extreme end is provided with a bead ¢ 
narrow steel plate, Fig. 91, which more nearly closes the annular space between the tunn 
lining and the skin of the shield and yet allows the shield to be pointed at an angle larg 
enough to pass around curves or regain direction when off line or grade. 


Fig. 90. Circular Box Girder Fig. 91 


37. Data Regarding Tunnel Shields 


, Elements in the Design of a shield which are known are merely the dept 
below the ground and water surface. The meager information as to th 
character of the material to be penetrated, generally obtained from was 
borings, and the absolute uncertainty of the nature of the forces involve 
make its rational design impossible; the only guide is precedent. ‘The fo 
lowing tables give the principal dimensions and important facts about se 
eral. shields which have been used under a great variety of conditions, T! 
numbers in parentheses in the first column of the first table refer to the not 
below where additional data are given. ‘ " 
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Exter- Inside We Dis- 
a No. nal |Skin, No. | diam. | Max. r34 tance 
Number an Bame of | diam. | ins | Length} of of |thrust,| .°, | driv- 
of tunnel ish'Ids| = thick jks | jacks, | tons ¢ sh’ld, en, 
ft ins ft ins ins, tons ¢| niles 
(r) Thameés.......... 3 U Sle ocicar GPa? coh epee | BOA ls ad 
NeLOWer ere ess |r s sss cee ai 4 9 6 alah ards eda cA (err 
(4) City & South {Iti W511 61 6% 
London 4 $8 fet guglucag lhewer lig {614 bay var >| 6:20 
(5) Mersey? e220... ft jt0\'3 Sf lrr 7 to} 7 970 Me oats 0.25 
(OWES Ae fh 2 \2t 6 I s7' 3 24 | 8 1795 92 | rt 14 
7) etudson ss Set". 3. 2 \19 tr |'1%\10 6 | 16] 8 15go | 92! 1.60 
: 3 
(8) Glasgow Harbor { i Ey 3 as: ‘ r } IZi leg 250 Jusies -| 0.4% 
(9) Glasgow Distr....] 16 |r2 244) %|6 6 6| 6% r00 7 | 3-70 
(rr) Blackwall.,...... rt l27 8 24% |19 6 { : a. I §785 | 224 | 0 59 
|(t2) Clichy Siphon....] 1 | 8 434 3416 8 5 | 6% | Bo 73 | 0.29 
(13) East River Gas. . 2 |tr 034) %l7 2%] 12) 5 595 | 12 
’ allies We ve Ng 1c) ele, 135 
(ts) Waterloo & City 2/139 w%/lo 6 a aed » icici este ea 2 84 
r |24°ro° |r |ro “o '| a2) 7 Sasa? snare 
(16) Concorde Siphon .| x | 6 9 416 8 4] 6% bey tpl I Ag oO 15 
; 12 8 %17 0 6] 7 5 ¢:} tol leases 13.00} 
(t7) Central London { Shvlayiag gale Gero Mose | 0 eo totad 
> \(t9) L’Oise Siphon.....} 1 | 8 7%) 7/9116 2 | ro] 6 ago |... errs 
| |@o) Baker Street & 
Waterloo 2 eal ht, Mo} z 9 8 14 | 6 475 33 | 6.28 
— |(2t) Greenwich mf I /13 0 I 14 1 Essa liner] 840 | 84] 0.23 
P| eg ha Se ea MR eT a Js aS, | 0.21 
 |(23) Battery, Bast R.. 6 116 114%] 1%19°6 | 14] 8 1750] 55 | x 67 
(24) E. River, PRR 8 |23 6144) 24 |18 o | 271 9 7730 | 240 | 2 87 
(25) N. River, PRR. | 4 |23 64] 2% |17 334] 24 | 8% | 3300 | 193 | 2 3r 
(26) Brackenagh...... SIMs 2 %/16 9 4 lhaeair [st ecealinetees 0.12 
(27) Rotherhithe. .... 2 |30 8 | 2% |r8 0 | go} 9 BGOO hon: 069 
}(28) Kingsway....... QE nor 2 I 8 9 I he, al a Eee (PS © 09 
(29) River Deée....... yea ie Ai ct a Tana a? Be) DAG esc ak al ome | © 06 
(30) Charing Cross.... |... .. py Aa aaa be a 8 9 BN | Renee alenedal GSE] Bc 
-|(3r) Great Northern 
: Strand. ..... Bes 12 8 DE NGA re ea. ASS | ey el meres 
‘1(32) 14th St. E. River. 8 [18 534| 2 T5 3% el 17 | 8 125 g| 116k) 1.88 
1(33) Whitehall’ St. E.R.| 4/18 6 24% |\16 4 f| 17] 8 125 g| r1o4h| 1.60 
(34) Lawrence St,, Bk’n} 2 |18 6 2 |16 4 fl 17] 8 125 g| ro4h| 1.00 
(G5) Old Slip, E.R 6 118 o | 214116 \4 fl'r7' | 8 125 g| 9O8h| 2.31 
(35) 6oth St. E.R. 2 |18 636] 27/19\16 034 e| 20 | 8 125 g| 142h| 0 68 


aHeight 22’ 3; width 37’ 6”. 6 Hand-operated screw jacks c Tons of 2000 Ibs. 
d Driven a very short distance. Includes 2 foot hood. f Includes 2 foot 2 in hood. 
_ g Includes hydraulic equipment which weighs about 4o tons on Goth St shield and 28 tons 
on other shields. 9/4 Per jack, 


(z) Thames, 1825-42. London clay. ‘Max. progress 2 ft, average 0.5 ft per day. 

(2) Tower, 1869. London clay. Maximuim progress 9 ft. per day. 

4) City and South London. 1886. Mostly clay. also several lengths of water-bearing — 
and gravel. The average progress of each shield was 333 ft per month during 


: On Mersey: 1888. Clay, coarse ballast and running’sand. Maximum progress was 
ui ft per peek: ' 
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(6) St. Clair River. 1889. Almost entirely in soft damp clay. The maximum 
progress per month was 382 ft and the average 231 ft per month. 5 “ 

(7) Hudson. 1879-1905. Mostly in silt; at New York side some sand and short 
length in rock. From May, 1890, to August, 1891, the average progress per month was 
426 {t in the frst tunnel; in the second tunnel the average progress per day was 15.3 ft. 

(8) Glasgow Harbor. 1890 One-third in clay with bowlders, the rest in sand and 
gravel. The average progress in sand was 2 ft per day. 

(9) Glasgow District Subway 1891-95. Clay, sand, gravel, and quarry waste. 
The average progress was roo ft per month. 

(xx) Blackwall. 1892. London clay, sand, and 44 in open gravel. The maximum 
progress was 1244 ft per day. The average progress under the river was 98 ft per month. 

(2) Siphon de Clichy, 1892. Open water-bearing sand, The maximum progress 
was 10 ft per day and the average 6.5 ft per day. 5 

(x3) East River Gas. 1892. Short lengths in decomposed schist and black mud. 

(z5) Waterloo and City. 1893. Clay and ballast. ro ft per day was the average 
progress while the work was in full swing. A 

(16) Siphon de la Concorde. 1895. Clay and sand. 

(r7) Central London. 1896. London clay and silty sand. 

(rg) Siphon de l’Oise. 1896. Sand. 

(20) Baker St. and Waterloo, 1898. About 350 ft was in gravel under the Thames 
River, the rest was in London clay. The average progress per month was 117 {t in grave’ 
and 137 ft in clay. 

(21) Greenwich. 1898. Mostly in clay with the crown in close gray sand; about \ 
length is in close gray sand and a smal] part in ballast. The maximum progress wa‘ 
260 ft per month and the average 148 ft. s 

(22) Lea. xzgot. Mostly peaty clay and open ballast. 

(23) Battery, East River. 1901. 500 {t almost entirely in rock; rsoo ft in fine sanc 
with some clay, the rest was coarse sand. Rates of progress follow: In normal air abov 
water line in sand and gravel average 140 ft per month; under river in rock, fine sant 
and clay, and sand and gravel, gz {t per month. 

(24) East River, Pennsylvania R.R. 1903-09. Land portion in rock, soft top i 
places. Under river 18% in fine sand stretched with clay, stiff clay, sand and bowlders 
35% sand and bowlders, sand and clay and fine sand; 22% all in rock and 25% in Toc! 
with sand, gravel, and bowlders in the crown. Rates of progress were: Best day’s wor! 
17.5 ft. Average for month in earth 176 ft, in rock and earth 56 ft, and in rock 61 ft. 

(25) North River, Pennsylvania R.R. 1903-09. Mostly in silt, also short length 
jn sand and in rock. The maximum month's progress was 545.2 ft. The averag 
progress in rock was 58 ft per month and in silt 2.39 ft. 

(26) Brackenagh. 1903. Water-bearing glacial deposit and running sand. 

(27) Rotherhithe. 1904. Clay, conglomerate sand and gravel. 

(28) Kingsway. 1904. Clay. Average progress 5.0 ft per day. 

(29) River Dee. 1904. Alluvial clay and bowlders. Average progress per da 
4.5 ft. \ , 

(30) Charing Cross and Hampstead. 1904. London clay. Max. progress 180 ft pe 
week, : ; 

(31) Great Northern and Strand. London clay. } 

(32) N.Y. Subway. 1916. B.R.T.system from North 7th St, Bklyn to rath § 
Manhattan. Shait at each side of river. 2 land shields, 2 river shields from each sha 
(8 shields in all). Tunnel part in rock and part in sand and part in clay. Averag 
progress per month river section, in earth 147 ft—in earth and rock 44 ft. Land sectioi 
jn earth 168 ft. 

(33) N. Y. Subway. r914-1919. B. R. T. system from Montague St, Bklyn | 
Whitehall St, Manhattan. Shaft on each side of river. From Brooklyn shaft tv 
shields driven each way. River shields met rock tunnel driven without shields und 
river from Manhattan shaft. Material on Brooklyn side sand with some clay. Avera) 
progress per month river section, in earth 192 ft, in rock and earth 80 ft. Land secti 
in earth 209 ft. Max. progress per month, river section 345 ft, land section 454 ft. 

(34) N.¥.Subway. 1914-1919. B.R.T. 2shields driven under streets of Brookh 
at a depth of from 43 ft to 75 ft. All above tide water. Extension of the Whiteha 
Montague street tunnel. Material sand. Compressed air not used. vile 

(35) N. ¥. Subway. 19141919. I. R. T. Shafts on each side of river. 2 shiel 
jn each direction from Brooklyn shaft; 2 shields toward river from Manhattan sha 
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Material sand on @rooklyn side. Tunnels part in rock, part in sand on Manhattan 
side. Average progress for month, river section, in earth 184 ft in earth and rock 74 ft, 
Land section in earth 167 ft. 4 f 

(36) N. Y¥. Subway. 1916-1919. B. R. T. from North Jane St, Queens to East 
60th St, Manhattan. One shaft on each side of river and shaft in rock on Blackwells 
Island. From Queen’s Borough shaft, 2 shields were driven under east channel of East 
River, pushed through rock tunnels, previously excavated under Blackwell’s Island and 
continued through earth under west channel to rock on Manhattan side. Average 
progress for month, river section in earth 188 ft, in rock 119 ft. 


38. Roof Shields 


Roof shields for masonry-lined tunnels have been used with success prin- 
cipally in France and to some small extent in America. In use they are 
peculiarly adapted to the drier soils, usually under streets where open-cut 
methods are not permissible, tho they have been used, as in the East Boston 
tunnel, in connection with comprest air for subaqueous tunnels. They are 
usually semielliptica’ or semicircular in form and consist of a skin of steel 
plates riveted to girders which at their lower extremities are tied together with 
a transverse girder and mounted on rollers. Hydraulic jacks supported by. 
the ribs and bearing against the completed masonry or the arch centers move 
the shield forward. The two general’methods of using roof shields are: first, 
to excavate the area of cross-section of the shield, build the masonry arch, 
and subsequently underpin with the side-wall construction; second, to drive 
timbered headings in advance and construct in them the side walls on which 
the shield is later supported or rolled. 


(z) Commenced 1895. Contract price $55.45 per lin ft. Semielliptical shield. 
Average progress 14 ft 9 in per day of 24 hours, maximum 29 {t. Material penetrated of 
loose sandy nature. 

(2) Commenced 1897. Average progress 9 ft per day of 24 hours. Material pene- 
trated: 450 ft compacted clay and sand, roo ft loose sand and gravel. Height = over all. 

(3a) Commenced 1898. Material penetrated, mostly made ground, old masonry 
walls and foundations. Average progress 3.4 ft in 24 hours, maximum 22 ft. 
~ (36) Material penetrated, see No. 3a. Average progress ro ft in 24 hours. 


< Width| Height 
Number and Saher of 
of | shield|shield* 
name of tunnel sh’lds 
a5 ft ins| ft ins 
ea de Clichy... I |23 9 9 8 | %e | 173 6| 9% | 616] .78 
(2) Boston, Tremont. I |29 4| 8 7%) x 140] ro] 6 1250 | Ir 
(3) Orleans Rail 6 fi0,| 10 1120 
Ba || aes [2 * | 228 | ftel ng | Safe) 
: ig- 132 .olry 230 BI pa 22 
Collector de Bievre: ‘, 4 97h 1: f 
(4a) Chagnaudtype.. | x |16. 2| 6 684) 34 18 0 634 | 228] .I1r 
(4b) Chagnaudtype..| 1 |16 2| 7 634| 8 | 180 684} 228 | .18 


(4c) Dioudonnat type.| x |16 3}10 6* | %q | 13.4 
Paris Metrop. Ry: 


614 | 224 | .07 


ie} 
is 
BS 
=) 
iS} 
w 
iX} 
Fon Anan 
ito} 
BS 


(52) Champigneul type] 4 |28 3] 8 923, «95 

(5b) Dioudonnat type.| 3 |28 3/87 |r 22 2 8% | 896 | -33 
8 

(5c) Weber type..... | 2 [28 3/87 I 161 | 8 un = 209 

(sd) Lamarre type... | 2 |28 3187 |x 19 9 9} 7% | 1149 | .19 

|) BostonHarbor..| 2 |28 rolr4 5 | 144 | 13 0+] 16] 314 75 | -8z 


* Height =From springing line to crown unless noted. T Length = Distance over all. 


be 
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(42) Employed on elliptical section. Commenced 1808. Material penetrated: me 
ground, decomposed limestone, marl, and foundation walls, Average progress 8.2 ft 1 


day, maximum 10r.7 ft per week. 
(4b) Employed on circular section. Started 1898. Material penetrated, fine sand 2 


gravel. Average progress 9 ft per day. 

(4c) Employed on circular section. Started 1898. Material penetrated, made grou 
sand, foundation walls, etc. Average progress 7.2 ft per day. * Height over all. 

(sa) Two shields of this type employed on xst section, 1 on 8th section, and 1 on 1 
section. Started 1899- Material penetrated, made ground and soft sand, with s¢ 
marl. Average advance 13 ft per day on rst section, 10 ft on 8th, and 12 ft on 11th. 

(sb) One shield of this type employed on 2nd section, two on 3rd section. Star 
1899. Material penetrated, sand and gravel, some water-bearing. Maximum adva 


29 ft per week. 
(sc) Two shields employed on 4th section. 
and gravel. Shields proved unsatisfactory. 
(sd) One shield of this type employed on 6th section, one on 7th section. Mat 
penetrated, sand, gravel, and marl. Average advance 6.5 ft per day. Shield pr 
unsatisfactory. 
(6) Started 1951. Material penetrated, blue clay and bowlder clay, with some sé 
and silty permeable clay. Air pressure, 18 to 20 lbs average, 25 Ibs maximum; « 
. cu ft per man per hour. Average progress 4.8 ft per day. 


Started 1899. Material penetrated, s 


39. Cast-Iron Tunnel Lining 


The Lining for shield-driven tube tunnels has usually been cast i 
The reasons for its use are that it can be most quickly built; as soon’as ere 
it furnishes a reaction for the shield jacks; it offers greater assurance 
water-tightness, and being thin for its strength saves excavation. For 
aqueous work done in comprest. air all of these considerations are weig 
The number of segments forming a ring and the width of the ring de] 
on the economic weight that can be handled. Sometimes in small tur 
up to 13 or 14 ft in diameter iron lining has been built by hand, but hydr: 
erectors attached to the shields or to traveling platforms are generally 1 
The length of shield which can be conveniently used is another factor go" 
ing the width of segments, the length of the tail being affected correspond 
by increases in this width. Fig. 92 shows the cast-iron lining used ix 
Pa, R.R. tunnels under the East River, N. Y. There has been bui 
-comprest air at least one shield-driven tube tunnel lined with brick. 


G oy 
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Fig. 92. Cast-Iron Lining, East River Tunnel 
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the construction of the 39th Street sewer at Chicago, segmental timbering 
fornied a lining inside of which the brick was built. The timber was used to 
receive the reaction of fhe shield jacks. ; 
‘The design of the cast-iron lining depends as much on the requirements. of building 
as upon the stresses involved, and the best guide is a study of precedents. The following 
table gives ‘principal dimensions and details of iron lining in existing tunnels, 


Tig. 94. Stresses in Tunnel Shell 
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Details of Iron Lining in Tunnels (Fig. 93) 


N 
Exter- ick- be | 
Eee Thick-Iprpeh] of eeignt Bolts | pia, | 
Number and name | gia of ot iseeuiteee per tog 
m. | 5 of ; Ibs per] ring 
of tunnel of ring, | 7222 |' web fl’ge, | ments | y57"; bolts, 
Ae Ailinseh|f pa eye 2ns excl. aN ins | 
t ims of key (Gulia 
(2) Tower, London -| 7 134) 18 hy 3 3 971} 3t|--| 94 
(3) Antwerp.. ------ * TOBA Ss. - 4-6 ge WOSee- 74)|\4||- =e 
ro 1084! x9 I 436 6 1880] 47|--| 2 
City&So.London|!2 3 20 1% || 4%| 6 | 2880) 47)-- 1 
(4) City&So.London|,, 38 1% 11 beeen. Bal| 146 
32 © 5 Y% |12 a6 [ikso-=< 113 1, 
(5) Mersey ------- -Jro o | 8 | 11%o| 6 zo | 3061] 28)22]----- 
(6) St. Clair.-.----- 2x o | 184) 2 4 13. | 9.333 |157|5® tk 
Ge Wetton i eo 20 A 2 ur | 6055 eo 36| 1% 
u 4) 20 Seale cero aaa Er eel 
(8) Glasgow Harbor |17 © 18,¢)-% 6 13 | 4559| 56/28)----- 
(9) Glasgow District |12 © 18, |84—1| 6 9 2241 | 46|20] = 
(10) Kingston. .----- 9 0° 18 ‘ih ne 6 1580] 37|14 
Biackwalleee-.<|03" see eee 2 ede) 9 408 |---|--]----- 
(xx) - a: 24 B 205, |8 12 T4113 265| 70|75| 12 
(x2) Clichy Siphon <2) 8 244) 1984) + 4 s | 1453| 36124 
(13) East River Gas _|r0 10 16 114, 4 9 2 400| 46|20 
(14) Mound of Edin- 5 
burgh... ------ 17 6 18 1% Be 14 | 7100]-.-|-- 18% 
13. 9 |\20 is § 7. | 2326) 57)|24) » 
(15) Waterloo & City-)13 ee: ae i 514| 7 | 243t| s7|24] 2 
24 1 h | \9 igual Reaede 92|--|=-=:- 
(x6) Concorde Siphon} 6 a 1984 e 3% 4 895 | 21/15 HE 
Central. London.|7? ae Yy|------|e-- 0-7 Meee 
(x7) Central London.|,, 6 8 1% 3 Be Na ae. ar leliaee 
(x8) Spree t.-------- 4 9 1270| 72/36|----. 
(20) Baker St. 
Waterloo AG 6 | 2643| 53\t4| 7% 
(21) Greenwich. 6 8 | 3080] 47|-- 136 
(22) Lea -.---+----- 47g (yells 2g|21| % 
4.000 
(23) Battery,E’t River|16 843] 22 11g 1% 8 | 4540| 49/27] T 
5 130 
23) 9) |L60L a= 8 Ir 5 166 | 67|60 14 
(24) East River, Land 23 0 |d0 14 9 1x | 6 776| 67\60| 1% 
Pa.R.R. 23. 0, | 30 | 1 |r ir | 9 102| 67)60| 1% 
: River|23 0 | 30 | 1% 1 tr | g 102] 67/60 iy, 
No. River, P-R-R. 23.0 30 2 Ir 1 |12 127| 67/60 18/ 
Ks) No eae 23.0 | 30 | 1% [41 ir | 9 273| 67|60 14, 
(26) Hilsea Creek -.-|12 (sf |e sev onl asa Ee 6 | 2240|---|--|--- 
Rotherhithe... -- A PN OS Ee i 16 600|---)--|-<< 
fan) 3 3° | 13, |x4 | x6 |x4 700] 85/79) 1Y 
(28) River Dee. - ---- 8 6 TS) |e 5 {3 1960) 42|18| 1 


* Height 5’ 7”; width 4’ x1’. + Steel lining. C= Circumferential, H = Ho 


Stresses in tunnel lining can only be approximated by theoretical 
because they originate in earth pressures and the law of action of ea 
sures is only imperfectly known. While the designer should depend 
judgment and precedent, than upon theoretical analysis, such an anal 
be helped by indicating the nature of the stresses. 


Let Ci, Co (Fig. 94) be the line of centers of resistance (locus of centers of 
shell is homogeneous) of a unit length of tunnel shell which is taken circular b 
any other form. Let f1, 22, Ps, to Pn be all forces acting upon the shell. 1 
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Details of Iron Lining in Tunnels (Cont’d) 


Exter- Thick- No. Bolts High 
nal |L’gth) ness (D’pth| of | W’ght, per | Dia. |water| 
Name of Tunnel diam. | of of of | seg- |lbs per! ring of to 
of ring} ring, | web, | fl’nge; ments), lin ft bolts, | base, 
H excl, | max., 
ft in | ins ins | ins | ofkey C|H; ins | feet 
(g2) 14th St., E,/ |*18-0 | 26 13%] 9 9 | 6323' 7 55.50] 1347 97 
RIVED) iit, f17-2 | 26 I 7 9 | 3801 | 55'40| x 115 
. |—- | i 
4 *18-o | 26 134 9 9 6323 | 55/50! 144 87 
(33) + Sepia t18-0 | 26 I 7 9 | 4048 55/40] I 80 
ss spe 157-2" |) 36 rg 7 9 3801 55/40) I go 
j —- _ = |. ay 
(@s5) Old Slip, E.) |*17-6 | 26 13g | 9 9 | 6166 | ss|50) 1% 89 
River. 22... if17-6 | 26 I Ul 9 3949 | 55/40] x 89 
(36) 6oth St. E. /|*18-0 | 26 134 9 9 6323 | 55:50) 134 116 
RIVED gis. o« tr18-o | 26 I 7 9 4048 | 55!40)r 85 


* Barth or earth and rock. Rock without shield. + Rock with shield. 
§ Bolts upset 1% in for thread; also upset 1% in near the head end. 


satisfy the condition that the forces on opposite sides of any diameter must be ecual and 
ypposite, otherwise there would be movement. For examiple, the reactions and active 
‘orces, if any, on the bottom must balance the loads on top. It is assumed in Fig. 94 
hat the loading and the shell are symmetrical about the vertical axis. 4—B, which will 
isually be the case. The analysis would be similar in any case. 

The load diagram a, a2, a3. . . is constructed in the usual way by laying off the 
forces pi, p>, P; . . . toscale parallel to their direction. The position of the pole.o is found 
ay laying off on a; ay the thrusts 7; and Ty, which are found by taking moments of the 
norizontal components of p1, p2, p3, . . . about Ci or Co, Then ae, a3, a4, ete. are con- 
nected with the pole, and the line of thrust 71 7 is constructed in the usual way by 
drawing 71, 72, 73, . . . parallel with oa, oa2, oa3, . . . But an infinite number of such 
lines of thrust may be drawn. The correct one may be found by trial from the consider- 
ition that as the tunnel shell is a closed ring the sum of the positiv bending moments 
must be equal to the sum of the negativ moments. The bending moment at any point, 
say at M, is oa7 times ¢. The bending moments at equal small intervals around the ring 
for any line of thrust may be computed and summed up. A few trials will determine the 
sorrect line of thrust. 

40. Waterproofing and Grouting 

Grummets. Bolt holes being slightly larger than the bolts which are 
jlaced in them, permit water to seep into the tunnel unless a tight calking 
naterial is carried around the bolt hole or some form of grummet is placed 
inder plate washers at the head and nut. Three principal types of grummets 
nave been used. In the Baker Street and Waterloo, the North River Penn- 
sylvania, the Battery, and for a time in the East River Pennsylvania tunnels 
rings of hemp saturated in red lead and oil under plate washers were used. 
In the East River Pe~nsylvania, where the bolts had rolled threads, the 
diameter of the threaded portion being larger than the diameter of the shank, 
greater success was attained by wrapping strands of hemp saturated in red 
lead and oil around the shank. In the Greenwich and Rotherhithe tunnels 
lead washers were used, and when the bolts were tightened the lead washers 
were forced into conical bolt holes. 5 


 Calking. The practise since 1890 has been to cast a small depression 
in the flanges at its inner edge which matches a like depression in the adjoining 
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plate and forms a calking groove W 
Into this is calked either soft lead or a rust mixture or sometin 


The grooves have usually been from 4 to 34 in wide a 
For lead it is desirable to make the groove much n 


Fig. 92. 
Portland cement. 
about 114 in deep. 


Tunnels 


Sect.y 


hen the plates are bolted together; ; 


rower, say % in wide, but this is difficult to cast. 


The rust mixture is usually one part by weight of 
The sal ammoniac is best dissolved in enough water to dampen the | 


then calked into the groove and well compacted either by, hand t 
The finer the iron filings i 


is not successful if there is water coming thru the joint durin 
hit slight movements of the flanges, such as are li 


of iron filings. 
filings which are 
or pneumatic hammer. 


joints are made absolutely water-tig! 


to occur from contraction in winter or in al 
The following table shows 


amount of leakage. 


sal ammoniac mixt with 400 p 


Rust mixture call 


the better. a 
Even when 


g calking. 


djustment of bolts, are liable to cause a S! 
the practise in some of the more im 


tant tunnels: 
Max. 
head me 6 
Name Date | water, Kind of calking 
feet 
Antwerp. .-+------- 1849 26 |Groove in flange outside of boits. Rop 


Mersey. ---+------- 1888 54 
St. Clair. ..------+-- 1889 | 78 
Blackwall. .--..----- 1892 | 80 
Baker St. & Waterloo] 1898 70 
Greenwich. ...----- 1898 | 7° 
Battery, East River..| I90T 94 


East River, P.R.R.. -|1903-09 


North River,P.R.R..|1903-09 


East River, N. n'a 
Public Service... . 


4th St. 

Whitehall St. 

Old Slip 

Lawrence St. 
A 6oth St. 


tarred hemp. 

In joints between rings oakum in gr 
covered with cement. Longitudinal joint 
filled with soft wood packing and the 
filled with cement. 

Face of flange beveled. Portland cement 

_ tar, just damp, in groove. 

Canvas coated with resinous compound bet! 
rings, creosoted oak packing 84¢. in tic 
longitudinal joints. 

Rust joint material — 1 Ib sal ammoniac t 
Ibs iron borings. In wet joints lead 
hammered into groove. 

Pine packing between rings outside 14 of | 
Tust joint material inner Y%. Calked ar 
polts. Rust joint material in shallow g 
on longitudinal joints. 

Rust joint material in grooves into whic 
lead had been hatnmered. 

Lead in grooves. 

20 fer cent calked with rust material — 
sal ammoniac to 400 Ibs iron borings. & 
cent calked with lead and pointed 
portland cement. : 

Sides and invert—2 Ibs sal ammonia¢ 
sulphur, and 250 lbs iron borings; arch 
gal atnmmoniac, 3 lbs sulphur, and 125 It 
borings- 

Lead hammered into groove 
rust joint material. 


and covere 


The caulking’ for all the ‘cast-iron 
tunnels was done with leadwire over 
a Portland Cement pointing was pla 
fill the groove. 

The caulking groove was }4 in wid 
134 in deep. 

Lead wire elliptical in section (max. 
¥% in, min. diam. 4 in) has. bee! 
throughout the entire work. 
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Grouting. The shield being larger than the tunnel lining leaves an annular 
space which should be filled immediately after the shield has past. This 
is especially necessary at the sides to prevent the lining from spreading, 
A grout of about equal parts of hydraulic cement and sand is generally used, 


Waterproofing. Most subaqueous tunnels have had cast-iron or steel 
shells which are waterproof of themselves; the exceptions are those that are 
in nearly impervious clay, which prevents any quantity of water reaching the 
funnel lining, and such tunnels as the Severn, which has brick lining and is 
kept dry by pumping. Numerous tunnels and subways in water-bearing 
ground are of masonry lining waterproofed by pitch in some form. 

The most generally used form is a combination of pitch, usually applied hot, with sheets 
of some fibrous material used as binders; for this purpose burlap, building paper, and so- 
called felt have been used. These binder sheets are usually saturated with pitch by the 
nanufacturer, and are applied to the outside of the wall in from 2 to 6 thicknesses, each 
ayer being given a coat of hot pitch as it is placed. The specification for such work in 
he Pennsylvania R-R. land tunnels in New York call for “straight run coal tar pitch 
which will soiten at 60° Fahr and melt at roo° Fahr, being a grade in which distillate 
ils, distilled therefrom, shall have a specific gravity of 1.05.” [elt was coated and satue 
ated with asphaltic products, and it was required that the wool in the unsaturated felt 
hould be not less than 25% by weight and that the felt should weigh 0.05 to 0.06 Ib per 
q ft unsaturated and o.12 to o.14 Ib saturated. Another type of waterproofing con- 
ists of an outside course of asphaltic brick laid in soft pitch or a mastic of soft pitch and 


ine sand, 
41. Comprest Air 


The Shield and Comprest Air generally go together, but there have 
deen several exceptions. A portion of the Pennsylvania tunnels in Long 
island City were mined, timbered, and lined in comprest air without use 
of shields, and the builders of the telephone tunnels in Chicago used com- 
rest air but no shields. The amount of air required is very variable in 
lifferent tunnels and at different times in the same tunnel. In the East 
River tunnels of the Pennsylvania R.R. in open sand with a clay blanket 
© to 20 ft deep and 350 ft wide dumped upon the river bed, the capacity of 
compressors required was about 80 400 cu ft free air per min. The average 
ised was about 3500 cu ft per min per heading. In the Rotherhithe tunnel 
nder the Thames it was specified that the minimum amount of air pumped 
nto the tunnel should be 8000 cu ft of free air per man per hour. 

‘The great difficulty in water-bearing sand or gravel when comprest air ‘is used arises 
rom the impossibility of balancing the water pressure at more than one elevation, with 
he result that if the water pressure is balanced at the bottom of the tunnel there is an exces- 
ive escape of air at the top, which is expensive, and there is always danger that a “blow,” 
x sudden outrush of air, will occur at the top, which endangers the workmen and may 
ause delay by flooding the tunnel. If the water pressure is balanced at the top, the 
yottom may be so wet that the sand is unstable and difficult to handle. As a compromise 
he water pressure in such materials is usually balanced by the air pressure at about the 
enter of the shield, and blows are guarded against by breasting and plastering the face 
vith clay and depositing a clay blanket on the river bed above, 


42. Subaqueous Tunnels Built from Surface 


Tn cases where the top of the tuynel is desired to be close to the bed of the — 
iver thus giving insufficient cover for shield work, or if the tunnel is short 
naking the plant installation required for shield work proportionately excessive, © 
unnels haye been built successfully from the surface. 


(x) Detroit River Tunnel, Detroit to Windsor. Trench was dredged to grade in the 
tiff clay of the river bottom. Twin steel tubes of 3 in pl 23 ft 4 in diam and 262 ft 
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Comprest Air Data y 


High Max. |Average 
water | yin air air 
to |cover, | Dress | Bees: Cubic feet free air 
b ; : 
Tunnel invert, sure, | sure, supplied 
max., lbs per} lbs per 


ft ftt |sqin | sq in 


City and South London.| 34 42 MYT Hala /e<she In water-bearing sand 1660 
per min per face; when 
grouted, ro00 to 1300 per 
min per face. 


Blackwall s/s os). <srne0s 80 Seu Si 35 |to00co per min per face in 
open ballast for some time. 
Baker St, and Waterloo.| 7° iS | 35 28 |In gravel 3300 per min per| 


face; parallel tunnel 1650 
per min per face. 


Greenwich. .... He ceepertrore HO 30 28 20 |Average 5000 per man per 

: hour; never less than 4000. 

Battery, East River..... 94 12) | 42 26. |Two working faces, max. 
, \ 32 000 in sand. 

East River, P. R.R...... 93 8 | 42 - 27 |Max. at one face 25 000 per 


min for 24 hours. Capacity 
of plant for 8 faces 80 400 
per min: $ 

North River, P. R.R.....| 98 20 | 37 26 |Max. in gravel 10 000 per man 
per hour. Generally ranged 
between 1500 and 5000. 


14th St., E. River, N. 7th} 97 4* | 3914 33 |Max. in sand gooo in one 
St. Tunnels. . 4.52 4,4-+ heading for 24 hours.t 

Whitehall St., E. River,| 87 8 | 34% 30 |Max. in sand 12000 in one 
Montague St. Tunnels. heading for 24 hours.t 

Old Slip E. River, Clark) 89 3* | 37% go \Max. in sand heading 10 00¢ 
St. Tunnels.,....--..+ one heading for 24 hours.’ 

6oth St., E. River, N. Jane| 116 g* | 47% 4t |Max. in sand 12000 in on¢ 
St, Tunnels:.......+-+ heading for 8 hours. 


* The shield cut into the permanent clay blanket placed on the river bed. The cla 
blanket is protected from washing by a rock revetment on the sides and top. 

+ Does not include clay blankets. - 

t Requirement for all contracts was To 000 cu ft of free air per min per heading; excey 
jn one case where one power house supplied 8 headings, the requirement was reduced t 
8000 cu ft of free air per min per heading. 


6 in long connected by structural steel diaphragms at 12 ft c toc and provided wit 
bulkheads were sunk in position on prepared foundations. Sections were connected up b 
divers with special bolting system. A timber form or sheathing was fastened to out 
edges of the diaphragms. Concrete was placed by tremie between this sheathing ar 
the tubes—completely encasing the tubes. This concrete was 3 ft thick on the sides ar 
4 ft 6 in thick top and bottom. Reinforced concrete lining having an interior diam | 
9 ft was placed inside the steel tubes. (See Fig. 95). Distance from water surfai 
to top of rail in mid-channel 66 ft. Current in river over 2 miles per hour. Total leng' 
of river section 2667 ft. Built 1906-10. 
(2) Chicago River Tunnel. Single length of two parallel steel cylinders with a long 
- tudinal dividing wall; lined with reinforced concrete and sunk on prepared foundatio 
in a trench dredged in the river bottom. Tubes of % in steel plate, stiffened by pla 
and angle gussets above and below the central wall every 7% ft. Concrete lining : 
in to 4o in thick. Central wall 3 ft thick. Length of tubes 278 ft, width 4x ft, dep 


1 
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24 ft. Weight when sunk 8000 tons. Backfill and coversand. Connection to shore 
tunnels made by cofferdam. Built rgro-12. (Fig. 96.) 


(3) Paris Subway under Seine, Pont Mirabeau crossing. The River portion 644 ft 
long and made up of'5 sections 116.8 ft to 144.4 ft long. Each section was a pneu-° 
matic caisson consisting of a structural steel frame covered inside and out with steel 
plates and filled with concrete, with a double track tube of similar construction above 
the working chamber. Over-all width 29.9 ft, over-all height 30.1 [t. These sections 
were sunk in position 1534 in apart, this space filled with tremie placed concrete through 
which an opening of required tunnel section was later excavated. A tunnel having a 
total caisson length of 1313 ft was built under the Seine by a very similar method in 
1906-7. 


(4) Harlem River crossing, New York Subway, Lexington Avenue Line. Four track. 
tunnel built very much the same as the Detroit River tunnel noted above. The sections 
as assembled had an over-all width of 76 ft and height of 2414 ft. Four of the sections 
were 220 ft long and the remaining one was 200 ft long.. Contract price $1500 per lin ft 
for 4 track structure. Built 1911-12. 


Fig. 96 


(5) Harlem River Tunnels, New York Subway, Lenox Avenue Branch. Twin tube 
sections 610 ft long of cast iron lining, inside diam 15 ft Across the river trench was 
excavated. bottom of which was a little below the middle’ of the finished tunnel. Two 

lines of heavy sheet piling were driven outside the line of the finished tunnel and cut off 
at the springing line of the arched roof. A floating timber box'was then built in which 
the arched roof of cast-iron segments was erected and covered with concrete with proper 
internal bracing and bulkhead ends. The floating box was sunk from underneath and 
the roof left floating like a diving bell. This with steadying tackle was sunk and left 
resting on the sheet piling and bearing piles previously driven in the trench. After 
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divers conhected this to the section already in place, the lower half of the tunnel 
built in comprest air. Built 1903-4. ‘ 


i 43. City Subways 

The Cut-and-Cover Method is usually cheaper than tunneling at dey 
less than 30 ft and may be the more practicable method when the cove 
shallow, as often with city subways for rapid transit. Attempts to excay 
by shield within a few feet of street surfaces have not met with entire suc 
because of disturbance to pavements afd pipes. Where traffic will not pet 
an open cut, the pavement is taken up, if necessary at night, and replacec 
a timber deck under cover of which the subway is built... Where wide cut 
is objectionable, side-walls and interior supports are sometimes built in tre 
and roofed, after which the core is removed and the bottom placed. W 
there is groundwater, its level frequently may be lowered by draining to su 
and ptimping carefully. Where quicksand is met at subgtade, tight shee 
is driven to extra depth and it may be necessary also to excavate for and 
the floor quickly in short sections. On the other hand, where the grour 
dry and hard enough to stand with but little bracing"and where decking is 
required, steam shovels have been successfully used. Intercepted se 
may be depressed or under-siphoned, 

Adjacent foundations are underpinned, either temporarily or permane 
where required to prevent settlement. Finally, subsurface structures 
restored or rebuilt and the street is backfilled and repaved. 

Types of Sections are shown in Fig. 97. Earlier sections usually 
of the single arch type if headroom permitted; where close to the surfact 
roof was of beams with jack-atches between them. Later, beams cam 
be tised also in sidewalls, forming bents, saving in width and facilitating 
struction. More recent American design has tended toward reinforced 
crete, requiring somewhat less and cheaper steel and permitting the u 
large forms, but bents continue in favor because better adapted to requiren 
of bracing and piecemeal construction. Theysingle arch of concrete, pla 
reinforced, is still used where conditions of headroom and lateral suppor 
favorable. In soft or wet ground the floor may be formed as an inve 
may be reinforced with beams or rods. Waterproofing is commonly fe 
fabric saturated and laid with tar or asphalt, and in dty situations ma 
omitted from floor and sides. Stations are painted, plastered or tiled in \ 
or light colors. 

The New York Subway System, the largest, has 69 miles undergr 
structure built or neating completion, mostly 2- or 4-track subway, of 1 
nearly all is of type (1) Fig. 97 in the portion first (1900-3) built and mu 
type (3) in portions now (1918) or recently under construction. Both are: 
bent type, though certain portions built since 1902 are of reinforced con 
mostly of type (2). The recent type (3), provides a partition betwee 
middle tracks to promote ventilation by train movement. The roof and 7 
necessary the sides and floor are waterproofed generally with felt or k 
and pitch. The inside tracks are for express, and the outside for local t 
Aft express stations the platforms are between local and express tracks, s¢ 
both, and at local stations at the sides. Excavation was partly in 
Groundwater and very fine quicksand were frequently met. Methods 
widely. The system includes several miles of arch tunnels in rock, cast 
lined ttibes and steel viaduct’ extensions. 


The Boston Subway System, the first in America, with 9 miles underg 
structure, mostly 2-track subway, is principally of bent type (4) and arch ty 


City Subways 1405 


Art. 43 


~ 
aw 
a 


Sy eee 


ia 
i 


nea 


| 


Fig, 97. Subway Sections 


' 


| 
1406 Tunnels Sect. 11 


in earlier (1895-1908) portions and of reinforced concrete type, (6) in recent 


(1912-17) portions. Where traffic was dense a short portion somewhat like © 


(5) was tunneled with roof shield. Excavation was nearly all in sand, clay 
and gravel. The system is for both surface cars and trains. It includes two 
shield-driven subaqueous tunnels and steel viaduct extensions or connections. 


The Philadelphia Subway, in Market Street, built 1903-07, 23 miles long, 
is in about equal parts a 4-track (7) and a 2-track (8) structure. The walls of 
(7) and the roof and walls of (8) are rod-reinforced. The roof is waterproofed 
with asphaltic mastic and the sides with asphalted burlap. The outer tracks 
of (7) are for street cars and the inner tracks, continuous with those of (8), 
for trains. The columns of (7) are protected against derailment by low rein- 
forced concrete bulkheads. Excavation was largely in gravelly soil and the 
structure is underdrained. 


The Atlantic Avenue Subway, Brooklyn, (9), built 1901-7, 2 miles long, 
is for electric trains of the Long Island R.R. While not a city subway in a 
strict sense, it is structurally such. The sides are retaining walls and with 
the roof are waterproofed with tarred felt. Excavation was mostly in sand 
and gravel. 


The Sixth Avenue Subway, N. Y., (10), built 1906-11, 1 mile long, is for 
Hudson and Manhattan R.R. trains entering the city by tunnel under the 
Hudson. Roof and sides and, where in earth, the floor are reinforced. Water- 
proofing was mostly of asphalted burlap but in a short portion a waterproofing 

_ compound was mixed with the concrete. Excavation was partly in rock. 
Some quicksand was met. 


The Cambridge Subway (11), built 1909-12, 24 miles long, connects by 
bridge with the Boston Subway. Roof, sides and floor are reinforced and 
waterproofed with tarred felt. Where cover is shallow the roof is flat. A 
portion of siinilar section, but with less reinforcement and not waterproofed, 
was tunneled with roof shield. Excavation was mostly in sand and gravel with 
some clay. 


Foreign subways generally are of smaller. cross-section. 


The London Metropolitan and District Subway, (12), an irregular oval line termed 
the Inner Circle, was the first city subway for rapid transit. It was built 1860-84 and 
later extended from its original length of 13 miles, part of which is open cut. The arch 
and walls are of brickwork. The extrados is waterproofed with asphalt. Where cover 
is shallow, cast- or wrought-iron roof girders were used. With soft or wet foundation, an 
invert was added. Excavation‘was mostly in gravel, sand and clay. Later extensive 
underground lines are in deep-level tubes, shield driven in London clay. 


The Paris underground railway, (13), a network of belt and intersecting lines, begun 
1898 and opened rgoo, had in 1914 a length of 56 miles, mostly subway and the rest 
viaduct, tunnel and open cut, in addition to extensions in progress or planned. Short 
portions first- built were tunneled with roof shield or by the Belgian method. Water- 
tightness was secured by grouting. Excavation was mostly in sandy soil and in some parts 
in soft rock. ; 


The Berlin underground railway, (14), an original east-west trunk, begun 1896 and 
opened 1902, with later extensions or connections to suburbs, had in 1916 a length of 
23 miles, mostly subway and the rest viaduct, tunnel and open cut, in addition to 18 
miles of extension, or new lines in progress or planned. The section shown is that of the 
Schéneberg branch, opened 1910, of the bent type. The longitudinal girders are dis. 
continuous, each supporting 5 roof beams, and rest on two columns over which they 
cantilever. A feature was the use of small I-beams, driven as piles at each side every 
few feet, to the mner flanges of which were clipped breast boards, retaining the earth 
and serving as back forms for the concrete of the sidewalls, in such manner as to permit 


the final withdrawal of the beams. The beam-piles were braced apart only at the top, | 


leaying a free working cut. An earlier type has thicker walls without beams, A late 
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| typ: has no columns. Waterproofing is asphalted paper. Excavation was mostly sandy 


eS 


and much of it waterbearing. 


The Glasgow District Subway, (15), an irregular oval line, built 1902-6, is 614 miles 
long,comprising subway, tunnel and opencut. For the subway, a heavily sheeted trench 


“was excavated deep enough to build the roof which was next waterproofed with layers 


of asphalt and covered with the restored pavement. The roof, supported by the sheet- 
ing, was then undermined with drifts in which were built the walls and floor, completing 
the structure. A short section in soft ground was built under air pressure. Excavation 
was in sand, clay, mud and rock. Traction is by cable. 


The Budapest Subway, (16), for surface cars, a line 2 miles long, built 1894-6, was the 
first underground electric railway. The I- beams of the roof, which is close under the pave- 
ment, are supported at the middle on a continuous girder of two I-beams resting on 
columns spaced about 13 feet apart. Waterproofing consists of sheets laid in pitch. 


The Hamburg Subway, (17), begun 1907, forms 5 miles of a ring with external branches 
opened in part in 1912 and since being extended. Excavation was in varied soil, in 
parts waterbearing. In dry ground, openings are left in the floor under the tracks and 
only the roof and sides were waterproofed. Beam piles were used at the sides, as in 
Berlin. Where depth permitted, a single arch section with invert was used. 


The Buenos Aires Subway, (18), for surface cars, was begun rg1z and opened 1913 
for a length of two miles, with extensions in progress or planned. It is of the earlier 
German type without steel in side walls. Waterproofing is tar paper and asphalt. 
Excavation was in hard clay. Electric shovels were used. 


The cost of subway work varies wide:y. The kind and depth of excavation, pro- 
portion of temporary decking required for traffic, size and number of sewers, pipes. etc., 
to be supported or changed and the extent of underpinning to protect adjacent build- 
ings, greatly limit methods and thereby influence cost. ‘The following is a table of 
costs, per lineal foot of equivalent single track, of several New York subway sections 
built between 1912 and 1919, all of a type resembling (3) of Fig. 97, The figures are 
based on contract prices which may be unbalanced, and preliminary estimates which 
may be large. They are affected in some cases by war increases. They include nothing 
for station finish, track, equipment, engineering or inspection, and are not safe for use 
in estimates without fuller presentat‘on of conditions than is possible here. 


Section No.* 11-1] 4-3 |29-2] 5-4 4-1] 4-5) 8-5] 4-2] 5-3 | 8-4 | 8-2 |48-2 
Length, miles r| 0.8] 1.2] 0.7 0.3) 0.7] 0.7|°0.6] 0.5] 0.7] 0.6] 0.5 
Tracks, No.... 4 2 4 4 4 2 4 4 2 2 2 
Av. depth, ft... 24 |24 |25 |25 |24 |28 |28 (26 |29 |28 |29 
|Rock, percent... Pe alG Asics SEAMS? JAG: J sav Mens 56' » illo [ners LO! Mt ate 
Stations, No.........: a’ ig 14) 14) 3 2})2 I 2 2 2 
Date contract......... IQ12/1913/1915| 1913/1913) 1913) 19161914) 1912)1916 1916 T9T4| 
Excavation........... $29 |$45 |$39 |$76 |$88 |$70 |$69 |$r02/$r01/$ 91/$119/$135 
UrMCRUTE ore se. ss 54 | 63 | 66 | 48 | 51 | 42 | 8r 62} 67| 125] 139] 125 
RGWWEFEPT etfs sais. sce se’ Sal ana WI © a0 Vue Col De ey ok sg ns a) x2| 6) 13) 35 
IBIpesp EEC. Po. v sees Zola) eal ox ine este Rea hy 2|(< 4) 28) age 
Underpinning. . safeee-] 8} 6} 20) 8} 6 rs trl 34] 24) 1] 114 
Repaving. etc.........| 6 3 2 4 4 8 7 i 4 7 9 6 
Total (per lineal foot of 
PIECES cree. ora 23.5500 sie $ox |$126/$129 $165 $166 $168) $185 $198 $220/$257/$299|$426 


i | 1 


*Section No. 11-1. 4th Av., Brooklyn; goth to 61st St—Firm dry soil; steam shovel 
» much open. ; 


4-3. Varick St.; Beach to Commerce St.—Dry; one side decked; 
steam shovel. 
i . 29-2. Nostrand Av. Brooklyn; Erasmus to Flatbush Av.—Dry sendy 
soil; part decked. ey ae 
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*Section No. 5-4. 
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Broadway, Bleecker St. to Union Sq.—Dry; decked except in 
square. 


. Broadway; Union Sq. to 26th St.—Mostly dry; decked except in 


square. 


. 7th Av.; 17th to goth St—Dry; all decked; large sewer rebuilt. 
. Metropolitan-Bushwick Ave., Brooklyn; Manhattan Ay. to Mese- 


role St—Dry; mostly decked. 


. Broadway; 27th to 38th St—lMuch rock; some sliding; one 


deep cut; all decked. 


. Broadway; Howard to Houston St.—Wet fine sand, dried by pump- 


ing; all decked. 


_ N. 7th-Metropolitan Av., Brooklyn; Bedford to Manhattan Av— 


Wet fine sand; mostly decked. 


. 14th St.; Irving Pl. to Av. B.;—Wet sand one end; all decked. 


heavy underpinning, 


48-2. William St.; Beekman to Pearl St.—Quicksand; all decked; 
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ELEMENTARY MATHEMATICS : 
1. Algebra \ 


Notation. - Known or constant quantities are usually represented by the 
first letters of the English alphabet and unknown or variable quantities by th 
last letters. The Greek letter z is umiversally used for 3.14159 - - - | Ir 


this book ¢ is used for 2.71828 . . ., and other Greek letters. are rarely usec 
except for angles. Names of Greek letters are 

a Alpha mn Eta yNu 7 Tau, 

B Beta @ Theta &Xi uv Upsilon 

y Gamma t Tota o Omicron Phi 

A,6 Delta «x Kappa w Pi x Chi 
¢ Epsilon d\ Lambda p Rho W Psi 
§ Zeta Bw Mu 2,o Sigma w Omega 


In this volume the sign / is often used to indicate division; thus, 3/8 is the same as 3 
and a/b is the same as a+ 6. For the product of the first 7 natural numbers 2/ is usec 

Powers and Roots. The notation a” denotes the mth power of a, eve 
when » is negativ or fractional. ‘Rules for powers are: (+ a)*=+@ 
(—a)* = +a” if mis an even integer and —a” if m is odd; also (a’”)” = a” 
a-* =1/a”,a° =x. For multiplication and division of powers, a” x a? = gt 
and a” /a = att, F 

up - 

The notation al!” or VY a denotes the mth root of a. Replacing m and 7 in the la 
paragraph by 1/m and 1/n, the rules there given for powers apply also to roots. An eve 
root of a positiv number is positiv or negativ and an odd root is positiv; an odd rot 
of a negativ number is negativ and an even root is impossible or imaginary. 

The symbol 7 denotes /—¢ which is the simplest imaginary quantity. If a is posit 
and » even, then (— a) t/n_ gn; PowersofiareR=—1,8=—-V—-18=+ 
A complex quantity is one partly real and partly imaginary, as a + bi. The cor 


plex numbers —14 (x + 3723) and -—14 (a - qe i) are two of the cube roots of unit 


Factors of some algebraic expressions are ' , 
a? — BP =(a—b)(a + bd) a? + b? = (a — bi)(a + 2) 
> a+ 3 =(a + b)(a? — ab +5") a? — b? = (a — b)(a? + ab + b*) 
a” — b= (a Es b)(a" + ah + gn 8h? oc ot) Fe 
at — BY = (a+ B)(G* = a 2B + a SB? a b* >) if mis even 
at + b% =(a + b)(a* = ath + a* 3b? — ..- +6") if wis odd 
When a and } are small compared to 1, then approximately, 
(r+ap(r+b)=1+a+b (x + ay"(1 +b)" = 1+ ma + nb 


r[a+a)=t-a t/(-a)=1+0  Vab=% (a+) 


Logarithms. When y'= 5% and 6 is a fixt number, « is the logarithm 
y to the base b, or logyy = x. When b = ro the logarithms are in the comm 
system; thus since roo = ro”, and o.r = ro~', the common logs of too and c 
are +2 and —1. When x =o, y=1, and hence for all systems ‘the log 
1iso. Numbers greater than x have positiv logs and those less than 1 nega’ 
logs. When b= 2.71828 . . . the logs are in the Naperian system. 

Proportion. All rules are included in this, where m, n, ?, and g have any values 
‘ ae ie ma + nb _ me + nd 
(ne ee pa + qb pe + qd 


A Permutation is any arrangement that can be made of several thin 
thus, for three letters there are six arrangements, abc, ach, bac, bea, ¢ 
cba. The number of permutations of » things taken r at a time is n (#7 — 


oo) 


if 
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.. (#-—7+ 1). For example the number of permutations of seven things 
taken three at a time is 7 X 6 X 5 = 210. A COMBINATION is a group made by 
taking things without reference to their order; thus for three letters there is 
only one combination abc, The number of combinations of » things taken in 
groups of r is [n (mw—1)...(m—r7+1)]/r/.. For example, when seven 
lines radiate from a point the number of combinations of these taken two at 
a time is 7 x 6/2 = 21, and hence there are 42 angles that can be measured. 


The Binomial Theorem or formula is a means for writing out the Pore 
of a binomial ina series It is 
n(m—1) MEN 8) ope prcat 

I-2 


(@+b)* = a*+ nab + a”? U? + 


2 Or HOE 
When 1 is a positiv integer it holds in all cases; when 7 is a fraction or negativ 
it holds only if @ is greater than b. In the first case the expansion (right-hand 
member) has » ++ 1 terms; in the second the number of terms is infinite. The 
coefficients of the powers of a and 6 in the expansion are called binomial co- 
efficients; the general formula for the rth coefficient is Cr = [n (n — x) (n — 2) 
(w—r+x))+[t xX2xX3X... 7). Thus when » =5, the co- 
efficients are I, 5, 10, 10, 5, I. 

If w stands for b/a, then (a+ Dee = a*(1+ x)”, and the expansion of a 
binomial of the type (a+ 5) can be exprest by that of one of the type (1 + x). 
When » is a positiy integer the following hold in all cases, but when n is 
a fraction or negativ they hold only if x is between o and 1. 

GAwtsri nxt n(n) 5 ale = 1) iar Sete 
Ie2 I°2*3 


=(rt x) srt e+ PRP FMt MA Fet sss 


rtx 


Vite ta®o1re- oO eee a see 


= EQ) Main Se ap 3° Sy gteed dim’ 
Vt + x6 2 2.4 2°4°6 


” When ~ is small compared to 1, the first two or three terms in the four preceding expan- 
sions give generally a sufficient approximation in ordinary computations. 

__ A Series is a succession of numbers which proceed according to some fixt 
law. A converging serics is one whose sum, as the number of its terms is 
indefinitely increased, approaches some finite value as a limit; a diverging 
‘series is one whose sum, so taken, increases indefinitely. An ARITHMETIC 
SERIES, or arithmetic progression, is one in which the differences between 
Successive terms are equal, as in a4, a+d,a+2d,a+ 34d, .-; the nth 
term is a+ (m — 1)d, and the sum of the m terms is Yon (rat (n- 1) d). 

A GEOMETRIC SERIES, or geometric Progression, is one in which the ratios. 
of successive terms are equal, as in a, ar, ar*, ar’, . . . 3 the mth term is ar”™, - 

the sum of the 7 terms is a (r7” — 1) /(7 — 1). 


Some special series (see also preceding paragraph for Binomial series): 


rt24¢3 44 +5 °4+( —1)+n=Yn(n+1) 
2444648 +°+-*+(2m-—2)+2n=n(n+1) 

I4g +5 +7 +°'7+(2n-3)4+ (2n-1)=07 
re2?tg2tq?t os s+(m—-1P += n(n + i)(an+1) 
realty ARS bt Wha SILAS Ta Bt BD 


. " r 


; 
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x-—1 (« — 1)° (# —1)° 
Ata rapes Sa whoa aed AS. ap sptiong. § 
BEE eT aciautt: Pano: Be BITE) 


exe plop (ct BVH Re AWE we Hs rics (« 
V1 =e Piste gee ( 
Re ps Ua gs es Soke 

eS es 3 5 7 : 

In right-hand members of the following, # is the angle in radians: 

pam 109 BE) Gh IAT 58 Hi rane Whee aise my 
miming chia wh (5) COR MK ET phy Bl ita 

2x 17 x" 

ita ¢ 


x 
tanx=n+ —+ —— +5 
Shp Bstd post seh 


Approximations when is Small. Inseries (1) the first two terms, or at most thre 
are generally sufficient when « is small compared to a, and in (2), (3), (4) whem » is sme 
compared to 1. In (5), (6), (7), two terms, or even one, may be sufficient when « is le 
than the arc of 10°; thus, for 8° the value of w-is (8/180) 7 = 0.13963, and sin x = # 
VY x = 0.13918, which is one unit in error in the fifth decimal place. When the angle 
less than 5°, the valties of « and sin x do not differ more than one unit in the fourth de 


mal place. (See Sect. 1, Art. 5.) 


2. Solution of Equations. 


Algebraic Equations, rational and integral, and of the first, second, thir 
or fourth degrees have becn solved algebraically; that is, formulas have be 
found for the values of the unknown, the roots of the equation. 

A Linear Equation, one of the first degree, as ax + b = 0, has only o 
root, namely x = — b Ja. nd) 

A Quadratic Equation, one of the second degree, as «* + 20x + b =o, I 
two roots, namely —@ + (a?— b)s. If a = 0, the roots are equal and oppos 
in sign; if b>a? both roots are imaginary. ‘ 

A Cubic Equation, or one of the third degree, can be written in the fo 

98 + 30x? + 3 bor+ 2¢= 03 it has three roots, here called 2, %, and | 
To determine these compute B and C from B=-—a+bandC = a — %ab- 


SSS yA ; 
and s, and sz from 5, = Se 40/ BS +O)” and s2= (3 C -\/B + C?) 


then x= - a +(s; + 5») 
: Se = — a = Vo (81 452) FBV — 3 y= 52) 
&,~ a — 14 (s, + 52) WV = 3 (4 ~ 52) 
When B? + C? is negativ the numerical solution leads to irreducible imagin: 
forms tho the three roots are real. 4) 
Equations of Degree Higher than the Second can generally be sol 
best by factoring, by trial; or graphically. In the following Ff (x), is used 
denote any expression containing «, and is read ‘‘a function of «,” and 
f(«) = 0 may denote any equation containing «; the value of f(«) when x 

js denoted by f(a). 
(x) Factoring Method: Factor f (x) and equate each factor to zero; solve each of t 


new equations for x; these roots are also roots of f (w) = 0. ‘Thus, to find the 1 
of «8 — 19% — 30 = 0, note that x3 — 19.¥ — 30 = (a + 3) @@ — 3% — to); from: 


~ 
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$0, % = +gand from x? - 3% = 10 =6,*% = +5 and —2; hence =3, +5, and = 2 
are the roots sought. i 

(2) Trial. Method: Make guesses at the roots until a value 1s found which nearly satis- 
fies the equation; such a‘value is an approximate root. In finding it, note that iff (*~) =o 
designates the equation, and if x; and x2 ate numbers such that (a1) and f (x2) are of 
opposite sign, then there is an odd number of roots of f (x) = o between x; and a. Thus, 
to find a root of f (x) = x8 + 49° —5 4% — 135 =o: trying x =f and « = 3 one gets 
f(x) = —15 and f(3) = +33; 1 and 3 are not close Values of the root but theré ‘is a 
root between them; trving 2 one gets f (2) = +1, a closer value. ‘[rying 2.1, one gets 
f(2.4)= + 1.4; the root is between 2 and 2.1. 

(3) Plotting Method: The equatioii to be solved being /(«) = 0, plot the graph of 
9 =f (o) (see Art. 3); the abscissas of the intersections of the graph with the » axis are 
roots of f (w) = 0. Or, break up f (x) 3 
into the difference of two functions of « 
as fi (w) and f2 () and plot the graphs 
of y =f («) and y =/fy (*); then the 
abscissas’ of the intersections of the two 
graphs are roots of f(x) =o. Thus, to 
solve x3 + 4.x? —5 *—15=0: the graph 
of y =23 + 422- ¢ « — 15 is shown by 
the solid curve of Fig. 1, and the abstissas 
of its intersections with the x axis are 
about 2.1, —1.6, and —4.3, which are 
also the roots sought. Or, again, x3 + 
4 %*— 5% —1t5 can be broken up into 
(x8 +4 x2) —(5 «+-25); the dashed curve 
is the graph of y = x* + 4x? and the Fig. 1 
straight line is the graph of y=5 «+15; iB. 
the abscissas of the intersections of these two graphs are about 2.1, —1.6 and —4.3, and 
they are the roots sought. : 


Transtendental Equations are those involving trigonometry or logarithms; 
such equations with one unknown can be solved by one of the foregoing 
methods. For example, to find the roots of tan « — 2 # =o (x being in radians): 
plot thé graphs of y = tan «and y = 24, and determine, the abscissas of the 
intersections of the graphs; the abscissas are the roots, one being w = 1.16. 


To find the horizontal tension # in a catenaty cable whose length is 22 ft, spam 20 ft, 
and weight 10 Ib per Jin ft.. The equation to be sdlved is e107 — (10/4 n2 = 4, By 
trial ¢ is found to lie between 12 and 14; trying ¢ = 13, the equation reduces to -++o.0298 
" = ce} trying ¢ = 13.1 it reduces to —d,00r2 = 0, hence the root isa little less than f = 13.1. 
Ani équation which arises in the theory of a column round at one end and fixt at the 
other is # — tam x = o, where w is to be in radians. This equation has many roots, 
the smallest one being « = 4.49341. . 


3. Graphic Répresentations 


Rectangular Coordinates. XX’ and YY’ (Fig. 2) are two rectangular 
coordinate axes or x and }' axes; and XOY, VOX’, X’OY’, and Y’OX are 
‘the fitst, second, third, and fourth quadrants respectively; O is the origin of 
coordinates. The position of any point in the drawing, as P, relative to the 
axes may be specified by two coordinates, the « coordinate, or abscissa of P, 
and the y coordinate, or ordinate of P. The abscissa, denoted by %, is the 
distance of P from the y axis, and the ordinate, denoted by y, is the distance 
of P from the x axis; the cootdinates-have signs as follows: 


_ # i& positiv when P is to the right of the y axis, 
? % is negativ when P is to the left of the y axis, 
: y is positiv when P is above the x axis, 
+. 9is negativ when P is below the # axis, 


£ 
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When P is actually plotted by means of its coordinates, the coordinates 
are also said to have been plotted. If the coordinates of P are # and y, say, 
P is referred to as the point (™, y). 

Graphs. An equation between any two 
variables as « and y is sometimes written 
y =f (x), for brevity; it is read ‘‘y equals a 
function of x.” The graph of any equation 
as y = f(x) is a graphical representation of 
the relation between y and x; to determine 
the graph compute values of y corresponding 
to assumed values of «, plot points whose- 
coordinates are the corresponding values of 
# and y computed, and then draw a smooth 
Fig. 2 curve thru the points. 


Logarithmic Plotting. The equation y = f(x) may be represented by a° 
graph obtained by plotting corresponding values of log « and log y, instead 
of « and y, values of y haying been 
obtained from y = f(x) for as- 2.0 
sumed values of x; such an one is 
alogarithmic graph. If values of 
»% and log y, or y and log x be 
plotted, the graphs are semi-loga- 

- rithmic. These graphs are more 
advantageous than the ordinary 

one in some cases, and can be got ; 9 

as readily by using logarithmic or 
semi-logarithmic rulings as in 

Figs. 4 and 6 in which the unequal 
divisions are like those on an ordi- 0.5 

nary slide rule, based on the loga- 

rithms of numbers, and the figures 

on the rulings are not logarithms 

but the corresponding numbers, 0 0.5 L0 Lo z0 

ns also as ona slide rule. If y = f («) ' 
| be graphed on such ruling by 


1.5 


Fig. 3 
plotting corresponding values of x 
and y, the graphs are logarithmic or 


semi-logarithmic, exactly like those 
first described. 


The Intercept of a graph on the 
x (or ¥) axis is the x (or y) coordi- 
nate of the intersection of the graph 
with x (or y) axis. The SLOPE 
ANGLE of a straight line is the angle 
between the line and the positivy 
axis; the slope angles of all lines” 
may be exprest by angles between 
o and 180°, ur _—go0° and +90° (see 
Fig. 2). The slope, or gradient, of 
a graph at any point is the tangent 
: of the slope angle of its tangent line 
Fig. 4 at that point. ™ 

The graph of y = mx + ¢, into the form of which any equation between two variables 
of the first degree can be put, is straight; m = the slope of the graph and ¢ = its intercept 


The logarithmic graphs of y = mx” are 
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on the y axis. Thus y = — 2x + 3 hasa graph sloping upwards to the left at an angle 
of 6344° and cutting the y axis 3 units above the origin. 


The graph of y — b = m (x — a)” + is curved, its shape depending upon the nu- 
merical values of m and »; a, b, and c affect only the position of the graph with respect to 
the coordinate axis. Fig. 3 represents graphs of y = x” for the different values of 
noted. The corresponding graphs of y = mx” are enlargements in the y direction if 
m > xand reductions if 1 > m > oof 
those shown; if m is negativ, the effect is 
enlargement or reduction as explained 
and a rotation of the graphs through 180° 
about the x axis. The logarithmic graph 
of y=x” is straight; Fig. 4 shows these 
graphs corresponding to those of Fig. 3. 


also straight, but they do not pass thru 
the point (x, 1). 
The graph of (v—a) = me#*— + ¢, 
a “logarithmic or compound interest” 
equation, is curved; its shape depends on 
the numerical values of m and 7; a, b 
and ¢affect only the position of the curve 
relative to the coordinate axes. Vig. 5 
Tepresents graphs of y = e”* for the 
several values of m noted. In y= me’, 
m affects the graphs shown as explained 
in the preceding paragraph. The semi- + 
logarithmic graph of y=e” is straight; Fig. 5 
Fig. 6 shows these graphs corresponding 
to those of Fig. 5. The semi-logarithmic graph of y = me” is also straight, but it does 
not pass through the point (0, 1). 
To Find an Equation for a Given Graph. If the graph, plotted on 
axes « and y, is straight, the equation is of the first degree; let (x,, y,) and 
. (2, 2) be the coordinates of any 
two points of the graph; the equa- 
tion is (y — ¥,)(%2 — *,) = (# — x,) 
(v2 — 4,)- If the intersection of the 
graph with either axis is available, 
that intersection may well be taken 
as one of the points; if it passes thru 
the origin, that may be advantage- 
ously chosen. If the graph is curved, 
there may be no corresponding 
equation but an equation can usually 
be found which will approximately fit 
atleasta limited portion of the graph. 
(r) If the graph resembles a portion of 
one of the family represented in Fig. 3, 
plot its logarithmic graph; if this is prac- 
tically straight, the original graph can be 
closely represented by y= mx", To 
determine m and m: m = y when x = 1, 
and this value of y can be got from either 
graph, probably more accurately from the 
i logarithmic; then in log (y/m) =n log x 
Fig. 6 } substitute the coordinates #-and y of 
P any point and solve for n. 
(2) If the graph resembles a portion of one of the family represented in Fig. 5, plot 
semi-logarithmically (Fig. 6); if the resulting graph is practically straight, then the origi- 
nal graph can be closely represented by y = me”*, Todetermine m and n: the value of 
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mis found from m = y when x =o, and this yalue of y can be got from either graph, 
probably most accurately from the semi-logarithmic graph; then in log. 9 = log, m + mx 
substitute the x and 9 coordinates of any point on either graph and solve for ». 


4, Trigonometry 


Functions of Acute Angles. If from a point in either line bounding an 
angle (Fig. 7) a perpendicular is drawn to the other line, then in the right 
triangle thus formed the leg adjacent to a is the base, and the leg opposite, 
the perpendicular; they are denoted by 0 and p respectively and the hypothenuse 
by hk. The sine, cosine, tangent, cotangent, secant, and cosecant of the angle 


are defined (and abbreviated) thus: 


sina = p/h cosa = b/h tana = p/b 
csc a = h/p seca = h/b cota = bp 


The versed sine, abbreviated vers, is unity minus the cosine; thus vers @ 
=1-cosa. The exsecant, abbreviated exsec, is secant minus unity, thus 
exseca = seca—1, From the foregoing it follows that 


sina /cosa@ = tana cos a /sina = cota 

sin acsca = cosasec a = tana cota = 1 

sin’.a + cos? a'= sec’ @ — tanta = cs? a — cot?a@ = 1 
Tf a+ f= 90°, sin a = cos 8G, tan a = cot B, sec a = csc B. If the arc ACB 
(Fig. 7) be struck from O with a radius. unity, then in the triangle OA’B' 
his unity and in the triangle OA’B” bis unity. Then also 


sina = A’B’ cos. @ = OA’ tang = A”B” 
seca = OB” versa = A’A” exseca = B’B” 


KS 


nee ipntte Fig'8 


Functions of any Angle. Let a = XOP (Fig. 8), » and y = the coord: 
nates of P, and #=OP. Then whether a is in the first, second, third, ¢ 


fourth quadrant, the functions of a are defined as follows: . 
sina =y/h cossa=x/h | tana = y/x 
csca =h/y seca = h/x cota = «/y 


Since ¥ and y may be positiv or negativ, the functions may also be; the sig 
of a function depends on the quadrant of a, thus: 
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The values of the functions for the four cardinal angles are, 


Functions of angles greater than 90° are not given in trigonometric tab‘es generally. 
These can be obtained from the functions of acute angles by means of the toiiowing im 
which %, 43, and 4, denote angles in the second, third, and fourth quadrants respectively. 


O4 |360° —24}a4—2470° 


sin =|— sin =| — cos 
cos =|+ cos =| + sin 


tat =| > ‘tan =) cot 


Negativ Angles. Angles in the preceding figures and those referred to in 


_ the foregoing were regarded as measured from OX’ in'the counterclockwise 


direction and considered positiv; an angle regarded as measured clockwise 
is considered negativ. OP (Fig. 8) may be specified by a positiv or a negativ_ 
angle, the arithmetic sum of the two being 360°. If aw denotes merely the 
numerical value of any angle, then 


sin (-—«@) = -sina’ cos(—a)=cosa* tan(-—a).==—tana 
tse ( —a) = —csea sec(—a) =sceca@ cot (—a)=- cota 


0 


Vig. 9. Graphs of Trigonometric Functions 


Graphs of sin a, cos a, tan a, cot a, sec a, and csc a are seen in Fig. 9 for values of a 
between —360° and +3607; the graphs of the last four functions have infinite branches 
which are asymptotic to the solid vertical lines adjacent at the upper and lower margins. 
The figure shows the sign and ,periodicity of any function of any angle between the limits 
named and roughly the relative values of the functions of uny particular angle, 
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Inverse, or Anti-Functions. The symbol sin— » means’ the angle whose 
sine is », and is read inverse sine of ~ and anti-sine of « (also arc sine x). 
Similarly cos! x, tan~’ x, cot! «, sec—! x, cse™! x, vers! », the last meaning 
an angle a such that (1 — cosa) = %. While the direct functions (sine, 
etc.) are single valued, the indirect are many valued; thus sin 30° = 0.5, but 
sin! 0.5 = 30° or 150°... - - 

Trigonometric Relations. Functions of an angle exprest in terms of each 
of the others; the following abbreviations are used: 


A=z4Vi-sinta B=iV1 — costa C=a4V1+ tanta 
FatiVcea—1 E=+Vse@a—1 D=4V 1+ cota 


sina = B=tana/C =1/D = E/seca = 1 /esca 
cosa =4 =1/C =cota/D = 1/seca = Ffesca 


tana =sina/A = B/cosa=1/cota=E=1/F 


cota = A/sina = cosa/B = r/tana= 1/E=F 
seca =1/A = r/cosa = C = D/cota = cscalF 
esca =1/sina =1/B=C/tana D=seca/E 


Functions of the sum and difference of two angles: 
sin (a + f) = sina cos + cosasing 
cos (a + f) = cos w cos 8 ¥ sina sin B 
tan (a + f) = (tana + tan B)/G ¥ tan @ tan f) 
cot (a+ 8) = (cot cot a F x) /( cot B+ cota). 


Tf « is small, say 3 or 4°, then the following are close approximations, in which the 
coefficients « must be exprest in radians (1° =0.01745 radians). 


sin (a + x) = sin a + w cosa, cos (a + «)= cosa '+ # sina. 
5 i es 
Functions of half and double angles: 

sints aw =\74 (a = cosa) =1%4Vr + sina — Vr —sina 
cos 1 oe = Hh (1 + cosa) =14.V1 Psina+%yVx —sina 
tanya =\/ (x1 — cos a) /(x + cos a) = (1 — cos a) /sin a =sin a/(x + cos @) 
cot, a =\/(z + cos a) /(z — cos a) = (1 + cos a) /sin a = sin a/(1 — cos @) 
sinz2a@ =2sinacosa, cos 2@ = 2cos’a—1=1-—2sin’a, 
tanza =2tana/(z — tan’@), cot 2 a = (cot? @ — 1)/2 cota. 


Sums and products of functions: 
sina cos P = %sin(a + f) + Ysin(@ -f) 
cos asin 8 = Ysin (a +B) — sin (a - B) 
sin asin § = ¥% cos(a — B) — 4 cos (a + P) 
cos a cos 3 = 1% cos (& — P) + % cos (a + B) 
sin (a + B)sin (a — 8) = sin? a— sin? @ = cos? 3 — cose a 
sin a + sinf = 2sin Ye (a + f) cos ¥ (a — f) 
sin a—sinf= 2 cos ¥ (a +f) sin Ye (a — 8) 
cos a + cos B = 2 cos V4 (a + 8) cos % (a — f) 
cosa — cosB = — 2 sin 4 (a + A) sin (a— A) 
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5. Plane and Spherical Triangles 


Plane Triangles. The three angles are denoted by a, f, and y, and the 
respective opposite sides by a, b, and c; also s denotes 14 (a + b + c),r radius 
of inscribed circle, R radius of circumscribed circle, and A area of the triangle. 
Then, a + 8+ y = 180°, 


a/sina = b/ sin 8 = c/sin y (“law of sines)i 


@=0+—-2abcosy, raV(5 —a)(s — b)(s —c) Js 
A=sr=‘%absiny, R='Wacsca. 


Solution of Right Triangles. If an acute angle and one side or if two sides 
of a right triangle are given the other elements can be determined. Let 
h = hypothenuse, a and f acute angles, and a and 6 the legs opposite them, 
respectively. The acute angles are complementary, that is, a + # = 90°; the © 


area is 14 ab always. Five cases may be distinguished: 


Givenhanda; . -a=hsina, b=hcosa 

Given a and a; b=acota, h=acsca@ 

Given 6 and a; a=btana, h=bseca 

Given a and hh; a=sin7a/h, b=V/(h+a)(h—a) 
Given a and b; @ = tan a/b, h =a? + 0? 


Solution of Oblique Triangles. If any three of the six elements (three 
angles and three sides) of a triangle are known, the remaining three can be 
determined provided one of the given three is a side. Any problem will fall 
under one of four cases. 

Case 1. Given one side and two angles. Then the third angle equals 
180° minus the sum of the two given. If the given side be a, then 


b=asin£/sing and c=4a sin y/sina. 
Case 2. Given two sides and the included angle (a, 6 and y). Then 


(a+b) 90° — yy, 1% (a — 8) = tan [tan % (aw + 2) - @ — b)/(a + b)] 
=W%wlatP)+%(a-f) B-*%(a+P)-%(a—f) 


¢=asiny/sina. 


Case 3. Given two sides’a and b and the angle a opposite one of them. 
Then sin 8 = (b, /a) sin a, giving two values of @, one acute and one obtuse 
unless sin? >x,in which case the data are impossible. Calling these two 
angles , and (2 respectively, then 


corresponding to f, y,=180—(a+ BY and c, = asin [sin ce 


corresponding to fo, y2=180—-(a+f2) and c,=asiny,/sina, 


That is, there are two solutions unless yz<o, when only the-first holds. (The 
meanings of these exceptions, sin >1 and y2<o, will become evident if a 
geometrical construction of the triangle is attempted.) 


Case 4. Given the three sides. Jet s denote 4%(a+b+c). Then 
cos%ea=Vs(s—a)/be cos¥aB=Vs(s — b)/ca cos 1% =Vs(s —)/ab 

Spherical Triangles. The intersection of the surface of a sphere with a 
plane thru its center is a great circle of the sphere; an arc of the circle is 
measured by the angle between the radiuses of the sphere drawn to the ends 
of the are. A spherical angle is the angle between two intersecting arcs of 
great circles; it is measured by the angle between their tangents at the inter- 
section. A spherical triangle is a portion of the surface of a sphere bounded © 
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by arcs of three great circles. Spherical triangles are classified in the sam 
way as plane ones; thus, isosceles, equilateral, right, etc. The spherice 
excess of a triangle is the excess of the sum of its angles over 180°. An 
spherical triangle can be solved if any three of its six elements (three side 
and three angles) are given; from the following formulas a solution may b 
made in any given case. The notation is as follows: a, 2, and yy represer 
the three angles, while a, b, and ¢ designate the opposite sides respectivel; 
and e = the spherical excess. 
sina /sin a = sin b/sinf = sinc/siny 
cosic = cosa.cos) + sinasin b cosy 
cosy = = cos a cos # + sin a sin f cos ¢ 
cot 44 e =(cot 14 4 cot 146 + cosy) /sin'y 
A spherical right triangle can be solved if any two of its elements, not including tl 
right angle, are given. In the following / is the hypothenuse, a and b the other ty 
sides, and a and f the angles opposite ¢ and b respectively. 
sina =sinhsina—=tanbeot@: cosa = cosasin 8 =cothtanb 
cosh = cosacosb = cotacot# 


6. Geometry and Mensuration 
Angles. The common unit of angle is the degree (one-ninetieth of a rig’ 


_angle); the degree is divided into 60 minutes and the minute into 60 second 


Another unit is the radian, called also the unit in circular measure of angle 
it is an angle equal to that between two radiuses of a circle which embra 
an arc equal to the radius. Then 


rradian = 180 + m degrees = 57.296°, 1 degree = 0.0175 radian 


. bee 
If an angle a subtends a circular arc whose length and radius are s and 
respectively, then a@=s/r or s= 1a provided that s and r are exprest 
the same unit and a in radians. ; 
Triangles. Let a,b, and c = lengths of sides; a, 8, andy the opposite angl 
h the altitude to the side b, s denote % (a+ 6 + ¢), and A = area. 


Hl =I) bh = V%4basiny = 440? sin ysin w/sin =vVs (s -a)(s—b)G-4) 


Quadrilaterals. Let D; and D2 = lengths of the two diagonals and a the an 
between them, then A= 14D,D2 sina. Parallelogram: let a = one side; 6 = ba 
a = angle between a and 6, h = altitude; then A = bh = absina. ‘Trapezoid; letb a 
B = parallel sides, and h = altitude; then A =14(b + BY 

Polygons, The area A equals the sum of the areas of the constitus 
triangles. For a regular polygon (equal sides and equal angles) let K 
radius of circumscribed circle, r = radius of inscribed circle, a = length o} 
side, » = number of sides, 2 a = central angle subtended by one side; ther 


A=, na? cota = 4 nR’sin 2 a = 1” tana a=2Rsina=artana 


Circle (Fig.11). Circumference L = 277 = 7d. Area’ A=777 = Yr 
Chord C =2rsint4 0. Rise of arc h= 7 (1 — cos 42 6). Arc subtended b 
a=nd x(0in degrees) /360 = 7 (Gin radians); when / is small compared 
C, a= 44 (8c-C); this is approximate, but even when =r, the error 
less than 114%. Sector OMPN: area = area of circle (@ in degrees) /3 
Segment MPN ™M: area = area sector — %4 ry? sin 6; when h is small compa’ 
to C, area = 3% Ch, also h($c¢ +6C)/15, both approximate; when h =4 

- the first errs about 344 % and the second less than 17. $ 
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To Find the Center of a Given Circle, draw a chord and then a perpendicular to 
the chord at its middle point; this line extended in both directions to the circumference 
is a diameter, ets. To draw a circle thru three points: join one of the points with the 
others, thus getting two chords; at the middle points of the chords erect perpendiculars; 
the intersection of these is the center of the circle. If, in the preceding problem, the center 
is inaccessible or the radius is too long for drawing mstruments, proceed as follows, the 
three points being A, O, A’, Fig. 10: draw arcs Aa’ and A’a with centers at A’ and ‘A respec- 
tively; extend AO to determine a and A’O to determine a’; divide aA’ into equal parts 
ab, bc, etc; lay off a’b’, b’c’, etc.equal to ab; join A with any point as b and A’ with the 
corresponding foint b’; the intersection P of these joining lines is a point in the circle. 
If in the preceding problem it is desired to determine points in the circle by ordinates 
as NP, let r = radius of the circle, 4 = rise or center ordinate OQ, C = chord AA’, 
y = any ordinate as NP, and « = ON (distance of that ordinate from the center‘one), 
then 7 = (4h? + C*)/8h, and 


y= VP= 8 - (r—-h)= VP— 8 - VP Oly 


a 


Fig. 10 Fig. 11 


Ellipse (sce also Art. 11). The circumference of an ellipse whose’ semi- 
axes are a and b isz(a + b)k where & is an abbreviation for (1 + c?/4 + c4/64 
+ S/256+---) andc=(@—b)/(a+b). The following table gives & for 
several values of c: © ’ ‘ 


1.0158 


1,0215 
I.031T 
1.0404 


| = 
‘The area of an ellipse is given by zab; the area of any partas ABQP (Fig. 12) 
is xy + ab sin x /a, in which x and y are the distances of P or Q from the axes. 
"Hyperbola (see also Art. 11).. The area of any symmetrical segment like 

PAQP (Fig. 13) is xy —ab : 

log. (w/a + y/b), where 2 a 
and 2 6 are the lengths of 
| the axes of the hyperbola 
and « and y the distances 
of P or Q from the axes. 
 Parabola (sce also Art. 
| 11). The length of any Fig. 12 Fig. 13 Fig. 14 
_arc beginning at the vertex a f 
as AP (Fig. 14) is (67/4 a) [Ve (x + ¢) + loge (We +Vi+ c)], in which c is an 
abbreviation for 4 a2/b?, a and b being distances as marked. The area of a 
“symmetrical segment like PAQP is two-thirds that of the rectangle PEDQ. 
_ Irregular Figure (Fig. 15). To find the area divide the figure into an even 
‘number of strips o/ equal width; the more numerous these strips the more 


: ie ; - 
7 ? 
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u=0 accurate is the result given by th 

gluly idol ns) following formulas. The first of the 
ela ne ¢ 4) 9 ordinates bounding the strips is callec 
Fig, 15 "Vy, the second 4, etc., the numbe 


of strips, w their common width anc 
A the area. The following furmulas give 4 approximately : 


A=wipy, ty, tot 0 Fn +14 y,,), Trapezoidal. 
A=Wwyw (yt t2s2b4Igt toe + 3Ayn2 + 4x1 + Yn), . Simpson’s 
A=w0.4%yt 19, t+ 2+ Isr oe + ng t1-E Yn + 0-4 In); Durand’s 


Simpson’s rule applies only when is odd; when is even the area of m —3 strip 
may be computed and then the area of the remaining 3 strips may be found b; 


A =38w (yo +391 +392 +4), Cotes’s. 


Prism. Let Y= volume, # = altitude, A = base area; V=Ah. Trut 
cated prism: V = the product of the length of line joining the centers of gravit 
of the bases and the area of scction perpendicular to the line. Truncate 
triangular prism: V = product of one-third the sum of the parallel edg: 
and the area of section perpendicular to edges. 

Cylinder. Let V = volume, A=base area, h = altitude; V= Ah. Rig! 
circular cylinder: Let 7 = base radius, ‘SS = area cylindrical surface; V 
neh, S=2nrh, A=zr. Frustum right circular cyl- 
inder: ZI = greatest height, = least height; V =a 
(H + h)/2, S=ar (H+ h). Wedge of right circular 
cylinder (Fig. 16); Let 2C=straight edge of base, p =allti- 
tude of the base (segment, of circle), 20 = central angle 
of the arc of base in degrees, r = radius of base; V = 
IC gr - C) +3 (bp -7) px! 180] h/3 b, S = IC + 
(p—1) $x [180] 2 rh/p. Hollow right circular cyliader: 
R = outer radius of base, 7 = inner radius, ¢ = thick- 
ness =R —7; V=n(R2-P)h =x(2R —Dih=z (er + i)th. 

Pyramid. Let Y= volume, A= ara base, h =altitude; 
V = Ah/3. Frustum of a pyramid: let A and a = areas 
of bases; V = (A + @ +V Aa) h/3. 

Cone. Lct V=volume, A =area of base, h =alti- 
tude; then V=Ah/g. Circular Cone: let r = radius of 
base; V = 27/3. Right circular cone: area of conical Fig. 16 
surface, S = arVP + ie, Frustum of right circular cone: let R = rad 
larger and r = radius smaller. base; V =z (R24 Rr+7°) h/3; S=z (R+ 


V(R-re t+ 
Sphere. Let V= volume, A = area, 7 = radius, and d =diameter. Tl 
eet V=4err=Y%rd; A=47P=xd. Zone: let h=a 


™1 tude, a =radius larger base, 6 =radius smaller base; V= ¥% 
(a? +b? + h?/3); convex A=2 arh; P=? +((e2-b?-P) /2: 
Segment (zone with one base): make b = 0 in formulas 
gone. Sector with one conical surface (Fig. 17): V=% 71 
total A =2r(2h+ a). 
Re, Ellipsoid. yery section is a circle or an ellipse. 
Vig. a, b, and ¢ = the semi-axes; then the volume = % zabe. 
Paraboloid of Revolution generated by revolving a parabola about 
own axis (Fig. 18). Let r = radius of base and a = altitude of parabol 
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then volume = 14 zr?a. Volume of a frustum, R and r being radii of bases 
and h = height (see Fig. 18), is 4r(R2+4 7?) # (approx.) 

Surface and Solid of Revolution. The first may be generated by re- 
volving a plane curve about a line in its plane, or else by a straight line about 
an intersecting line; and the second by revolving a plane area 
about a line in its'plane. The axis of the surface or solid is 
the line about which the revolution takes place. The area and 
volume can be determined by the principles of Pappus and 
Guldinus which are: 

(a) For area A: let 7 = length of. generating curve (must 
not cut the axis of revolution) and x, = distance of its center 
of gravity from the axis; then A = 27x,/. Fig. 18 

(b) For volume V: let a = area of the generating figure (must not be inter- 

; 1 sected by the axis) and 2 = distance of its 
te-pole- R---> ____ center of gravity from the axis; then V =27%ea. 
YY rvs The revolution of a circle about a line in its plane 
7) but not cutting the circle generates a ‘tore,’ or pend 
rae aaa a or anchor ring (Fig. 19). The preceding formulas 
| give its area and volume thus: A = oz 1% (R+1r) 
5 nd=7(R+r) d, and V=anrlg(R+nuré 

Fig. 19 = 2(R+n)d’. 

A Prismoid is a solid with plane faces two being parallel (and called ends) 
and each of the others containing a part of the perimeter of one end and at 
least a point in that of the other end. Let V = volume of the prismoid, A, 
and A» = areas of the ends, A,,= area of the cross section of the prismoid 
midway between the ends, and/= length of prismoid (distance between 
ends); then V=% (A, + A. + 4 Am). : 


7. Interest and Sinking Fund 


Interest, The notation in the formulas is: » = principal, the sum loaned; 
i= rate of interest, exprest thus, 0.06 or 6/100 for 6%; n= time, term, or 
period of the loan in years; a =amount due after years, that is, the sum of 
the principal and interest. When interest is paid only on the principal and 
not also on interest which may be due, the interest is simple; then 7 


@=patim) t=(a-p)/pn  p=af(rt+in) n=(a=>$)/pi 


| The adjoining table gives the simple interest on $100 at various rates for one 
| year, one month (142 year), and one day (149 month, bank practise). 


ee 


| When interest is not paid periodically but regarded ag additions to the prin- 
| cipal, also to draw interest during the remainder of the time, then the interest 
_is compound. If additions of interest to principal are made annually, then 


a=p +i)", 1-VG/p) — x, p=alte + i)", n= (loga- log p)/log (x + 4) 


For semiannual compound interest, @= p(x + 7/2)". The adjoining table 
gives the amount of one dollar at interest compounded annually at various 
rates for various periods. Thus, $2000 at 3% in 20 years amounts to 2000 x 
$1.80617 = $3612.22; the interest earning is $3612.22 — $2000, or $1612.22. 
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Amount (Principal plus Interest) of $1 at Compound Interest 


ae F Rates of compound interest - 


2% 28% 3% 31% 47% 448% 5% 


I t.02000 | 1.02500 | 1.03000 4.03500 | 1-04000. ) 1-04500 1.05000 
2 1.04040 1.05062 | 1.06091 I.07122 t.08160 | 1.09202 | I-10250 
3 z.06121 | 1-07689 | 1-09273 1.10872 1.12486 | 1.14117 1.15762 
4 7.08243 | 1-10381 | 1-1255T 1.14752 | 1-16986 | 1-19252 [.2185E 
5 1.10408 | 1.13141 1.15927 1.18769 1.21665 1.24618 1.27628 
10 1.21899 | 1.28008. 1.34392 1.41060 | £. 48024 1.55297 1.62889 © 
rs | 1.34587 | 1-44830 | 1-55797 1.67535 | 1-80004 | 1.93528 2.07893 
20 4.48595 | 1-63862 y.8061r | 1.98979 | 2-19112 2.41171 | 2-65330 
25 1.64061 | 1-85394 2.09378 | 2-30324 2.66584 | 3-00543 3.38635 
zo | 1.81136 | 2-09757 2.42726 | 2.80679 | 3-24340 | 3-74532 4.32194 
35 | 1-99989 | 2-37321 2.81386 | 3-33339 | 3-94609 | 4.66735 5.51602 
40 2.20804 | 2.68506 | 3- 26204 | 3-95926 4.80102 3.81636 | 7.03999 
45 | 2.43785 | 3-03799 3.78160 | 4-70236 | 5-84t 18 | 7-24825 | 8-9850r 
so | 2.69159 | 3-4371% 4.38301 | 5-58493 | 7- 10668 9.03264 |r1-46749 


An Annuity is a succession of equal sums paid regularly, generally annuall 
each payment is also called annuity, but more properly, installment. T! 
amount of an annuity for a term of years is the sum of the installments pl 
their interest earnings, interest being generally considered as compoun 
Let A = amount; 7 = interest rate exprest decimally (as 0.05 for 3%" 
numberof years in the period of the annuity; and I = (annual) ‘insta 
ment, one at the end of each year. Then A=I[@ +9"%- 1] /2. The f 
lowing table gives the amount of an annual annuity of $x for various perio 
and various rates of interest. ‘Thus, $200 invested at the end of each ye 
of a 20-year period at 4% amounts to 200 x $29.77808, or $5955.62, at thee 
of that period; the interest earned is $5955-62 — (20 x $200) = $1955.62. 


Amount (Installments plus Interest Earned) of an Annual Annuity of $ 


Rates of compound interest 


2% 24% 3% 344% 4% Mo% 5% 


i 1.00000 1.00000 I.00000 1.00000 1.90009 I.,00000 r.o0c 
2 2.02000 2.02500 2.03000 2.03500 2.04000 Z.04500 2.05¢ 
3 3.06040 3.07362) 3.09099 3.10622 3.12160| | 3.13702) 3-15: 
4 4.12161 | 4.15252 4.18363 4.27494 “4.24646 4.27819 A. 31C 
5 -|--§-20404|-5+25633) 530974 5.36247 | 5-41632| 5.47071) 5-5: 
ro |10.94972 r1.20338| 11- 46388) 15-73139 42.00611| t2.28821} 12-57’ 
rg | 17- 29342 | 17-93193 18. s9891| 19-29568| 20-02359 20.78405| 21-57! 
20 | 24-29737 25.54466 26.87037 28.27968 2977898 | 21-g7142 33-06, 
25 |32.03030| 34-5776 36.45026| 38-94986| 41-64597 44.56521| 47-72 
_30 40. 56808 | 43-99279 47257542 51+ 62268 56.08494 | 61 00707 66.43 
35 |49-99448 54.92825 60.46208| 66.67401 973.65222 81..49662 | 90.32 
go |60. 40198 67240255 75-4026] 84.55028| 95-02552 | 10703032 120.79 
45 | 71-8927 8r.51613| 92-71986 Ios -78167 | 121.02939 138.84996 159. 7¢ 
$4.57940 | 97- 48435 112.79687 | 130-9979 | 152-.66708 178. 50303 | 209.34 


A Sinking or Amortization Fund is one created to provide a. def 
sum (for canceling a debt for example) at a certain time; it is usually cre 
by equal and regular contributions or installments and their interest earn 
compounded, that is, by an‘annuity and its interest earnings. Let S= 
amount of a sinking fund; 7 = number of years for its creation; 4,= int 
rate expressed, decimally (as 9.05 when the rate is 5%); and J = ar 


' ‘ 
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installment required, paid “at the end of each year of the period. Then J = 
Si/[(z + 7)” — 1]. The following table gives annual installments required 
to creaté a fund of one dollar (equal to 7/S) in various periods at various 
interest rates Thus the annual installment fiecessaty to accumulate $22 006 
in 25 yéars, at 4%, is 22 600 X $o.o2401, or $§28.22; the interest earning is 
22 000 — (25 X 528.22), or $8794.50. 


Annual Annuity Required to Accumulate $1 (Installments plus 
Interest Earnings) 


Rates of compound interest 


2% 245% 3% 34% 4% Ata% 5% 


1 1.00000 1.00000 I.00000 1.00000 1.00000 1.00000 I.00000 
v3 9.49505 | o- 49382 | 0.49261 | 0.49140 | 0.49020 | 0.48900 | 0.48780 
3 0.32675 | 0.32514 | 0.32353 | 0.32193 | 0-32035 | 0.31877 || 0.31421 
4 | 0.24262 | 0.24082 | 0.23902 | 0.23725 | 0.23550 | 0.23374 | 0.23207 

5 0.19218 |, 0.19025 || 0.18835 | 0.18648 | 0.18463 | 0.18279 | 0.18098 
10 0.09133 | 0.08926 | 0.08723 | 0.08524 | 0.08329 | 0.08138 | 0.07950 
15 0.05782 | 0.05577 | 0.05380 | 0.08183 | 0.04094 | 0.04811 | 0.04634 
20 0.04116 | 0.03915 | 0.03722 |' 0.03536 | 0.03386 | 0.03187 | 0.03024 
25 0.03122 | 0.02928 | 0.02743 | 0.02567 | 0.02401 ~| 0.02244 | 0.02695 
30 0.02465 | 0.02278 | 0.02102 | 0.01937 | 0.01783 | 0.01639 | 0.015065 
35 0.62000 | 0.61821 | 0.01654 | 0.01499 | 0.01358 | 0.01227 | 0.01167 
4o 0.01655 | 0.04484 | 0.01326 | 0.01183 | 0.01052 | 0.00934 | 0.00828 


45 0.01391 | 0.01226 | 0.01080 | 0.00945 | 0.00826 | 0.00720 | 0.00626 
50 0.01182 | 0.61026 | 0.00886 | 0.00763 | 0.00655 | 0.00560 | 6.00478 
The Present Worth of a given sum due at a future time is such a sum which 
if now placed at interest, would amount to the given sum at that time. Let 
p = present worth, a = given sum due in # years from now, and 7 = interest 
rate; then on simple interest basis, p= a/(1 + in), and on annual compound 
p=a/(a +7)". The following table gives present worths, computed at vari+ 
ous rates of compound interest, of $1 due in various periods. For example, aii 
addition to plant necessary 5 years hence will then entail a cost of $8000; how 
much ¢ah one afford to. pay for such addition now, it being without use or ex- 
pense for s years? As muchas the present worth of $8000 due in 5 years at the 
current rate of interest, that is, if the rate is 5 %; 80900 x $0,78353, or $6268.24. 


Present Worth of Sr Dué at a Future Date 


Rates of compound interest 


216% 3% 348% 47% 


0.97561 | 0.97087 | 6.96618 ‘| 0.96154 | 0.95604 
19518 | .94260 | .93351 | -92456 | 91573 
+92860 ~O15i4 -90194 -88906 -84630 
+90505 | -88849 | -87144 | -85480 | .83856 
88385 -8626t -841947 - 82193 - 80245 
+78120 | .474409 | .70892 -67556 - 64303 
- 69047 264186 - 59689 =55526 - 51642 


.61027 -55368 | .50257 -45639 | .41464 
+53939 | -47761 -42315 -37512 + 33273 
.47674 «41109 = 35628 - 30832 26700 
-42137 | -35538 | 29098 | 25342 | -21425 
437243 ~ 30656 ~25257 20829 =17193 
+32017 ~26444 .21266 ~17120 .13796 
«29094 - 22811 +17905 ~ 14071 «11071 
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The Present Worth of 


compound interest will reach 


annuity. Let 


various rates. 
at 4% is $13-59- 


V=the present valu 
The following table 
Thus, 


gives values 0 
the present worth 


Present Value of an Annuity of $r 


an Annuity is 
the same amount as 
e of anannuity J; th 
£ an annuity of $x for various 
of an annuity of $1 for 20 years 
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the sum which now placed at 
will be reached by the 
enV=I[x — (1+2) “Nit 
periods anc 


Annual Depreciation of a property is the neces: 
which will amount to the first co: 
annual depreciation is also exprest in 
of a part of a plant js $10 000 and its li 
3%, the annual depreciation i 
CAPITALIZATION ©} 
ally (a) the annua 


tion is 1.326%. 


necessary to earn ann 


iS 10 COCO 


st of that propert 
percentage of first cost. 

fe is estimated at 40 years, 
X $0.01326,@0r $732.60, ani 
t is the sum of the first cost C and the cap 
and (b) the annual de; 


f a plan 


1 cost of operation O 


Rates of compound interest 
Years . 5 - 
2% 245% 3% 342% 4% 442% 5% 

z | 0.98039 | 0.97561 0.97087 | 0-96618 0.96154| 0.95694 0.95238 
2 1.94156 | 1-92742| 1-91347 1.89969 | 1-88609 | 1.87267 1.85941 
3 2.88388 | 2.85602 2.82861 | 2-80164| 2-775°9 2.74896 | 2.72325 
4 | 3-80773'| 3-763197 | 3-72720 3.67308 | 3-62089 | 3-58753| 3-54595 
5 4.71346 | 4-64582 | 4-5797% 4.51805 | 4-45182| 4.38998 | 4- 32948 
10 8.98258 | 8.75206 8.53020 | 8.31660 8.11090 | 7.91272 49-7217: 
15 12.84926 | 12. 38138 | 11-93793 11.51741 | I1-11839 | 10.73955 10.3796 
20 | 16.35143 | 15-58916 14.87747 | 14-21240 | 13-59033 13.00794 | 12-4622 
25 19-52346 18. 42438 | 17-41315 16. 48151 15.62208 14.82821 14-0939. 
30 | 22. 39646 | 20-93029 19.60044 | 18. 39204 | 17-29203 16. 28889 | 15-3724 
24. 29862 23.14516 21.48722 20.00066 | 18.66461 17. 46101 16.3742 
27-35548 | 25-10277 23-11477 | 21-35597 19.79277 18. 40158 | 17-1590 
29.49016 26.83302 24.51871 | 22.49545 20.72004 | 19-15635 | 17-774° 

31. 42361 28. 36231 25.72976 23-45562 21.48218 | 19. 76201 18.2559 

ail 


sary annual installment of the annt 
y at the expiration of its useful 


Thus, if the first ¢ 
then if money is we 


d the rate of depre 


ciation D; that is, if 7 is the interest rate, capitalization equals C + (0+ D)/i, T 
if in the preceding illustration O = $500, the capitalization equals $10 000 + ($50 
$132.06) /o.03 = $31 068- ; 
Annual Annuity for Various Periods which $1 will Purchase ~ 
Rates of compound interest 
27% 244% | . 3% 316% 470 416% 5% 
y.02000 | 1.02500 | 1-03000 | 1-03500 z.04000 | 1.04500 | 1-05¢ 
0.51505 0.51883 0.52261 0.52640 | 0-53020 0.53400 | 0-537 
0.34675 | 0-35014 | ©-35353 0.35693 | 0-36035 | 0-35377 0. 36; 
0.26262 | 0.26582 0.26903 | 0.27225 | 9-27549 | °- 27874 | 0-28: 
0.21216 | 0.21525 0.21835 | 0.22148 0.22463 | 0-22779 | 0-23 
0.11133 | 0-11426 | 0-11723 0.12024 | 0-12329 0.12638 | 0.12 
0.07783 0.08077 | 0-08377 0.08683 | 0-08994 | 9-093TT 0.09 
0.06116 | 0.06415 | 0-06722 9.07036 | 0-07358 0.07688 | 0.08 
0.05122 | 0.05428 | 0-05743 0.06067 | 0.06401 0.06744 | 0-07 
0.04465 | 0-04778 | 0-05102 0.05437 | 0-05783 0.06139 | 0-06 
©.-04000 | 0-04321 0.04654 | 0.05000 0.05358 | 0-05727, 0.06 
0.03656 0.03984 | 0-04326 0.04683 | 0.05052 | 0-05434 0.05 
y 0.03391 | 0.03727 | 0-04079 0.04445 | 0-04826 | 0-05220 0.08 
50 9.03182, | 0.03526 0.03887 | 0-04263 0.04655 | 0.05060] 9-0: 


The formula for this table is i/[z— F + a-". 
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ADVANCED MATHEMATICS 
8. Differential Calculus 


Definitions and Symbols. In a discussion of quantities, a constant is 
one regarded as having the same value thruout, and a variable is one sup- 
posed to take different values. When several variables are related, their 
values being interdependent, each is a function of the others; thus the area 
and the base of a triangle of constant altitude being definitely related, these 
quantities are functions of each other.. Also any expression containing the 
symbol of a quantity is a function of that quantity; thus ax*+bx-c is a 
function of #, and ay? + bx is a function of wand y. The following abbrevi- 
ations are used: f(x), F (x), p(x), etc., for functions of «; f(x, y), F(x, ¥); 
(xy), etc., for functions of x and y, etc. The letters f, F, d, etc., are func- 
tional symbols; and f(x) and f(y), or # (x) and F (y), denote the same func- 
tions of » and of y; thus if f(«) denotes x? + 6” — 7, then f(y) denotes y? + 
6y—7. When y=/(x) as y=x9+ 4, the equation being solved for y, 
then y is an explicit function of «; but in F (x,y) =0,as xy + 4.97 = 9? = 0, 
the equation not being solved for y, then y is an implicit function of w. If 
y =f (x), and for each value of x there is only one value of y, then y is a 
single-valued function of «; if for each value of x there is more than one 
value of y, then y is a multiple-valued function. 

Tf two variables « and y are related and «x is regarded as taking on any values and 
then y its corresponding values, x is the independent and y the dependent: variable. 
When any variable « changes from a value a to a value 2», the difference a» — ay is an 
increment of x; any increment of x is denoted by Ax, alSo dx. An increment of « may 
be positiv or negativ; when negativ, the numerical value of the increment is called decre- 
ment. A variable regarded as taking on equal increments is an equicrescent variable, 
If in y =/ (x) all equal changes in « produce equal changes in y, then y is a uniform 

» variable with respect to x, and the graph of y =/ (x), is straight. The rate of y with 
respect to x, or the x-rate of 4, is the change in y per unit change in x. If x2— 941, or Ax 

(Fig. 20), is any change in x, and yx — 3), or Ay, is the corresponding change in y, then 

the a-rate of y is (ye — 91) /(x2 — 21)=Ay/Axw. Ifin y =/ (x) all equal changes in x 

do not produce equal changes in y, then y varies non-uniformly with respect to x, or at a 

variable rate; the graph of y =f (x) isa curve. The average rate of y with respect to x, 

or average x-rate of y, for any change in x, is that constant rate which would give the 

actual change in y due to the change in x. For the change a» — a1 in » (Fig. 21) this 
constant rate is (y2— 91) /(w2 — x1), or Ay/Ax, and is represented by the slope of the chord 

AB. The actual x-rate of y when x = x4, say, is the value which the average rate 

Ay /(%2— x1) approaches as x2 
_ is taken closer and closer to x1; 
_ this limiting average rate, or 
actual rate, is represented by the 
slope of the tangent at A. As 
49 =/ (x), the x-rate of y is also 
the x-rate ot f (x). 

The Derivative, the dif- 
ferential coefficient, and the 
derived function of y or A mH 
11), 9 being equal to f(s), sae? aes 
with respect to x are expressions which denote the x-rate of y or of f(x); the 
' first is the most common, There are several standard notations for this 
quantity: thus, Dey or Df (x), yx or fx’(«) (the subscript is generally 
omitted), and dy/dx or d/dxf («). The last two are the most common sym- 
bols and have the advantage of suggesting how the rate is obtained in the 
firstinstance. If the curve in Fig. 21 is the graph of y = f(x), dy /dx = tana 
(when « = x,), a being the slope angle at A. The derivative dy/dx is essen- 
‘tially one quantity, but may be regarded as a fraction provided that dy and dx 


eget tm 
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be regarded so that their ratio equals tan @; thus if dx is regarded as a fin 
increment of x, equal to Ax, then dy must be taken as CD, not equal to 2 
So taken, dy is the DIFFERENTIAL of y with respect to *; it is an hypotheti 
increment of 9, equal to the increment which occurs in y fer a change iz 


function. ‘The following “formulas give differentials (and derivatives 
division) of some simple functions. Differentials of many other functi 
can be abtained by combining formulas; thus according to the formula 
d (uv), d (sin x - cos ¥) = sin w+ d (cos #) + cos ® = d (sinx), and as gi 
d (cos #) = — sin x dw and d (sin x) = cas x das; hence d (sin » - cos ¥) = 7 si 
dx + cos? de. In the formulas, a and # are constants, e is the base of 
Naperian system of logarithms, and in each case the differential of the fi 


tion is given with respect to x. y 
d(a+~) =d d(ax) = a dx dx = nxt dx Z 
dex =e*dx da¥ = a* logea dx dlogex = dx |x 
dsinx  =cosxdx dcscx = — cse x cotwdx 
d cosx = -—sinxdx dsecx =secxtanx dx 
dtany  =sec?xdx deot« = —cs@ «dx 
dversx =sinxdx dcovers ¥ = — cos#d% 


dsin24 = dx/Vi—% = — des | ® 
dtantix =dx/(r+%*) = = dcot?s 
dsecta =dxizVe =1--dee 7s 
dyers }w = dx[V 26a = — dcovers ¥ 


dsithw =coshxdx desch x = — esch x coth # dx 
dcogh = sinha dx dsech« = ~sechs tanh» dx 
dtanha =sech?» dx - @coth « = — esch* x dx 
dsinh x = dx[V +1 deschy = — dix Vit 
dcosh “x = dx |x? —1 dsecht x = = dx/xVr =F 
dtanh ~~ = dx/(x — 7”) dcoth x = — dx /(x? — 1) 


In the four following, #, V, ete., are functions of x and all differenti: 


with respect to 4: ~ 
d(u¢o+w+.».)= du+ dus dwt. d (uv) = udu + ve 
d(www . ..)=[duju+ dvjv tdwiwt -. - )uyH v~ ‘ 


d (uv) = (v du — u dv) |v ' 


Partial Derivatives and Differentials. The partial derivative of a func 
two or more independent variables with respect to one of them is the derivation 
function obtained on the suppositian that the others are for the time being co1 
the partial x-derivation of a function # is written Ou/Ox, also (du /dx); for e3 
if = 93+ 4ay + oF + 2, Au/Ox =49 + 2% and au/Oy = 39% +4x. Tfu(or 
function of two independent variables, the partial derivatives have geometrical 
cance. The equation 4 =f (*, y) represents a surface; suppose that APa, Fig. 2 
intersection with a plane parallel to ZOX, and BPO its intersection with a plane 
to ZOY; on these curves ¥ and x respectively are constant. PT’ and PT” are tan 
the curves at P as shown, and the slopes of these tangents represent Oz/0x anc 
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espectively. The partial differential of a function’ of two or more independent variables 

vith Tespect to any one of them is the differential of the function obtained on the 
uppysition that the other variabies are, for 

he time being, constants. Thus if 2 = 43 - 
- nat «+ 2, the x-partial differential of z 
4.902 + 2adx and the y- partial differen- 
ati is 39°dy + 4xdy. If z is a function of 
mly two independent variables the partial 
liferentials have geometrical significance. 
f Pm and Pn are taken to represent the 
ifferentials dx and dy respectively, then mT’. 
nd #T” represents the x- and the y-partial 
ifferentials of z, Also these partial differen- 
ials are equal to [02 /Qx] dx and [2/05] dy. 
Total Derivatives and Differentials. 
The total differential of a function of two or 
nore variables is the differential obtained 
n the supposition that all change. It equals 
he sum of the partial differentials of the 


Fig, 22 
unction with respect to the several variables; thus if a =f (oyz), 


_ Ou Ou Ou 

dy + —dy+ —d 

RPG, HF ge PN oe A 
f % isa function of only two variables, du has a geometrical significance. Thus if s = 
(x, y) and Pm and Pn (Fig: 22) are taken as dx and dy respectively, then CQ represents 
s. The differential dz then is a hypothetical and not the actual increment, Ce in 2 
ue to changes dx and dy in x and y. The total derivative of a function of two or 
jore variables all dependent on a single variable is the rate at which the function changes 
er unit change of that variable; thus if « = f (x, y, 2) and x,y, and gare all functions of ¢, 

: du _ dudx rf Oudy | On dg 


di Oxdt Oydt Oz dt 
nd similarly for any number of variables. If the independent variable is x say, then - - 


du _ Ou , Oudy | Ouds 
dx Ox Oydxs Os dx 


Successive Differentiation is the process of finding derivatives or differentials 
f derivatives or differentials. ‘The successiye derivatives and differentials — 
re called first, second, third, etc., derivatives and differentials, and of the first, 
scond, third, etc., order; those of the second, third, etc., order are “higher 
erivatives” and higher differentials. For the successive «-derivatives of y = 
'(%) the following symbols are used: 


first, Dy, 9’, f(x), and dy [de 
second, D (Dy) or D*y, y”, f(a), and d/dx dy /dx or dy /dx? 
third, ‘ Dy, 9%, f’""(x), and dy /dxt 


‘he first x-differential of y is dy, the second @y, the third d*y, ete, 
For the successive partial derivatives of u =f (xy) the following symbols are used: 
first partial «derivative 0u/Ox, first partial y-derivative Ou/Oy 
second partial «derivative 0°u /O2*, second partial y-derivative 0? /Oy? 
The first partial x-derivative may be taken with respect to + and the second with respect 
9 this second is written 0°u/Oy8x. Similarly 02” /O~0y means the x-partial derivative 
derivative of «. But the order of differentiation is immaterial, that is, 
“years /O~dy, and this independence js true for any number of successive differ- 
itiations with respect to any number of variables. 
‘Maxima and Minima. A maximum value of a function is one which is 
gebraically greater than, and a minimum value is one algebraically less, 
a fj 


y 
e- 
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than its adjacent values. Thus, if the curve in Fig. 23 is the graph of y = J 
4, Ja, and y, are maximum values of y or f (x) and ¥4. V5 and y, are minit 
values; again, imagine “= f (9) graphed, ¥ and y independent vari 
plotted on horizontal axes and ~ vertically, thus defining in general an UW 
lating surface; then the valu 
u corresponding to high and 
points of the surface are maxi 
or minimum values of w or f( 
Maximum and minimum v 
are also known as turning vé 
the values of the independent 
able or variables correspondi 
turning values are critical values. The following formulas refer to mé 
and minima, like y, and y4, where the tangent line is horizontal and not tc 
like y, and y; (rare), where the tangent line is not horizontal. At maxim 
minima of the first kind the gradient dy /dx changes sign gradually, a 
the peaks the change of sign is sudden. From this property peak val 
a function can be obtained “ by tria » with dy /dx. 

(x) Turning value of y = SF (x): Solve f’ (x) = 0; any root obtained, as *1, is a 
value if the lowest «-derivative of y which does not vanish for x = %1 is of an even 
the turning value, f (1), is a maximum or minimum according as that lowest o-der 
is negativ or positiv for * = x1 ‘ 

(2) Turning value of y in f (x, y) = 0: Solve Of (x, y) /O% = 0 and f («, 9) = 9 
taneously for « and 4; the values obtained, «1 and y1, are critical and turning 
respectively if Of (w, y)/0y, does not vanish for *« =o1 andy = 91} 91 is maxir 
Sore according.as [— 0% (7, y)/Ox7] = [OF (x, ») /Ay)) is negativ or positiv for 
and y= J1- 

(3) Turning values of u =f (, y): Solve Of (x, 9) Ox = 90 and Of (x, 92/09 = | 
taneously for « and y; the values obtained, a and 41, are critical values if [07 (, 
[a% (0, 9) [v1 — [04 (wx, 9) / Ox? is positiv for « = a and y = 945 

u isa maximum t ap OF (om Mand OL & on, sacra { negativ 
uv is a minimum Ox? Oy? ] positiv 


Fig. 23 


Indeterminate Forms. In general a function. of a variable has a 
value for any particular value of the variable; yet the values of som 
tions for special values of the variable lead to expressions like o Jo, 9: 
the like, which are so-called indeterminate forms. For example, the f 
(x — cos x) /x for # = 0 hecomes o/o and (147 — x) tan x for «= z,/2 is 

(x) The quotient f (x) + F (x) becomes o/o for a particular value of « as a: 
terminate form equals the value of f? (x) + FY (w) when. = 4 if this ratio i 
indeterminate form, the original one equals” (x) + FF” (x) when w = 4. 

(2) The quotient f (x) + F(x) becomes © /#® when» = a: the true value 
obtained as in case (1). | p 

- (3) The product f («) x F (#) becomes 0+ when « = a: the product equal 
{x /F (x)] which takes the form o/o when « = @ and may be evaluated as in (x 

(4) The difference f (x) — F (x) becomes © — © when = a: the differen 
$ (x) + ¢ (x), case (x), where ¢ (x) = /F@|-hs (x)| and ¢ (*) = riff ¢ 

(g) The function [7 (x)|/ @ becomes 1°, o’, or 0° when « =a: the functi 
-f @logF(*) (the logarithm being Naperian), and the value of this form can 
f («) log F (x) can be evaluated; but f (w) log F (x) falls under case (3). 

Maclaurin’s Theorem expresses the law for the expansion of a 
of a variable in a series of ascending powers of the variable, thus, 


ferefey+ 24m H+ GIMO* = 


wherein f(o) means the value of f(«) when # =o and f’(o) is the 
f(a) when x = 0, etc. 7 : 
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As illustration, cos « is here expanded by Maclaurin’s theorem: f (%) = cos x, f’(x) 
- —sin x, f”(~) = — cos x, f’” (@) = sin x, f(x) = cos x, etc.; f(0) = 1, f(0) = 0, 
Ho) = — 1, f"(0) = 0, f’"(c) = 1. Hence cos x = 1 — x/2l + x4/4l—... 


Taylor’s Theorem expresses the law for the expansion of a function of a 
ariable plus an increment in a series of ascending powers of the increment; 
ius #, denoting an increment of x, 


f+ =f) +21) + 57%) +S Pa) + 


To expand cos (~.+ h) by Taylor’s theorem: f(x) = cosx f’(x) = —‘sinx, f(x) 
= — cos, f(x) = sin x, f’”"(x) = cos x, etc., and cos (w% + h)= cosx(r—h2/2!+h4/4! 
-...) —sinw (h— 3/3! + h/s! —.. .). 


9. Integral Calculus 


Definitions and Notation. Integration is the process of determining 
function from its derivative or differential; it is the inverse of differentiation. 
‘he function is called the integral of the derivative or differential; also anti- 


lerivative and anti-differential. The symbol of integration is |. Thus 
he x-derivative of / (#) being written f(x), f f(x) =f («), but integration of 
he differential instead is generally indicated, as ff") dx = f (x); dx indi- 


ates the ‘variable of integration,’ f’(«) is called integrand, and the result 
f the integration, that is, the function determined / (x), is the integral of the 


lerivative or differential from which it is found. Strictly f St’ (x) or f S'(x) dx 


= f(x) + C,C being a constant, called constant of integration; f(x) is called 
he indefinite integral and f(x) + C the general integral. In a general in- 
egral the constant of integration is an arbitrary constant, but in a partic- 
ilar problem of integration it has a special value determinable from data of the 


sroblem. Thus, suppose in a given case it is known that when x = a, | f’(x) 
=A, then A = f(a) +CorC = A —f(a); and f(x) +A —/ (a) is a particular 
ntegral. 


Integral Forms. In the following formulas K is the constant of integra- 
‘ion; a, b, c, A, B, m; and 1 are constants; logarithms indicated are Naperian, 
und ¢ is the base of that system (Art. 2); Y is an abbreviation for a@ + bx, Z for 
b+ bx + cx®; and“ and v are any functions of x. 


fadu=a f du f@+dae- fude+ [ode 


| y +1 d 
fu dv = uv — ff vaw fvras- +K 
b (+b 


se cy, dx 

| SFr ferv+k — ed alog VY) +K 
wddx 1 a 

alu 4 5) +x 

3? dee 2 

at = 5 (4 ¥?=20Y + olog ¥)+K 
dx 1 


ae is (¥-s0leav-$) + 
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fsineede = ~ cosw + K fsinax+ bd = - Z 00s (ax +0) + K 
f sin? x de - —Y¥cosxsinn + ex + K 


ap ee 
" cosxsin®™— x nm—t z 
f sin” wax - = + f sin*—? % dx 
nN 


J cossedx = sins + K feos (axe+ b) dee = 5 sin (ax +) + K 
Sf cost de = Ysinxcosx+ Yat K 


sinxcos* tx m—I 
J cos" x dx = —————_ + cos*— x dx 
Nv n 


sin x cosxdx = 14sint'a + K 


SY 


cos(a+b)a% cos(a—b)x 4K 


sin ax cos bx dx = — 
4 2(a +b) 2(a—6) 
3 XN sin(a—b)x sin(a+b)x 
fsin azesin bo dx = (ae ) HK 
2(a=b) 2 (a+b) 
, sin(a—b)x%. sin (a+ 6)x 
cos ax cos bu de = 
2(a—b) 2(a +b) 
: cos* tt. : sin’ +! x 
frost xsin ndv =~ +R f sint x cos dit = + K 
w+ N+t 
: sin’t! yx cost 44 1-1. 
sin” « cos” «dx = ; + f sin" % cosa 
m+n m+ 1 
sin” x cos#t4  om—-1 (. ee 
=e a2 J sin? cos" da 
m+n m+n 
fx sinx dx =sinx —xcosx+K 
ff s?sin x de = axsinx —-(x? — 2)cosxt+K 
fe cos x dw = cosa + wsina + K 
Jf x cosxedx =2mncosx + (2 — 2)'sinn+ K 
tonsa = -logcos x + K fran? ede = tana - 94K 
J cot x de = login + K ff cov ade = —cotx-x#+K 


[seca dx = tg tan (Er 2) + f cscade = log tanya + K 
f sin a de a ysinate + Vr — of aK 


Sicost ada x cost eV Fa eK 
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from xdx = xtan— x — 1% log (1 + a?) + K 
fico x dx = xcot1#+ Ylog(1+o°)+K 
f vers wd = (@ — 1) verso 4V 24-2 +K 
: | w 6 
fe asta B frogs dis + wlog x — 0+ K 
f (log x)* doc = x (log x)” — nf (log «)*~? dx 


fees (og x)", —— (log xyth+ K 


u dx I I K 
x (log s)* nT (log x)" r 
Foca err 
fora ee +K fre dx = —— (aw =—1)+K 
fe 


a 
Ws dx = sg Ha sah a Dg 
; a a 
ee i aiea a eo. 
ofp dx = — =e f = dx 
x (m — 1).x” n-1J x” 
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fe log ax Se eS = (= dx 
a ay 26 


: e* (sin % — cos x 
ff ersinxay = SACS Laem 2, +K 
2 
: e* (sin + cos + 
ff ecos 2 dx = ee oe + K 
2 


5 
Definite integralsresult from integration between “limits”; thus f° f(x) dx = 
a 


Tf) =f (6) -— f(a); @ and B are “lower” and “upper limits” respectively 
and (b—a) is the “range” of integration. Interchanging the limits in a 

" definite integral changes the sign of the result, and a definite pipes can be 
| k _ exprest as the sum of several other integrals; thus 


[  Sre@as— frees and ff (x) de = frees fse@ae 


"Approximate Integration. An approximate value of if J (~) dx between 


any limits as #, and x, can be obtained as follows: divide the range ~, — x9 
into an even number (m) of equal parts (w) and compute the values of f(x) 
when w = %, xy + Ww, %)+2w,+.%.; %,and call these values yo; Vy, Yay = = +s Vote 
‘Then substitute in an approximate formula for the area of an irregular figure 
(Art. 6), as Simpson’s for example; the value obtained for A is an approxi- 
_ mate value of the integral. If the values of « and y be plotted and a smooth 
curve be drawn thru the points obtained, then the area between the curve, 
the « axis, and the end ordinates y, and y» represents the integral; and the area 
according to the proper scale in a given case equals the integral. If the area 
‘is cut by the # ams, the parts above and below should be regarded as pales 
and i respectively. 
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.10. Plane Analytic Geometry 


Plane Coordinate Systems. For rectangular coordinate systems, Ss 
Art. 3. An oblique coordinate system is like the rectangular except that 1 
coordinate axes are not at right angles, and in the oblique the » ahd y coore 
nates of a point are measured parallel to the « and y axes respectively. Re 
tangular afid obliqte systeris are called Cartesian. T! 
POLAR COORDINATES of a point P (Fig. 24) are its di 
tance from some point or pole O and the angle betwe 
a reference line ds OX and the line joining P and ¢ 
the line OP is the radius vector of P. Change or trat 
formation of coordinates from one system to anoth 
can be made from x = r cos ¢, y =7 sin, or sin P= 
cosh = w/t, f= V+ 9®; the reference line and p 
of the polar system and the axes of the rectangular system must be related 
shown in the figure. For example, the equation of the circle (Fig. 25) w 
respect to axes OX and OY is 2 +.9? = 2 ay, @ being the radits; its po 
equation with OX as reference line and O as pole is cos’ + r* sin? ¢ 
2arsing, or#=2asing: 

Transformation from a set of rectangular axes to a parallel set: XOY (Fig. 26) is 
original set, UQV the new, and (x, 91) the coordinates of the new origin @ with res} 
to the original set; then P being any point whose coordinates with respect to the two 
of axes are (x, y) and (a, v) respectively, « = +oaandy =v + 91 


Fig. 24 


Fig. 27 


Figs 25 Fig. 26 


For example, the equation of the circle (Fig. 25) with respect to the axes XOY | 
x? + 5? = 2 ay, {ts equation with respect to UQV is / 
(eto + (uta? =20 +4), or + =a 
Transformation from a set of rectangular axes to another set, they having acon 
origin but different directions: XOY (Fig. 27) is the original set, UOV the new, a 
denotes the angle through which OX must be turned to bring it into OU, a being p 
for counter-clockwise turning; then P being any point whose coordinates are as sh 
x =ucosa —vsing and y = sin a+ vcosa. For example, the equation o 
circle (Fig. 25) with réspect to XOY being x2 +4? = 2 ay its equation with resp 
UOY is (ucos 45° > ¥ sin 45°)? +, (wsin 45° + v cos 48°)? = 2a (sin 45° + v-cos 
ori +8 = aV2(u +2) \ 
Straight Line. When a straight line lies in a coordinate plane (Fig. 
by its slope-angle is meant the angle thru which XJ must be turne 
bring it into the line, the arigle being regarded as positiv or negativ acto! 
as the turning is counter-clockwise or not, and by the slope or gradient o 
line is meant the tangent of its slope-angle: OM and ON are the “‘interce 
cut off by the line on the coordinate axes, and thé intercepts are rege 
as positiv’ or negativ according as they lie on the positiv or negativ) 
of the coordinate axes. The equation of a straight line is of the first de 
its gehetal form being Aw + By + C= 95 written in the form y= mo 


1 
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wi is the slope of gradient of the litie, atid b the intetcept on the ) axis; written 
ih the form »/é + y/b =i, a and b are the intercepts On the # and y axés _ 
tespectivély: The éusidtion of 4 liné whose slope is wi atid containing the 
point (&,,9,) S y=, = m (% = #,)} the @qudtion of a line containing the 
points (x,, y,) and (%2, 92) isy — V, =(% - #1) (2 — 91) /(x2 — &}); the ‘eqtiation 
of a line whose angle with the « axis is aahd distance from the origin is 9, is 
ycosa—xsina=p. (See also Ait. 8.) 


Fig. 28 Fig. 29 


Equation of a Curve. The equation of a curve referred to any coordinate 
reference frame is an equation between the coordinates of any dnd all points 
on the curve. When rectangular or oblique cootdiiiates x and y are used, 
it is ah equation between x and y; when polar coordinates r and ¢ ate used, 
it is an quation between? and ¢ and is called the polar equation of the curve. 


Tatigents, Noritidls,; Asymptotes. The TANGENT to a curve at P is the 
limiting position of 4 sécarit PP’ (Fig. 29) as P’ is taken nearer and néarer 
té P. The NORMAL at P is 4 pétpendicular to the tangent there, and in the 

lane of the Curve. Geti&rally thesé are understood to be lines of indéfinite 
ehgth, but when they ate referred to ds of defittite lengtlis, thé parts between 
the poifits of tangeticy and the » axis are meant, PT and PN: The sub- 
tangent and the subnormal aré the projections of the défihite tangent and nor- 
mal on the x axis, AT and AN iespéctively. If 4 -curvé extents to 4 point 
of which oné (or both) of the coordinates is infinitely grett, then the tangent 
at that point is an ASYMPTOTE of the curve. The equation of the tangent to 
a curvé at a poitit P at (x,, 4) is y = 9 =(dy /dx)(# = «), and the equation 
of the nornial at that. point is y— y, = —(dx/dy)(«@ — %,). The definite 
tangent PT =y,ds /dy; the definite normal PN = 4,ds /dw; the subtangent AT 
y,dx /dy; and the subhormal AN = yyy /dex: 

Curvature: ‘The total curvature of an atc PP’ (Fig. ba)i is the atigle Betwead 
the tangents to the curve at the poihts P and P’. The average curvature - 
of the arc is the ratio 6f the curvature to the length of the arc; ot Aa/As, if 
Aa is the total curvature and As thé length of are. The ctirvature at 4 point 
P of the curve is the limiting value of the average clitvature as P’ approaches 
P, that is, do /ds; also Curvature is given by 


e-2/E-@r 


" When for any arc the tangent lines are only slightly inclined to the ¥ axis, 


then dy [dx is néatly zero for all points on the curve and the curvature is 


: approximately equal to Py /di2, 


and P’€ are normals to the curve at P and P’; as P’ is taken nearer 
and nearer to P, the intersection of the normals moyes along the norma} 
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at P, approaching a definite point on that normal. This definite point is the 
center of curvature of the curve for the point P; the line joining the centel 
and P is the radius of curvature of the curve at P, and a circle with that center 
and radius is the circle of curvature of the curve at P. If R denotes the radius 


of curvature, then it ds dy\"1% Py 
da , oh (3) | dx? 
~ and if », and y, denote the coordinates of the center of curvature correspondin; 
to any point («, 7) on a curve, then 
xp=a-Rdy/ds and 9,=y+ Rdx /ds 
and for R, dy /ds and. dx /ds must be substituted, their values corresponding t 
the point (x, y). 
Evolute and Involute. The line determined by the centers of curvatur 
of a curve is the evolute of the curve, and the curve is an involute of the evolute 
Thus C,, C2, and C, (Fig. 30) being centers of curve 
ture for points on P,PsP;, they lie on the evolute ¢ 
P,P,P3. The radii of curvature P,C,, PC, and PC, a1 
tangent to the evolute; and the free end of a threa 
fastened at C,, wound around the evolute and stretche 
into the position C,C,P,, would, when unwound, descrit 
P P,P, an involute of C {CsC,: The free end of ashort 
cord, as C,C,Q,, would, if unwound, describe: Q,0,0 
another involute of C,C3C,- All points of the straig] 
part of the thread describe parallel curves all of which a 
inyolutes of C,C,Cy,, and C,C,C, is the evolute of all tl 
parallel curves. . The equation of the evolute of a give 
curve, f (x, 9) = 9, can be. obtained by eliminating x ar 
y from f (x, y) = 0 and the equations for the coordinat 
of the center of curvature; then the final equation (free 
- from «’s and y’s) is the equation sought, and, bei 
regarded as the variables in it. ; 
Gradient, Conyexity and Concavity. The slope-angle of a curve at a 
point of the curve is the angle which the tangent line to the curvé makes wi 
the positiv « axis; the gradient or slope of | 
the curve there is the tangent of the slope- Ry Second denjuativg 
_ angle; it is given by the value of dy /dx for Vee eit yetial ew oe 
that point of the curve, This derivative 
is positiv or negativ according as the curve 
extends upward and to right, or left, (see 
Fig. 31 for all possible cases). The second 
' derivative d?y /dx* relates to the bending of 
the curve. Itis positiv or negativ according 
as the curve is concave or convex upward 
(see Fig. 31 for all possible cases). 
Envelope. An equation of a curve con- 
tains one or more constants, called)PARAM- 
rrprs; thus in y= 4%+ 2, the equation 
of a straight line, 4 and 2 are parameters. Faye 
The equation y= mx + 2 represents an infinitude of straight lines, one 
each possible numerical value of m; a literal parameter, as ™, regarded 
capable of taking on different values is a variable parameter. The diagr 
representing an equation ‘with a variable parameter is called a FAMILY 
QURVES, and ‘the parameter is the parameter of the family. In general 


‘ 
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bola and ellipse. 
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thembers of the family intersect; the successive intersections of members lie 
on some line, and the line containing the successive intersections of all mem- 
bers of a family is the envelope of the family. In general, the envelope of 
a family touches each member. If (x, y, a) = 0 is the equation of a family 
of curves, the equation of the envelope may be obeaiaed by PP netae a 
between f (x, y, @) = o and Of (x, y, @)/da = 0. 

Singular Points. An inflection point of a curve is one where the curve 
crosses the tangent line at the point and bends’ away from the tangent in - 
opposite directions on opposite sides of the point (Fig. 32). (The tangent. 
is an inflectional tangent.) At an inflection point dy /dx? = 0, and to locate 
an inflection point on a curve (having one) whose equation is y =f (x), get 


Fig. 32 j Fig. 33 Fig. 34 - Fig. 35 


f(x), that is, dy*/dx?;:equate to zero and solve for ; from that value of x 
and the equation of the curve get y; in general (x, y) isan inflection point. 
To make sure that it is, determine whether f’(x«) changes sign at the point; 
if so, it is an inflection point. When two or more branches of a curve. inter- 
sect, or cross one another (Fig. 33), the point of intersection is a multiple 
point; if two branches cross, the intersection is a node: At a multiple point, 
dy /dx has two or more real unequal values and y at least two equal values.’ 
A cusp is a point of a curve where two branches have a common tangent; 
if the two branches stop at the point the cusp is single (Fig. 34); if not it is 
double (Fig. 35). 
11. Conic Sections 


A Conic is a curve traced by a point moving in’a plane so that the distance 
vf the point froma fixt point is in a constant ratio to its distance from a fixt 
line, the point and line lying in the plane. The fixt point is the focus, the 
fixt line the directrix, and the constant ratio the eccentricity of the conic. 
if the directrix is taken as a y axis, a line perpendicular-to it and passing thru 
the focus as the « axis, d to denote the distance between focus and directrix, 
and e the eccentricity, then the equation of the conic is (v — d)? + y? = ex. If 

¢ >1, the equation represents a hyperbola 
€ = 1, the equation represents a parabola 
¢<.r, the equation represents an ellipse 
€ = 0, the equation represents a circle 
Hence the circle is a special case of the ellipse, 
and the parabola is a limiting case for both hyper- 


The general second-degree equation. between 
two coordinates « and y, Ax*+ 2 Hxy + By? + Fig. 36 
2Gx+2Fy+C =o, represents a conic, It is an ; : 
ellipse (or circle), parabola, or hyperbola according as 4B — H? is positiv, 
zero or negativ; but if ABC + 2 FGH — AF? - BG — CH? = 0, the conic is a 
“degenerate,” it being a point,two intersecting straight lines, or two parallel 
straight lines in the three cases ‘respectively. 

‘A conic may be defined with reference to a double right cone with a circular pile 
whence the name conic. Let AA (Fig. 36) be the axis of such a cone, CyCy and CeCe 


“elements of the surface in the plane of the paper, and let HH, PP, EE, and CC represent 


planes perpendicular to the paper; then HH, which cuts the elements on opposite sides 
of the vertex O, cuts a aoe from the surfaces PP, which is parallel to an element 
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cuts off a parabola, EE which cuts the elements on the same side of O and is not perpen 
dicular to, the axis, cuts off an ellipse, and CC, perpendicular to the axis, cuts off a circle 
For mensuration of the conic sections, see Art. 6. | 
Circle. The equation of a circle of radius r is, if the center is at the origit 
of rectangular coordinates, «* +9" = r?; if the center is at a point (, db) th 
equation is (# — a) +(y — be =r. Any equation of the form As? + Ay? 4 
2 Gx + 2 Fy + C =o, A not being zero, is the equation of a circle. 
An Ellipse is a curve such that the sum of the distances of any and ever 
point on it from two fixt points is always the same (Fig, 37). The two fix 
points are foci of the ellipse, and the distances of a point on the curve t 
the foci are focal distances, er focal radii, of the point, An ellipse has tw 
lines of symmetry, called the axes of the ellipse; the longer is the major ax 
and the shorter the minor axis. T he equation of an ellipse with respect to 
and y axes coincident with the major and minor axes respectively; is x7 / 
+ 3?/b? = 1, @ and b denoting semi-major and semi-minor axis respectivel 
Any line thru the center, terminating in the ellipse, is a diameter. Ty 
diameters are eonjugate to each other when either is parallel to tangen 
to the ellipse at the extremities of the other. The acute angles a and 8 whi 
two conjugate diameters make with the major axis are related thus: tan 
tan 2 = #/a@, and if A and B are semi-conjugate diameters, A? + B? =a? + 
The definition of ellipse here given is in accordance with the one given in the prest 
article under conic, but the facus and directrix there named are in case of the elliy 
double; that is, there are two of each. As there, let e = eccentricity of the ellipse, d 
distance from either focus to corresponding directrix, also ¢ = distance from center 
either focus; then ¢ = dé/(x — &), b= de[Vr — @, c= d8/(a 7 Os @ 4 IT b3, 
¢ = ae, 2 = @ — 2, The latus rectum is the length of the focal chord perpendicu 
to the major axis; denoting it by , then p = 2de = 2a(1 — €?) =2 b?/a,. The pe 
equation of the ellipse with F as pole and FA as polar axis (Fig. 37) is r = 0/2 - 
cos $) = a(x — &)/(t + € cos $)- 
Geometric Constructions of Ellipse. (1) To determine the foci of any ellipse, 
axes given: from either end of the minor axis draw an arc whose radius equals the se 
major axis; the intersections of 
arc and major axis are the f 
N (2) To draw a tangent and a1 
mal to the ellipse at any point 
it: from the point draw focal ra 


Fig. 37 Fig. 38 


that of the other a 
is the normal. (3) To draw a tangent from a point P without the ellipse: join the y 


the bisector of one of the angles between, them is the tangent and 


line as diameter construct a circle; on the major ax 
diameter construct a circle; the lines connecting the intersections of the two circles: 
P are tangents. (4) To find the center and the radius of curvature for any point o 
ellipse: let Q (Fig. 37) be the point; at @ draw the normal.and at its intersection with 
perpendicular tothe normal; at intersection of this perpendicular 
either focal radius from Q erect a perpendicular to that radius; the intersection C 0 
last line with the normal is the center of curvature and QC is the radius of curva 
This construction fails for a point at either end of the major axis. For such p 
determine G, and thru G draw a perpendicular to A’ B’; the intersection J is the cent 
_ curvature for A’ and K for the point BY, (5) To determine the axes of an ellipse fr 


with either focus; on the joining 


major axis erect a 
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pair of semj-diameters: from one end B (Fig. 38) of the shorter diameter draw. a per- 
pendicular to the longer and make BM and BN = OA; then the bisectors of the angles 
between the lines OM and ON are the directions of the axes; their lengths are ON + OM 
and ON — OM. (6) Construction of an ellipse on its axes: draw auxiliary circles on 
the axes as diameters (Fig. 40); draw any diameter of these circles; thru its intersec+ 
tions. 6 with the small circle draw lines parallel to the major axis; thru the intersections @ 
with the other draw lines parallel to the minor axis; the intersections c of these lines are 
points on the ellipse. (7) Construction of an ellipse on a pair of coordinate diameters: 
construct a parallelogram on the diameters as medians (vig, 89); divide OA and CA into 
proportional parts, beginning at O and at C, readily done by parallels to OC; join any 
point of division C’ on AC with B and determine the intersection of BC’ with the line 
joining B’ and the corresponding division point O’ on OA; this intersection P is on the 
ellipse. 

Mechanical Constructions of an ellipse from its axes: (a) First locate the foci; - 
then take an inelastic string and ‘fasten it at the foci so that the length of the loop between 
the fast points equals that of the major axis; then if the string is pulled out taut into any 
position, as /PF” (Tig. 40), P is a point on the ellipse, and a moving pencil, or other scribe, 
pressing against the string at P will describe the ellipse. (b) On a strip of stiff paper or 
other suitable material, from a point O (Fig. 40) lay off QM = the semi-major axis and 
QW = the semi-minor; a pencil, or other scribe, at Q will trace the ellipse when the strip 
is moyed so that M moves along the minor axis and WN along the major. 


Fig. 41 


Approximate Ellipse, consisting of arcs of circles; it is supposed that the axes of the 
ellipse are given. (1) Semi-ellipse with three centers: OA and OB (Fig. 41) are the 
given semi-axes; join A and Band bisect the angles CAB and CBA, thus determining D; 
thru D draw a perpendicular to AB, thus determining F and E; from F with radius FA 
and from & with radius EB draw arcs; they meet tangentially at D. (2) Semi-ellipse 
with fiye centers: OA and OB (Fig. 42) are the given semi+axes; join A and B, and thru 
C draw a perpendicular to AB, determining F and E, two of the centers; from E with * 

_ EB as radius draw an arc BD as long as thought suitable, and join D with E; make DG 
= AF; join F and G; at the center of FG draw a perpendicular to FG and note its inter-. 
section Hf (the third center) with DE; from H with radius HD draw an arc to HF ex- 
tended, and from F with FA as radius complete _ 
the curve. = 

The Hyperbola is a curve such that the 

difference between the distances of any and 

_ every point on the curve from two fixt points 

_is always the same. The two fixt points are 

foci, the distances are focal distances, focal 

_radiuses, or radius vectors. A hyperbola has 

"two axes of symmetry (Fig. 43), one cut by the 
curve; the length AA’ cut off by the curve is 

the transyerse or real axis of the hyperbola, . 

_and the length BB’ on the other line equal to Fig. 43 

_V (FF’? -(AA’)* is the conjugate or imaginary axis. The intersection of the 

_ axes is the center of the hyperbola, and any line thru the center terminating on 

the hyperbola is a diameter. The equation of the hyperbola referred to the 

_ transverse and conjugate axes as « and y coordinate axes is «*/a* = y?/b? = 4, 


a 3 


} 
/ 
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a and b denoting semi-transverse and conjugate axes respectively. Two diam- 
eters are conjugate when each bisects all chords parallel to the other; either 
of two such diameters is parallel to the tangents at the 4xtremities of the other. 
The acute angles a and # which two such diameters make with the transverse 
axis are related thus; tan a tan = b?/a?; if A. and B denote. semi-conjugate 
* diameters, A?— B?=a?—l?. The two hyperbolas a” /a? — 9? /? = and. 
— x2-/a2 + ?/b? = x are conjugate hyperbolas; the latter is shown by dotted 
lines in Fig. 43. They have the same asymptotes. 
The definition of hyperbola given above is in agreement with the one given earlier in 
this article. As there, let ¢ = eccentricity and a = distance between either focus and 
corresponding directrix; also let ¢ = distance from center to either focus; then 


a = de/(e — 1) b=delV¥ 2 —= ¢ = de? /(e2 — 1) 
@=1+0/a c¢ = ae ’ e=e+h 


The latus rectum of a hyperbola is the length of either focal ‘chord perpendicular to the 
transverse axis; denoting it by , then p = 2 de = 2a(e—1) =262/a. The polar 
_equation of the hyperbola with F as pole and FA as polar axis is 


r= pl2(2 + ecos $) =a(e2—1)/ + ecos d) 


A hyperbola whose axes are equal is an equilateral or rectangular hyperbola; the 
asymptotes are at right angles. The equation of such a hyperbola referred to the axes 
is 2 —y =a, or —e +P = a?; referred to the asymptotes, the equation is «y= 
14 a*. The eccentricity is 4/2. ‘ 

Geometric Constructions of Hyperbola. (x) To determine the foci when the 
axes are giyen: make OF and OF’ (Fig. 48) equal to 4B; then F and F’ are the foci 
(2) To draw a tangent and a normal at any point of a hyperbola: from the point dray 
the focal radii; the bisector of one of the angles between the radii is the tangent and tha 
of the other is the normal. (3) To construct the asymptotes to a hyperbola, the axe: 
being given: construct a rectangle on the axes as medians; diagonals of the rectangl 
extended are the asymptotes. (4) Construction of a hyperbola, its axes AA’ and BB 
(ig. 43) being given: (a) Locate the foci F and F’, mark any point M on the tramsvers 
axis extended but not between the foci; with MA and MA’ as radii, strike arcs from y 
and F’ respectively; their intersections are points on the hyperbola. Repeat for othe 
points like M. (b) Draw the asymptotes; through A’ draw any oblique line and not 
its intersections N and R with the nearer and remoter asymptote; lay off from R towar 
A’ a length RO = A’N; then Q is on the hyperbola 
Repeat with other oblique lines through A’, A, © 
H through any other known point of the curve, as Q. 

Mechanical construction of a hyperbola from if 

axes 4 A‘ and BB’: Determine the foci F and FY” (Fig. 44 

pivot one end of a strip of stiff paper or suitable materi: 

at F’; fasten an inex- 

tensible string HPF 

at H and F and so that the length HPF is less than 

HF’ by AA’; place a pencil or other scribing point 

under the string and thru the slot; keep the string taut 

with the pencil and then rotate the strip about F% the 
pencil describes an are of a hyperbola. 

Parabola. This is a curve such that any and 
every point of it is equidistant from a fixt point 
anda fixt line. The point is the focus, the line 
the directrix of the parabola, and the distance 
of any point of the curve to the focus is a focal 
radius, or focal distance. A parabola has a line Fie. 45 
of symmetry called the axis of the parabola Les 
(Fig. 45); it contains the focus # and is perpendicular to the directrix. T! 
vertex is the intersection of the axis with the curve; the latus rectum is t 
length of the focal chord perpendicular to the axis. 


Fig. 44 


a“ 
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The equations of the parabola referred to the axis as x axis and the vertex 
tangent as a yaxis is y?= px where p= latus rectum; the polar equation 
referred to F as pole and FA as polar axis is r = p/2 (1 + cos¢).. 


Geometric Properties and Constructions. ‘The vertex is midway between the focus 
and the directrix. The length of the latus rectum equals four times the distance between 
focus and vertex. Any line parallel to the axis of a parabola bisects a system of parallel 
chords and is therefore a diameter of the parabola; the chords are parallel to the tangent 
at the end of the diameter terminating in the parabola. 
‘The extension of a diameter at P to the directrix 
equals the focal radius at P (PB = PF), and the 
distances from the focus to the ends of a definite tan- 
gent are equal (FT = FP). The tangent and the 
normal at any point bisect the angles between the focal 
radius and the diameter at that point; a subtangent 
is bisected by the vertex (AC = AT), and all subnor- 
mals equal one-half the latus rectum (CN =12GH). 
The projection of the radius of curvature R at any 
point on the axis of the parabola equals twice the focal Fig. 46 Fig. 47 
distance of the point, and the extension of R to the 
directrix also equals twice the focal distance; R at the vertex equals the latus rectum. To 
construct a parabola; (a) Given the vertex A (Fig. 46), the axis AX, and a point P. Join 
A and P, and thru P draw a line paraliel to the axis; draw any line as AQ; then perpen- 
dicular to the axis a line QR to AP; then parallel to the axis a line RS to AQ; S is a 
point on the parabola. Repeat for other points Q. Or, divide AB into equal parts and 
BP into the same number of equal parts; number the points of division, beginning at A 
on AB and at B on BP; draw lines as shown and note intersections of corresponding lines; 
they are on the parabola. (b) The vertex A and focus F (Fig. 47) are given. Join A 
and F and draw a perpendicular to AF at A; draw any line as FB and then BC per- 
pendicular to FB; BC is-a tangent to the parabola. Repeat with other lines like FB and 
BC and thus determine the parabola by means of tangents. 


12. Higher Curves 


{ A Cycloid is the curve generated or traced by any point on the circum- 
ference of a circle which rolls on a straight line. Fig. 48 shows one half 
| of one branch of a cycloid OA genérated by the point P on the circle PQ rolled 
| on OX; the other half of the branch is symmetrical with respect to AX. Let 
6 be the angle described by any line of the 
circle while it rolls from its original position 
OaY to any other as the one shown, r the 
radius of the circle, and % and y the coor- 
dinates of P relative to the axis shown; then 
x=r(0—sin@), y=r (1—cos@), and the 
equation of the cycloid is « =r cos! (x — y /r) 
: tV(2r—y)y. A cycloid may be con- 
. Fig. ea structed as follows: Draw the circle OaY of 
the chosen radius 7, and make OX =r; divide the arc OcY and OX into 
the same number of equal parts; at two corresponding points of division, as 
a and b, draw a horizontal and a vertical respectively to their intersection ¢ 
and make cd = ae; then d is a point on the cycloid. Repeat for other points 
of division. ‘To find the position of the generating circle corresponding to 
any point of the cycloid as P: make Pf = gh, and from f drop a perpendicular 
to OX; its foot Q is the lowest point of the circle desired. ‘The normal at any 
_point of the cycloid, as P, passes thru the lowest point of the corresponding 
position of the generating circle; PQ=arsin\sd=Ve2ry. The radius 
of curvature is twice PQ; at the highest point it equals 4 r and at the lowest 9, 

The length of any arc as OP beginning at the lowest point is 47 (x — cos 440) = 
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4ra2Ve2r(ar—-4), 9 being the ordinate of P; the length of one coriplete 
cycloid or 2 OPA is 87. The atea of any part as OPSO is? (320 = 2 sin 0 + 
¥, sin 20) = 347" — Yoy (ar —y)y, wand y being the coordinates of P; the 
entire area betiveeh one cycloid and the track, that is 2 OAXO, is an. 

When a circle rolls upon the outside of a fixt circle; each point of the circumference 
of the rolling circle describes or traces an epicycloid; and when it rolls upon the inside the 
curve described is a hypocycloid. A point without or within the rolling circle and fixt 
to it describes a trochoid, an epitrochoid, or a hypotrochoid according as the circle rolls on 
a straight line, on the outside of a fixt circle, or on the inside of a fixt circle. 

The Spiral of Atchimedes is a curve generated by a point moving at a 
constant speed in a given straight line which rotates at constant speed about 

-a fixt point of the line. Fig. 49 shows stich & spiral; O’is the fixt point atid 
OA the position of the line when the moving point is at the fixt point. ‘The 
polar equation of the spiral is 7 = (r'/2 2) @, in which r is the distance of the 
moving point P from O, ¢ the corresponding angle described by the moying 
line exprest in radians, and yr’ is the distance traveled by the moving point 
along the line while the line turns thru 360°.. To construct the spiral having 
selected 7’: draw lines OA, OB, OC, etc, so that the successive angles betweer 
thein is 360/7, # being a covenient number; make OB =r’ /n; OC = 2 Ih 


Fig. 49 Fig. 50 


OD = 3r' In, etc; B, C, D, ete., are on the spiral, To draw a normal and 
tangent at any point P: draw a circle with centet at O and radius r’/2 7; joi 
P and O, and draw a perpendicular to OP at O, and note the intersection Z 
as shown; then PV is the normal and PT (perpendicular to PV) the tangen 
The length of any arc OP is @' [40 (OM 1 +¢? +sinh™ |; for many turns 
equals approximately 9G [4% ; 

The Hyperbolic Spiral may Be constructed as follows: diaw a numb 
of concentric circles and then a radius of the largest circle; from this radii 

_ measure off on the circles equal arcs all on the same side of the radius; # 
other ends of the arcs lie on the spiral (Fig. 50). ‘The polar equation” 
the spiral is7# = a, a being the constant lehgth of arc referred to, 7 the distan 
of any point of the curve as P from O and ¢ the angle between the radius O 
and OP. The curvé has an asymptote BC. distant a from the réfereti 
raditis, ‘To draw a tangent and a formal at any point P: draw a cirt 
with center at O and radius a, and join P and O; to OP at O draw a perpe 
dictilar, ard Hote its intersection T with the citcle on the sidé shown; 
TP is the tangent and PV (perpetidicular to PT) is the normal. 

The Logatithmic or Equiangular Spital is a curve such that the ahg 
between its tangents and the corresponding radii drawn to the center of t 
curve are equal. Its polar equation is 7 = aeb:'a is the value of * wh 
f= 6 atid m= cota, & being the constant angle referred to (Fig. 51). ” 
construét a ctirve for given valués of @ and a: compute wb and then ni¢ - 
a number of values of ¢' in radians, as 26° = 0.349 radidt, 4o° = 6.6 


i 
/ 
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60° = t.047, etc.; from a table of Naperian logarithms (page 35) find tus 
values of ¢”? (these are the numbers corresponding to the logarithms mp); 
compute values of ae? or r; then lay off these values of r from a fixt point 
on radii making the different angles ¢ (20°, 40°% E 

60°, etc.) with a reference line thru the fixt point. 
The length of any arc as PO =r /cos a. 

The Catenary is the curve assumed by a chain 
suspended from two points. Its equation is 
y= Wh (e*/* + e-*/*) = h cosh x/h, or ¥ = 
h loge (y [h£N/(y [bY — 1) = hh cosh! y/hi h is 
the distance from the lowest point of the curve to 
the origin (Fig. 52). The gradient at any poiht 
P whose coordinates are x and y is given by 
tan@ = sinh x/h or cosa=h/y, from which 
the direction of the tangent line at any point can K 
be computed. The radius of curvature R at any Piha ie 
point P is R = y?/h = h/cos* a; it also. equals the length cut off by the axis 
from the normal thru P. The length of any arc, as CP, is given by s=h 
sinh x/h = h tan a =V y" = 7, and the abscissa of P is 

x = hlog. ts /h +1 +(s/h)?] = hsinh s/h 
To locate the origin of coordinates for a chain of length 2/, supported from 
| .two points whose horizontal distance is 2 @ and vertical distance is 2 b: Let 
| A and B denote the distances from the middle of the line joining the points 
of suspension to the y and » axis respectively; A = 4h and B =I cot d, in 
which 1 = a/f and y= tanh d/l, ¢ to be obtained by ttial from @ sinh d = 
co) VP -B. “The catenary is the évolute of the other curve shown in 
Fig. 52; its tangents are all equal to #. It is also called “‘anti-friction” curve, 
it being the axial section of the surface of a vertical pivot of uniform wear. 


13. Hyperbolic Fictions 


The Hyperbolic Functions are related to an equilateral or rectangular 
hyperbola much as the circular functions are related to a circle. Let P 
(Fig. 53) be any point (x;y) on the hyperbola’ «° — 9? = a; r = the radius 
OP always positiv, / = arc AP positiv ot negativ according as the arc is above 
or below the axis OX, and u# = //r; then 
hyperbolic sine of 1, or sinh u = y/a 
hyperbolic cosine of u, or cosh 4 =x /a 
hyperbolic tangent of w, or tanh u = 

sinh wu + cosh u = y/x 
hyperbolic cotangent of #,or coth u = 

t/tanh w= x/y_ 
hyperbolic secant of u, or sech u= . 

t/cosh w= a/x 
hyperbolic cosecant of u, or csch % = 
t/sinh u = a/y 
If a is made 1x, then the numerical 
" values of double the area of the hyperbolic sector OPAO 
equals //r or #;also sinh w = XP,cosh u= OX; tanhu= 
AB. See Sect. 1, Art. 22, for tables of hyperbolic func- 
tiohs. Fig: 54, plotted to scale, shows the relations 
between the functions for values of w from = 2 to + 2; it also indicates the 
sign of any function of 4 as dependent on the sign of uw. Inverse hyperbolic 
i ‘ 
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sine of m means the //r or ™ whose hyperbolic sine equals m; it is written 
sinh»; similarly, inverse hyperbolic cosine, tangent, etc. 
The hyperbolic functions of w are closely related to the exponential fune- 
tion e“ and e~”, ¢ being the Naperian base, thus 
sinh w= (e*—e-“), coshu= VY, (e@ + € %) 
tanh u = (e — e*) /(e% + ee) 
sinh u + cosh uw =e", cosh % — sinh u = « * 
Inverse hyperbolic functions as functions of Naperian logarithms: 
sinh w = log, (u +Vi2 +1), cosh} » = log. (u+ Ve - x) 
tanh- 4 = Wlog, [(x + #)/(z — u)) 
hus (i= V/ = 1): 


The hyperbolic functions are related to circular functions, t 


jsinhw=siniu, sinw = —7sinh mM 
cosh = cos iu, cos” = cosh 71 
jtanh w = tan iu, tan“ = —7 tanh iM 
The following are some of the relations between hyperbolic functions: 
cosh? 4 — sinh? “= 1 zr - tanh? u = sech” % 


coth? x — 1 = csch? # 

sinh (wt ¥) = sinh w cosh v+ cosh wsinhv 

cosh (w-+.v) = cosh # cosh vy sinh w sinh v 

tanh (w+ V) = (tanh # - tanh-v) /(a + tanh u tanh v) 
sinh 2 u = 2 sinh # cosh u 

cosh 21: = 1+ 2 sinh? “= 2 cosh? “ — 1 

tanh 2 w= 2 tanh w/(1 + tanh? 7) 


sinh 14 u = 14 (cosh u — 5) 


cosh 1/4 u =Vih (cosh + 1) 
tanh 4 4 = sinhw/(z + cosh #) =(cosh 4 — 1) /sinh 4 


44. Probability of Errors 


The Probability of an event is the ratio of the number of favorable chances of its 

occurrence to the total number of chances, favorable and unfavorable. Thus, if there 
“are a white and b black balls in a jar, the probability of drawing a white ball at a single 
trial is a/(a + b). If the probabilities of two independent events are 1 and ps, the 
probability of their concurrence in any single instance is prp2- Thus, suppose that there 
are two jars, J; and J2, Ja containing a white and by black balls, and J2 containing 4: 
white and by black balls; the probability of drawing a white ball from Ji is a1/(a1 + bi). 
the probability of drawing a white one from J2 is a2/(a2 + 62), and that of drawing a pait 
of white balls, one from each jar, in a single trial is a1a2/(a1 + by) (a2 + be). 

An Error of an Observation is the true value of a quantity minus the 
observed value. Errors are accidental or systematic; accidental errors are 
those which in the long run are as often negativ as positiv, and they affec 
the mean result but little; systematic errors due to the same cause affec 
the mean in the same sense, and do not tend to balance each other in the mean 
Only accidental errors are referred to in the following. From the theor, 
of probabilities, it has been shown that in a series comprising a great numbe 
of observations the relative frequency (proportionate number) of the error 
whose values lie between » and + Ax is approximately (h IN x) et? Aa 
and the relative frequency of the errors whose values lie between a and 


6 
is (In; n) -722 dees here ¢ is the Naperian base (Art. 1) and /: a constar 
a 


for any particular series of observations. ‘The graph of y = (h Inn) ech 
(Fig. 55) is a probability or “error curve”; the shaded area represents tk 
relative frequency of the errors between @ and b, and the whole area betwee 
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the curve and the ¥ axis is unity, according to the’scale used, and represents 
» the frequency of the whole number of errors that is 1 or 100%. The dotted 
curve is also an error curve but the constant # for that curve is eet than 
for the first; also in the second the relative 
frequency of small errors is greater and 
that of large errors is smaller than in the 
first. ‘Thus the constants # serve as a 
means for comparing the accuracies of 
several series of observations, and the 
value of / for any given series is called 
the measure of precision for that series. 
Another index of accuracy is the so-called 
probable error of the series, an error of 
such value that the number of errors in 
the series less and greater than it are 
equal, the signs of the errors being disregarded in the count. It is the error r 
(Fig: 55) corresponding to the symmetrical ordinates which include one-half 
the whole area below the error curve. This middle error is more often called 
the PROBABLE ERROR of a single observation to convey the idea that the error 
of any subsequent observation in such a series is just as apt to be less as greater 
than the middle error. The probable error and the measure of precision are 
always related thus, ri = 0.4769. The expression for relative frequency of 
the errors falling between — a and + a is 

h fe 2 04700 afr 


Fig. 55 


6 Px dx = —— ex? d (hx) ’ 

Ne 
~The table below gives the values of the expressions for the various values of 
the arguments a/r given therein. Thus, in a large series of observations, the 
relative frequency of the errors falling between a= ~r7 anda= +f is .500, or 
50 %; betweena = — 2randa= + 27, 0.823, or 82.3 %; the relative frequency 
of thé errors arithmetically greater than 47 is 0,007, or 0.7 %; etc. 


Values of the Probability Integral 


alr a/r | frqncy || a/r | frqncy || a/r | frqncy 
T.9 ©0.823' || 3-0 | 0.957 || 4-0 | 0-993 
I.0 0.843 || 3-1 | 0-963 || 4.1 | 9-994 
v2 0. 862 3-2 | 0.969 || 4.2 | 0.995 
1.3 0.879 || 3-3 | 0-974 || 4-3 | 9-996 
I.4 0.895 || 3-4 | 0-978 || 4.4 | 0-997 
1.5 0.908 3-5 | 0-982 ||. 4.5 | 0.998 
1.6 0.921 || 3.6-| 0.985 || 4.6 | 0.998 
Leg 0.931 || 3-7 | 0-987 || 4-7 | 0-998 
1.8 0.941 3-8 | 0.990 || 4.8 | 0.999 
2.9 -9 | 0.950 || 3-9 | 9.991 || 4-9 | 0-999 
2.0 0.957 || 4-0 | 0.993 || 5-0 | 0.999 i 


The probable error 7 for 2 observations of equal precision on the same quan- 
tity is computed as follows: (1) find the arithmetic mean by adding the obser- 
vations and dividing by m, (2) subtract each observation from that mean thus 
obtaining # residuals r, v, v2, etc., (3) square each residual and find their sum 
Zev, Then 


Ps Dv? oe held 
r=o. oe an %o= 
ae 748.0 | —— 
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ond gives the probable error of the arithmetic mean. For a numerical example, 
see below. 
141, Method of Least Squares 


An Observation is the result of a measurement, thus when 635.74 ft is stated 
as the measured length of a line, the quantity 635.74 ft is called an observa- 
tion, it being understood that all constant errors have been remoyed therefrom; 
this quantity, however, is still affected by the result of accidental errors. The 
true value of a quantity cannot be found by measurement, but the best that 
can be done is to deduce from the observations the most probable value of the 
quantity. The Method of Least Squares teaches how to obtain the most prob- 
able values of observed quantities. 


Direct Observations are those which result from measurements made 
directly upon a single quantity. When only one observation is at hand, it is 
the most probable value of the quantity. When two or more observations are 
made with equal precision on the same quantity, their arithmetic mean is the 
most probable value, and the probable error of this arithmetic mean can be 
computed by the formulas at the end of Art. 14. j 


Example: Let a line be measured eight times with equal care by a tape graduated in 
centimeters and the following results be found, M indicating an observation, v a residual 
found by subtracting M from the arithmetic mean, and v? the square of a residual: 


M 789.7 788.1 789.1 789.9 788.3 788.0 788.1 788.8 
v 0.95 0.65 0.35 1.15 0.45 0.75 0.65 0.05) 
v 0.902 0.423 0.122 1.323 0.203 0.562 0.423 0.002 


Here, the arithmetic mean, found by adding: the observations and dividing by 8, is 
788.75, which is the most probable length of the line in centimeters. The eight residuals 
are ‘some positive, some negative, their sum being zero: The sum of the squares of the 
residuals is 2v2=3.96. Then by the formula at foot of last page r=o.5z cm, which is 
the probable error of a single observation; also rp =0.18 cm, which is the probable error 
of the arithmetic mean. The final result of this series of observations may then be 
written 788.75 £0.18, that is, the true length of the line is just as likely to be between 
788.57 cm and 788.93 cm as it is to be outside of those limits. 


Weighted Observations. Weights of Observations are numbers propor- 
tional to their degrees of precision, so that one observation of weight p is worth 
as much as » observations of weight unity. When there are » weighted obser- 
vations, M, with weight 1, Mewith weight ps, and so on, these being made directly 
upon the same quantity, then the most probable value of the quantity is the 


weighted mean , or ' 3 
aM tpi t | are t+PnMy _ 2PM 
ptpet. ath re + pn =p 


To find the probable errors, let each observation be subtracted from this mean z, 
the difference being a residual v, square each residual, multiply each square 
by its weight, and find the sum Dpv®, then ; 


Dpv r 
r=0.6' = d pe el 4 ‘ 
nasa 2 an ro V eb 


the first being the probable error of an observation of the weight unity and the 

second being the probable error of the weighted mean Z. ’ - 

Example: Let six observations on the same quantity be made, with weights as in the 

first line, the sum of these weights being 21. Multiplying each observation M by its 

weight p, gives the quantities in the third line the sum of which is 3741.36. Then the 

most probable value of the observed quantity iss =3741.36/21 =178.16. Subtracting each 
+f 
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M from this gives the residuals in the fourth line: The weighted squares of the resid- 
uals are in the last line, their sum being %v?=62.95. Then the above formulas give the 


b 5 4 I 4 3 4 
M 178.26 176.30 181.06 177:95 176.20 180.85 
PM 891.30 705.20 181.06 711.80 528.60 723.40 


C] a 10:20 1.86 2.90 0.21 1.06 2.69 
v 0.010 3.460 8.410 0.441 3.842 7.236 
fy? 96 |) 0105 13.84 8.42 or8 11.53 28.94 


probable error of an observation of the weight unity as r=2.39 and the probable error 
of the weighted mean as r)=0.52. The final result then iss = 178.16 + 0.52. 


Observation Equations arise when measurements are made to find the 
values of several quantities. For example, let O be a given bench and Z,, Z2, 
Z, three points whose elevations above O are’to be determined. Let z;, 3, 23 be 
the most probable elevations of Z,, Z,, Z,; let five lines of levels be run giving 


Z, above O =10 feet or ay =10 
Z, above Z;= 2 feet or 4, 9 a= 2 
Z. above O =18 feet or 2 =18 
Z, above Z;= 9 feet or 29—23= 9 
Z; above Z;= 2feet or —x+2, “= 7 


The problem is to determine the most probable values of 21, 22, 23. 


Normal Equations are derived from observation equations, when these are 
of equal weight, by the following rule: To find a normal equation for z:, mul- 
tiply each observation equation by thé coefficient of z, im that equation and 
add the results; similarly a normal equation for each of the other unknown 
quantities is found; thus, for the above level observations the normal equation 
for z, is found by multiplying the first equation by +1, the second by +1, 
the third by o, the fourth by 0, and the fifth by —1; the addition of these gives 
3 %—2,—%,=5 as the normal equation for z,;. Similarly the normal equation 
for z is —2,+3 2.—z,=34, and that for 2, is —z,—2+22,=—11. These three 
normal equations contain three unknown quantities, and their solution gives 
%=1034, 2,=1754, z,=8}4, which are the most probable elevations of the 
points Z,, Z,, Z; above the bench mark OQ. 


General Method. Let the n observation equations be: 


Q 21+b, +c 2,4. .=M,_ with weight p, 
a2 ath, ata at. =M; 2 ae weight pa 
an ae ih atin: Sena 2. wit waht pu 
in which M;, My... Mn are the observed quantities, 2, 2, 33 are quantities 


required to be found, and a, b, c, are known coefficients. For each unknown 
quantity form a normal equation by multiplying each observation equation by 
the coefficient of that unknown quantity in that equation and also by its weight, 
and adding the results. If the number of unknown quantities is g the number 
of normal equations will also be g, thus: 


Lp? .2,+Dpad.2.4+Lpac.a,+...=UpaM 


Sat teh . -=ZpbM 
Dpac.3,+Upbe.Z,+Uperts+ . . .=LpcM 
o which Zpat= =piae+pra?+. . . pna?n and similarly Lpab=p,a,b,+-peaobs 
+. . . Pndnb,. The solution of these normal equations gives the most probable 


values of the unknown quantities 2, 2), 2. . . 29. 
After these probable values are found, let them be inserted in the observation 
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equations and the second members be subtracted from the first, thus giving small 
residuals 1, 2. . - Mn. Then F 


2 


pe r 
=0.6 = and | —— 
nN oer ie 


the first being the probable error of an observation of weight unity, while the 
second is the probable error of an observation of weight #*. 
For an example in which the weights are unequal, see the adjustment of angles at a 
station in Art. 49 of Sect. 2. When the weights are equal 9 is to be taken as unity. 
Probable Error of a Line. When a line is measured the probable error 
of an observation increases as the square root of the length of the line. Thus 


R=rv/i, where ris the probable error of a line one unit long, and R is the prob- 
able error of a line ] units long. “ 

The same rule holds good for discrepancies or apparent errors which are found in 
duplicate measurements of a line. The discrepancy r for a line one unit long may be 
found as follows: Let a line of length f be measured twice, Ri being the difference of 
the observed lengths; let a second length, /2, be measured twice, Re being the difference 
of the observed lengths. Then r=(Ri—R:)/(Wh—V/h).- 

The same rule holds for duplicate lines of levels. Thus, if r is the difference in the 
results for a line one unit long, then the difference R for a line of length 7 ought to be 

principle. 


R=r4/t_ The practical rules stated at foot of page 83 are derived from this pri 
STATICS 


15. Forces and Moments 


Force. An action of one body upon another which changes or tends to 
change the state of rest or motion of the body acted upon, is called force. 
A force has magnitude, direction, and place of application. When the extent 
of the place of application is negligible, and the force is regarded as applied 
or concentrated at a point, this is the point of application; and a line thru the 
point parallel to the direction of the force ts the line ‘of action, The word 
“sense” as applied to forces refers to one of the two directions along the line 
of action of the force. ‘The unit of force commonly used in America is the 
“pound,” which is a force equal to the earth’s ‘attraction on the standard of 
weight, also called pound; this unit of force varies slightly from place to place 
on the earth, but the variation is negligible in most engineering calculations. 
Any number of forces considered collectively is a system of forces; a system i: 
CONCURRENT, or nonconcurrent, according as the lines of action of the force: 
do or do not intersect in a point, and it is COPLANAR, or noncoplanar, accord. 
ing as they do or do not lie in a plane. The resultant of a system of force: 
is the single force which is equivalent to that system, but if a system has n¢ 
single force equivalent, then the simplest equivalent system may be callec 
the resultant; a resultant never includes more than two forces. The proces 

: of determining the resultant is callec 
composition (Art. 16). 

Parallelogram Law. If magnitudes 
lines of action, and senses of two con 
current. forces acting on a rigid body b 
Fie. 56 represented by OA and OB (Fig. 56) 

1S then the magnitude, line of action, ani 
sense of their resultant is represented by the diagonal OC of the parallele 
gram OABC. The points of application of the forces may be anywhere o 
the body in the lines OA, OB, and OC, or their extensions. The arro’ 
on the lines on AO, OB, and OC all point toward or all away from the poir 


4 ' 
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of concurrence O. TRIANGLE Law: If the magnitudes and directions of two 
concurrent forces are represented by AB and BC, (Fig. 57 or 58) then the 
magnitude and direction of the resultant is represented by the side AC of the 
triangle ABC. The arrowheads on the sides AB and BC are confluent (point 


Bras 
“ a“ 
b/a, 1 ae a 


c 
je py 


~ Fig. 57 Fig. 58 


the same way around), but the arrowhead on AC is not confluent with the 
others. The two forces and their resultant being concurrent, the line of 
action of the resultant is ac, parallel to AC. 


The resultant of two concurrent forces may be determined algebraically, 
thus: let P and Q be the forces and a that angle between their lines of action 
in which the resultant lies, R the resultant and @ the angle between R and P; 
then R =(P? + Q? + 2 PO cos a)” and tan 0 = (Q sin a)/(P + QO cosa). If 
the angle between the given forces is go°, then R= ‘V P? + Q? and tan 0 = O/P. 

Parallelopiped Law. If the magnitudes and lines of action of 
three noncoplanar concurrent forces be represented by OA, OB, and 
OC, then the magnitude and the line of action of the resultant is 
represented by the diagonal OD of the parallelopiped OABC — D 
(Fig. 59). This is not a practical device to get numerical results; for 
a better, see Art. 16. When the three forces are mutually at right 
angles then the parallelopiped is right-angled, and the resultant can 
be conyeniently determined algebraically thus: let P, Q, and S denote = 
the three forces, R the resultant and a, 8 and y the angles between Fig. 59 
R and the three forces respectively; then R = (P? + Q?+ sy, cosa=P/R, cos 8=Q/R 
and cosy = S/R. 

Resolution of a Force. ‘Two or more forces whic together are equivalent 
to a given force are components of the force. The process of determining 
components of a force is called resolution; resolution of a force into two 
components at right angles to each is the common case; such components are 
“rectangular” and each is a “resolved part”’ of the given force. (1) Resolu- 
tion into concurrent components. A force may be resolved into two con- 
current components by applying the parallelogram law inversely; thus to 


resolve the 1o lbs (Fig. 60) into two components: lay off AB by scale to 


Fig. 61 


represent ro lbs; construct-a parallelogram on AB as diagonal; then AC and 
AD represent components of the given force. Or, by means of the triangle 
law, thus: lay off MIN by scale to represent the magnitude and direction of 
the given force; construct a triangle on MN as one side; then WO and ON 
represent magnitudes and directions of two components of the given force, 
*the action lines being concurrent with that of the 1o-lb force, Two rec- 
tangular components of a force cin readily be found algebraically; each equals 
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. the product of the force and the cosine of the acute angle between the force 
j and that component. Three rectangular components of a force can be readily 
computed if the angles between the force and the desired components are 
known; each component equals the product of the force and the cosine of the 
acute angle between the force and that component. (2) Resolution into 
two components parallel to the force, their lines of action being specified: 
Let F (Fig. 61) be the force to be resolved into two components P and Q 
(values and senses: unknown), a and b the distances from F to P and Q respec 
tively, and c the distance between P and Q; the principle that the moment 
of F about a point on either force equals the moment of the other about the 
same pcint determines the senses of the components as shown, also thei 
values, P = Fb/candQ=Fa/c. Or, graphically, suppose F (Fig. 62) to be 


the force and P and Q the components; resolve AB (representing magnitud 
and direction of 7) into any two concurrent components AO and OB, actiot 
lines in ao and ob; at x resolve AO along P and the line 12, and at 2 resoly 
OB along Q and the line 12; the two components along 12 balance, and thos 
along P and Q represented by AC and CB in value and direction are th 

; ; desired components. (3) 'To resolve a fore 


P 4 " into three nonconcurrent nonparallel force 
coplanar with the force: Let P (Fig. 63) b 
B. C the force, the components to act in F,, Fy 
Rl 4s 
2 D 


F and F,; join the intersection of P and F 

Fig. 63 with that of F. and F,; draw AB t 
: represent P and then resolve P into tw 
components along F, and the line 12 (represented by AC and CB); then resolv 
CB into two components along 72 and F, (represented by CD and DB); the 
AC, CD, and DB are the magnitudes and directions of the desired component: 


The Moment of a Force with Respect to a Point is the product of th 
magnitude of the force and the perpendicular distance between the fore 
and the point; this distance is the “‘arm” of the force with respect to the poin 
and the point is the origin or center of moments. Moments are common] 

_given signs, those corresponding to forces which tend to turn the body acte 
upon in one direction (clockwise) being given the same sign and all other 
the opposite. The moment of a force with respect to a point may also | 
computed by taking the algebraic sum of the moments of its two rectangul: 
components with respect to that point; and it will often be convenient 1 
resolve the force so that one of the components will act thru the origin « 
moments, so that that component will have no moment. 

The Moment of a Force with Respect to a Line is the product of its rectangul 
component perpendicular to the line (the other being parallel) and the distance betwe: 
the line and the perpendicular component (or the force); the line is the “axis” of moment 
If a force is parallel to the axis of moments or if it cuts the axis, then its. moment wi 
respect to that axis is zero. Moments of forces about the same axis are commonly giv 
signs; those corresponding to the forces which tend to turn the body acted upon abo 
the axis (regarded as a shaft) in the same direction (clockwise) being given the same si 
and others the opposite, The moment of a force with respect to an axis may also | 
computed by resolving the force into three rectangular components, one being parallel 
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the axis, the other two perpendicular to’ it; then the moment of the pie force equals 
the algebraic sum of the moments of the twe perpendicular components. Tf the resolu- 
tion is made so that one of the perpendicular components cuts the axis, then the moment 
of the given force equals the moment of the other perpendicular component. 

The moment of the resultant of any coplanar forces about a point in their 
plane (or of any noncoplanar forces about a line) equals the algebraic sum 
of the moments of those forces about the point (or line). This is called the 
principle: of moments for forces. The word TORQUE is frequently used as 
synonymous with moment of a force, especially when the force is distributed 
around a circumference, 

Couples, Two equal, parallel, and opposite forces are called a STAY 
the perpendicular distance between the forces is the “arm” of the couple. 
The moment or torque of a couple with respect to any point or origin in their 
plane is the algebraic sum of the moments of the two forces with respect 
to that point; this sum or moment, the same for all origins in the plane, always 
equals the product of one of the forces and the arm of the couple. Moments 
of couples whose planes are parallel are sometimes given signs; those corre- 
sponding to couples which tend to turn the body in the same direction are 
given the same sign, and the others the opposite sign. A couple may be 
represented sufficiently for statical purposes by means of a single vector; 
the yector is drawn perpendicular to the plane of the couple, and the arrow- 
head is so placed that it points toward the place from which the rotation 
appears, say counter-clockwise. Two couples whose vectors are equal, 
same in length and direction, have equal. moments (sign included) and their 
planes coincide or are parallel. Such are equiyalent couples; that is, either 
may be substituted for the other without change of effect on the body acted 
upon if rigid. © ‘The resultant of a number of couples is a couple. If the 

anes of the giyen couples are parallel or coincident, the resultant couple 
is one whose plane is parallel to the others and whose moment (with sign) 
equals the algebraic sum of the moments of the given couples. If the planes 
of the given couples are not parallel or coincident, then the resultant can be 
determined from the vectors representing the different couples; thus, add 
the yectors, that is, find their resultant; this resultant vector represents the 
tesultant couple. A couple can be resolved into component couples thus; 
resolye the yector of the given couple into component vectors (Art. 16) which 
are perpendicular to the planes of the desired components; these component 
vectors represent the several component couples. 


16, Composition of Forces 


The Force Polygon for a system of forces is the figure formed by drawing 
consecutively lines representing the magnitudes and directions of the forces 
of a system; the order in which the lines are drawn is immaterial, but the arrow- 
heads on the lines (to indicate the senses of the forges) must be confluent, 
that is, pointing the 


same way around. A ; 
force polygon, unlike a 
geometrical one, need 


not be a closed figure. 

For a given = ee as Fig. 84 

many different force polygons may be drawn as there are orders of taking the 
forces; if the number of forces is m, then the number of possible force -poly- 
-gons is n/ (see Art. 1). In Fig. 64 there are three different force polygons. 
for the system acting upon the body shown at the left. .If a system is not 
coplanar, then its force polygon is not plane, but is called “ gauche.” 
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Concurrent Systems. (1) GRAPHIC MetHop: Draw a force polygon 
for the system; the magnitude of the resultant is represented by the length of 
the line joining the ends of the polygon; the sense of the resultant is repre- 
sented by an arrowhead on that line not confluent with the other arrow- 
heads, and the resultant is concurrent with the given forces. If the forces 
are noncoplanar, then this method is not practical but it can be used by 
drawing the force polygon in ‘‘plan and elevation.” (2) ALGEBRAIC METHOD: 
If the forces F are coplanar, resolve each into components F'x and Fy along axes 
« and y at right angles to each other; get the algebraic sums of the # and 3 
components, Fz and Fy; then the resultant being called R, and its angle 

2 = (DPxy + (2aPy. 2 and tana = (DFy)/(2Fx)s Th 


with the x axis a, 
approximate direction of the resultant is apparent from the directions © 


its « and y components, which respectively equal SF, and DF,. If the force 
F are noncoplanar, then each force should be resolved into component 
parallel to three rectangulwr axes %, ¥, andz. R= (Fs? + (2F5/P + (DF 2) 
Gos CD) Ry cOs/2 = (Ry) Ry cos y= (ZF:)/R, a, 8, and y being th 
angles between R and the x, y, and 2 axes respectively. 

Nonconcurrent Coplanar Systems. (1) Grapnic METHOD: If the force 
are not parallel or not nearly parallel, find the resultant R, of any two force 
(Triangle Law, Art. 15), then the resultant Ry of R, and the third foree 
etc,, until all the forces have been compounded. If the forces are parallel c 
nearly so, the method just explained fails because the lines of action of th 
several resultants cannot be determined readily on account of inaccessibl 
intersections. In this case, each force may be replaced by two componen' 
in a certain way, and then the resultant of these components can be foun 
Thus, to find the resultant of the three forces ab, bc, and cd acting on tt 
body in Fig. 65: draw a force polygon, as ABCD, for the given forces; resol) 
AB into AO and OB; BC into BO and OC, etc.; O having been taken anywher 
all components except the first and last occur in pairs and the forces of eac 
pair are equal and opposite, thus OB and BO, OC and CO, etc.; choose tl 


action lines of these components so that those of any one pair shall be colinea 
a and ob, the componen 


thus, insert the components of AB at pleasure as at 0 
of BC so that the component BO shall act in ob, and hence the component O 
is oc, etc.; thus the pairs of components consisting of equal, colinear, a7 
opposite forces each balance, leaving only the first and last components A 
and OD acting in ao and od; and their resultant (which is also the resulta 
of the given forces) is\AD (magnitude and direction) ad (action line 


The point O (Fig. 65) is called POLE, lines OA, OB, OC, etc., are RAY 
0a, ob, oc, etc., are STRINGS, al 


all the strings constitute t 
STRING POLYGON for the fore’ 
This polygon isalso called “fun 
ular,” “link” and “equilibriv 
polygon,” the last being especia 
appropriate when the given fort 
are in equilibrium. The part 
Fig. 65 the drawing which represents | 
body and.the lines of action of | 
forces is the space diagram; that representing force magnitudes, the vector d 
gram. If the force polygon closes, then. the resultant is in general a cou] 
the forces of the couple acting in the first and last strings of the string po 
gon, the magnitude of the forces being represented by the corresponding r 
If it happens that. the first and last strings coincide, then the string polygo 
closed and the resultant vanishes. r 


e 
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(2) AtcEBRaic MretHop. When the forces F are parallel, give to the forces 
in the one direction the same sign, and to the others the opposite; then the 
resultant R equals DF, the sense of R being indicated by the sign of LF. 
The position or line of action of R may be fixt by means of the arm of R, a, 
with respect to any origin O in the plane of the forces; thus if 2M denotes 
the sum of the moments of the given forces with respect to O, then a = (ZM)/R, 
a being measured in such direction from O that the sign of the moment of 
R. will be the same as that of 2M. If ZF =o, then the resultant of the 
system is a couple whose moment equals JZ. When the parallel forces are 
two in number, P and Q (Fig. 66), then if P and Q act in the same direction, 
R cuts any line AB internally, and if P and Q are opposite, then externally 
on the side of the larger force; and in each case the segments of AB are inyersely 
proportional to P and Q, that is, AC/BC=Q/P. When the forces are 
not parallel, compute the algebraic sums of the « and y components of the 
forces (2, and ZFy) and the algebraic sum 


of the moments of the forces with respect to A Q 
any origin O in their plane (2M). Thenthe [~~ —=l = 
resultant R? =(2F'.)? + (ZPy,)*, its angle with dele id 
the ¥ axis = tan “(2F,) /(ZF.,) and its arm 


with respect to Oisa=2M/R. The general Fig. 66 
direction of R is apparent from the directions 
of its components 2F'and ZF; a must be measured in such a direction from 
O that the sign of the moment of R will be the same as that of 2M. If 
Fx = EF y =o, the resultant is in general a couple whose moment = 2M. 
Nonconcurrent Noncoplanar Systems. The graphic method is gener- 
ally not advantageous; the algebraic is here given. (1) FoRcES PARALLEL, 
Give to the forces F acting in the same direction one sign and to the others 
the opposite sign; then the resultant R = XJ’, the sense of R being indicated 
by the sign of ZF. Next compute the sums of the moments of the forces 
with respect to two axes (x and y, say) perpendicular to the forces; call these 
sums 2M, and 2My and the arms of R with respect to those axes respec- - 
tively a and a,; then a, =(2M,x)/R and ay=(2My)/R. The signs in these 
| ratios may be disregarded; a, and ay have such positions that the moments 
| of R with respect to the « and y axis have the same signs as those of 2M, 
and =My respectively. If LF =o, the resultant in general is a couple 
which can be determined. by finding the resultant of.all the forces but one; 
the resultant and the omitted force constitute the resultant couple. 
__ (2) ForcEs Not PARALLEL. In general, the resultant is nota single 
} force, but the system can be reduced to a force R acting thru any point of the 
_ body selected and a couple C; and if desired, R and C can in general be com- 
_ pounded into two nonparallel nonconcurrent forces. To -determine R 
_ and C: select a set of coordinate axes (x, y,and z) in the body, the origin O 
_ being at the selected point referred to; determine the sums of the x, y, and z 
_ components of the given forces (2F'x, ZFy, and ZF) and the algebraic sums 
| of the moments of the forces with respect to the x, y, and z axes (Z2Mx, ZMy, 
a and 2M,); =F x, ZFy, and ZF, are the x, y, and z components of R, and 
| 2Mx, 2My, and 2M, are the moments of the components of C perpendicular 
| tothe x, , and z axes respectively. 
R? = (ZF yx)? + (ZFy) + (ZF and C? = (LM x)? + (2M, + (2M 2); if a, 
f @z, and a, denote the angles between R and the x, y, and z axes, and 0,, 02, 
and @, the angles between the vector representing C (Art. 15) and the x, 
and z axes respectively, then 
cos a, =(2F x) /R Cos a2 =(ZFy)/R cos a, =(ZF;)/R ~ 
| gos 0, =(2Mx)IC cos 43 =(LMy) IC cos 0,=(2M,)/C 


4 


Q 


| 
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The resultant force R and the resultant couple C can be compounded into two force 

as follows: take the plane of the couple so that one of the forces of the couple intersects J 

find the resultant of this force and RK; this resultant and the other force of C are the tw 

forces sought. In general the final two forces are skewed. If the plane of C is parall 

: to R, then C and R may be compounded into a single force as follows: take forces of tl 

couple so that they are parallel to R; then find the tesultant of those forces and Rj this 
a single force. 

17. Principles of Equilibrium 


: Conditions of Equilibrium. A force exerted on a body (definite portic 
of matter) by another body is an external force with reference to the fr 
body. A force exerted upon one part of a body by another part of the sam 
body is an internal force. All the external forces applied to a body at re 
constitute a system said to be in equilibrium. When a force system is | 
equilibrium, its resultant 1s Zero; this is the general condition of equilibriur 
Detailed conditions for the various kinds of force systems follow, the notatic 
being: F denotes force, Fx, Fy, and F's, x,y, and z components of F, M denot 
moment of F, Ma, Mz, and M- moments of J with respect to points a, b;and 
My, My, and M, moments of F with respect to x, 9, and 2 axes respectivel 
(x) Counrar System: ZF =o or 2Ma= 0 (a is not to be taken on tl 
forces). (2) COPLANAR CONCURRENT SYSTEM: LF,e=o0 and ZFy= 0; 
DFr=0 and DMa=o (the # axis must not be perpendicular to the li 

. joining a and the point of concurrence of the forces); or 2M@a = o and =Ms = 
(a, b, and the point of concurrence must not be colinear). For the ca 
of three forces: F, : Fo : Fy :: sin a: sin ae: sin a; F,, F2, and F, denc 
the forces, a,, @2, and a’, the acute angles between 2 and F,, F, and Fy, a 
F, and F2 respectively. (3) COPLANAR PARALLEL SYSTEM: ZF=0 a 
DMz= 0; or 2Ma = 0 and SM; =o (the line joining ¢ and 6 must not 
parallel to the forces). (4) CopLANAR NONCONCURRENT NONPARALL 
System: DF, =0, ZF, =0, and 2M = 0; or DP, = 0, 2Ma=o, and 2M, - 
(the « axis must not be perpendicular to the line joining @ and 6); or p27 
=0, DM; = 0, and 2M. =0 (a, b, and ¢ must not be colinear). (5) Ne 
COPLANAR CONCURRENT SystEM: ZFy=0, ZFy= 0, and DF,z=0. | 
NoncopraNAR PARALLEL System: ZF=0, DMy=o, and ZMy=0 ( 
% and y axes are not parallel to the forces or to each other). (7) Non 
PLANAR NONCONCURRENT NONPARALLEL SYSTEM: ZF'x= 0, ZPy = 
SF,=0, 2My=0, ZMy=o and =M,=0. 

Also, based on graphic methods, these conditions of equilibrium : For concurrent : 
tems, the force polygon closes; for coplanar nonconcurrent systems, the force and st 
polygons close. Special Principles, applicable in either algebraic or graphic anal} 
(2) Tf three forces aré in equilibrium, then they are coplanar, and concurrent or para 
(2), If four coplanar nonconcurrent honparallel forces are in equilibrium, then the result 
of any two is concurrent with the other, two, i: 

Virtual Work. | Any imaginary displacement of a body or system of boc 
is a virtual displacement. The work done by a force during a virtual | 
placement of its point of application is called the virtual work of that fo 
Virttial works are computed according to the definitions and rules for ci 
puting real works (see Art 28). The quantity here called virtual worl 
also called “virtual moment.” (1) If a rigid body is in equilibrium, then 
any infinitesimal virtual displacement the algebraic sum of the’ virtual we 
of the external forces equals zero. - The work of a force for a displacen 
of its application point at right angles to the force is zero; and so in apply 
the principle of virtual work to determine a particular force of a systen 
equilibrium, it is generally advantageous to take a virtual displacemen' 
that the displacements of the application points of as many forces (particul 
unknowns but excepting the one in question) as possible shall be at r 


a 
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angles to the corresponding forces. (2) If any system of particles (constitut- 

ing 4 rigid body, a deformable body, or a collection of such bodies) is in equilib 
num, then for any infinitesimal virtual displacement of the system the algebraic : 
sum of the virtual works of all’ external and internal forces acting upon it 
equals: Zero. Tnternal forces « occur in pairs, and the forces of any pair are equal, 
colinear, and opposite. Let Ss. denote the magnitude of either force of a pair 
Hato ae as positiy if they are pulls and negativ if pushes), and let ds denote 
int Fane in Ae distance between the application points of the forces for 


Fe cree the work of the pair is — Sds. For any pt aighiion 4 
ment of a rigid body, ¢ ds is zero for all pairs of internal forces, and the’ work 
of each pair (and of all pairs) i is zero. In applying the principle toa collection 
of rigid bodies which press against, one another or are connected as by hinges 
or strings, the equation of yirtual work must in general include, besides the 
external forces, those internal forces which the bodies exert upon ‘each other, 


‘But the yirtual works of these forces may be zero; ‘thus the virtual works of 


the pressures ata frictionless contact is zero for any virtual displacement 
which preseryes the contact, and the virtual work of the binding forces of a 
string is zero for any ‘virtual displacement which leayes the string taut and 
ynchanged i in length. 

Stability. When a body (or collection of bodies) i is in equilibrium ee the 
state is “such that if when: displaced slightly in any, way. the ‘body returns 
of itself to its original position, then the equilibrium is stable; if when dis- 
placed slightly the body moyes farther from its original position, then the 
equilibrium is unstable; and if when displaced slightly it remains in that 
displaced position, the equilibrium is neutral, or indifferent. “The body or 
collection is also said to be stable, unstable, or neutral (or indifferent) Tespec- 
tively. When a body or collection i is stable, its potential energy is a minimum; 
when unstable, a maximum; and when neutral, constant (or stationary); the 
converse statements also are true.- When the potential energy is gravita- 
tional, that is, due to weight, then when a body or collection is stable its 
center of gravity is in a lowest position; when unstable, in a highest position; 
and when neutral, at a uniform height, ‘that is, it moves in a horizontal plane 
if the body or collection is slightly displaced: When a body rests on a number 
of points, ‘the smallest polygon indluding all the points is called the support- 
in base ‘or, ‘simply, base. ‘Tf the resultant of all forces aciing on the body 


i including’ its own, weight but not the supporting forces, cuts the base, the 


equilibrium is stable, and the moment of ‘the resultant about the side of the 


| base nearest the resultant is a measure of the stability. 


Properties of the Equilibrium or String Polygon. (See also Art. 16.) 


| In the following the force-systems are not assumed to be in equilibrium except 


where so stated. (1) The line of | 
action of the resulta. nt of any number 


; sented consecutively in a force polygon 


of coplanar forces which are repre- 


passes thru the intersection of the two 
strings of the équilibrium polygon 
which are parallel to the two rays ~ 
embracing those forces in the force 
polygon. ° Thus the resultant of AB, Fig. 67 
3C, and CD (Fig. 67), acting in ab, eS 

C, Ba cd, acts thry the intersection of ag and od; the resultant of BC, CD, 
and DE acts thru the intersection of ob and oe; etc; (2) If a pole i is taken 
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at the beginning of a force polygon for a given force-system, then each strin; 
of a corresponding equilibrium polygon is the action line of all the forces fron 
(and including) the first up to that string. Thus, the string od (Fig. 68) i 

the line of action of the forces AB, BC, and CD, actin 


g 5 int ab, bc, and cd; and ae is the line of action of AB, BC 

D OA CD, and DE. (3) If two equilibrium polygons be draw 
q for a given force-system from the same force polygon bu 

E F : 


with different poles, then the intersections of corresponc 
jing strings will lie on a straight line parallel to that joinin 
a Dx ft the-poles. Thus in Fig. 69 there are represented force 
ON of © AB, BC, amd CD, acting in ab, bc, and cd, and two equ 
oo ae ‘ 
‘a a os librium polygons are shown corresponding to poles P an 
Fig. 68 Q} corresponding strings intersect in points I, 2, 3, and. 
all being in a line parallel to PQ. (4) If an equilibriu 
polygon for a system of forces in equilibrium be regarded as a series of link 
jointed at the intersections of the segments of the polygon, by means of whic 
the forces react upon each other, the series would remain at rest under tl 
: action of the forces; each link would be under te 
sion or compression, and the ray corresponding 
any particular link represents the amount of th 
tension or compression. In Fig. 70 each link 
under compression. erie 


‘An equilibrium polygon op ae 
for a coplanar force-system —¢ ws N 
furnishes a ready meansof —qt SS 4 
obtaining the moment of any 1 aah 
one of the forces, and of the H eee 
resultant of any of the forces oo A 
consecutive in the force po!y- Ye : 
gon. ‘Thus the moment of “ 73) 


any force with respect to 

any Origin is the product of 

its “intersept” and “pole 

distance” ; by intersept of a (6) D 
force is meant the distance Fic. 70 ~ ‘ 
(by the space scale) inter- Lal 


Fig. 69 


cepted by the strings corresponding to the force from the line-drawn parallel to the fc 
thru the origin of moments, and the pole distance of a force is the perpendicular dista 
(by the force scale) from the pole to ‘the line representing the force in the force polys 


Thus the moment of 4B (Fig. 67) acting in ab, about P,. is 12 X Os, and the momen 


the resultant of BC, CD, 


and DE about P is 34 x O6- 
Both moments are counter+ 
clockwise, determined from 
_ the lines of action and senses 
of forces as related to the 
origin of moments. 
~ An equilibrium polygon 
for a coplanar system of 
forces can be drawn so as to 
pass thru any three points 
of the plane of the forces. - Fig. 71 
Thus, to draw one thru . . 
points 1, 2, and 3 for the forces Fi, F2, Fs, F's (Fig: 71): find the resultants Ry an 
of the forces whose lines of action are cut by the lines joining x and 2, and 2 and 3 
first acts in R; and the second in Re (construction for position not shown), and 
values are represented by AB and BC respectively in the force polygon for the fo 
Extend lines R; and 32 to their intersection M, and lines Ro and T2 to their intersectio 
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From A and B draw lines parallel to M1 and M2 to their intersection m, and from’, 
B and C draw lines parallel to N2 and N3 to their intersection ». Complete the paral- 
lelogram BmnO; then O is a pole and the corresponding equilibrium polygon, if started 
thru one of the three specified points, will pass thru the other two. (It is advisable ta © 
draw as first string the one. thru point 2, parallel to OB.) 


, 
- 


18. Typical Problems 


Tn each of the problems following, some of the forces of the system in equilibrium are 
unknown in sense. In writing an equilibrium equation for the system, senses may be 
assumed when unknown; if the computed value of a force comes out positiv, the sense 
was guessed correctly; if negativ, then incorrectly. In the figure, incorrectly assumed 
senses are indicated by a short line thru the arrowhead. 


A Coplanar Concurrent Force-System is in Equilibrium and the forces 
are all known except two whose action lines only are known; to determine these 
two completely. This is a common problem in the determination of the 
stresses of a roof or bridge truss, and the numerical illustration is from a 
truss, but the method of solution is as general as the statement of the problem. 


(x) Algebraic Solution: Three sets of equilibrium equations are available (see Art. 17). 
No general rule covering all cases can be laid down as to which set is best in a particular 
case, but if a resolution equation (2F'x = o or Fy = 0) is taken first, it is advantageous 
to take the resolution axis perpendicular to one of the unknown forces. If a moment 
equation ({M= 0) is taken first, it is advantageous to take the momentorigin on the 
action line of one of the unknowns. Fig. 72 represents a joint of a truss under the action 
of a load of 1600 Ib, a known pull of a member, 2000 Jb, and two unknown forces F; and 
Fs; to find these two: Choosing 2F.x = o and SFy = 0, with the x axis horizontal, =Fy 
= — 1600 + F; sin 30° = 0, or Fy = + 3200 |b, the positiv sign indicating that Fy 
acts as assumed in the figure. Next Sfx = — 2000 + 3200 cos 30° + Fz =0, or Fa 
=— 771 |b, the negativ sign indicating that 72 acts toward the left. ‘Or, beginning with 
=M =o, the origin being on F», 10 feet to the right of O, say, then 2M = —1600 * 
to + Fy X 10sin 30° = 0, or Fy =.3200; Fz may now be determined as before or from 
another moment equation with origin anywhere except on Fy.’ When there are only 
three forces in the system, then a special condition of equilibrium (Art. 17) may be 

- applied thus: suppose that the three forces are 1600 Ib, Fy, and 2 (Fig. 72); Fy/sin go° = 
F2/sin 60° = 1600/sin 30°, which equa- 


tions furnish values of Fy and F2. z F, aE ArpeD ; 
(2) Graphic Solution: The'condition ee 
of equilibrium is that the force polygon {1600 1b, Cc B 4 


for the force system must close; con- . "4 
structing the polygon and making it ss Fig. 73 
close will determine the unknown forces. The order in which the forces are represented 
in the polygon is immaterial, but the knowns must be drawn first of course. To con- 
‘struct a force polygon for the forces: draw AB (Fig. 73) to represent the 1600-Ib force, 
BC to represent the 2000-lb force; then from A and C lines parallel to the other two 
forces; the intersection of these two lines is D, and CD and DA represent the values and 
directions of the two unknowns. The unlettered polygon in Fig. 73 is another possible 
force polygon, giving the same results as the one explained. 

A Coplanar Parallel Force-System is in Equilibrium and all the forces 
are known except two whose action lines only are known; to determine com- 
_ pletely these two. The determination of the reactions on a beam or truss 
on horizontal supports and under vertical loads is a problem of this sort. 
~ Such a beam is used as an illustration, but the method of solution is as 
" general as the statement of ‘the problem. 
(a) Algebraic Solution: Either one of two sets of equilibrium equations is available 
_ (Art, 17). It will be well to use the two moment equations with origins on the action 
'* lines of the two unknown'forces. Then after the unknowns have been determined one 
might test, as a check, whether =F is zero. Fig. 74 represents a beam supported at Ry 
and Rs, the beam bearing a concentrated load at the left end, a uniform load as shown, 
y its own weight, 1800" 1b; to determine the reactions. With origin at Re, the 


, 
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mottent eqiation ts = 16 de6 x 18 = 46600 x 8 ~ 1800 XO + Ri X 10 $0, or Ri 
43 626 1B} with origin at Rj, it is =10 660 X 8+ 40,000 X 4+ 1800 X Tt — Ra X 10 =< 
OF R6=8186 Ib: » As AlBebraic’sumi Of loads and feactions is zero, the computation check: 
Aejeicsomh, (2) GraphieSolution, Tt 
cotiditions of équilibriui 
are that the force and strin 
polygons close; if these t 
constructed and made | 
close, thé probleta will ha 
been solved. Using the pr 
ceding illustration again, tl 
4o ooo-lb load is regarded : 
concentrated at its cente 
Fig. 74 } and also the weight of tl 
abet) <6 beam at the middle of. tl 
beam; first ABCD the polygon for the known forces, is laid off; the right reaction will | 
taken next and called DE and, the other ZA, but Z is as yet unknown, next a pole O 
chosen, rays are drawn and then the strings or oa, ob, oc, and od; od should be extend 
to de, and oa to ea, The line ve is the Closing string, and a ray parallel to it fixes # 
point Z. Then DE and EA represent the magnitudes of ‘the reactions. 
_ A Coplanar -Nonconcurrent Nonparallel Force-System is in Equilil 
rium, and all the forces are. known except two; the action. line of one 
these and a. point in that of the other are known; required to'determine the 
_ unknowitis completely: ‘This problem occtits in: the determination of 11 
reactions on 4 roof truss Sustaining wind presstires, the truss being fixt at o1 
end and resting on rollers at tHe other. ‘This case is used in illustrations belo 
but the solutions are as general as the statement of this probleni. 

(x) Algebraic Solution: Calling the first described unknown P and the second Q, i 
agine Q replaced by two rectangular components Qx and Qy, acting at the given poi 
of Q} then, the unknowns of the system are the magnitudes and senses of P, Ox, and ¢ 
Any one of three sets of equilibrium equations may be used (Art. 17);) generally it 
advantageous to begin with a moment ¢quation, the origin being at the known point 
Q, as such, an equation will furnish P directly. .Qx and Q» can be determined from t 
other two equations of the i ; 
set. selected, and then Q 
itself from its components. 
Fig. 75 represents a roof 
truss whose span is 60 ft, 
rise 12 ft, resting on rollers 
at the left end and pinned to 
thesupportattheright;there 

are four loads as shown; 
required the reactions. The 
reaction at the roller end can 
de vertical only; that at the 
other end may have any 
irection, The first is P and Dig 5 
the second Q, but Q is rep- : ip: 
resefited in the figure by its two unknown coitiponents Q» and Qj. The momeat eq 
tion for thé sy8teni with Otigin at 1 is P X 66 = 1§00.X. 55.71 — 3000X 44.94.— 300 
34.17 — 1500X 23.40 =o, ot P= 5033. Then from 3Mo = 0, or 2Fy= 0, Oy may 
found to be: 2423, and from =Fx = 9, or 3Mz = 0, Qx may be found to be 3342. 
(2) Graphic Solution: The conditions of equilibrium are that the force and, st 
polygons must close; constructing them and making them. close will determine the 
knowns., In order to make the construction, possible, the first string drawn intist be 
res ing to the, unknown force Q, one point of which is known, and it mus! 
jrawn thru that, point. 'T he following special graphic solution is simpler in print 
First determine the resultant R of the known Sorces, and iniagine the knowns eplacec 
that resultant; then the, system consists of three forces, namely that resultant and the 
unknowns. If R and the unknown P whose action line ig known ate not parallel; 1 


_ 20000 7. 40000 1b. Re 
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* the three forces R, P, and 0 are concurrent and the action line of Gis determined. The 


rig mo} 5, three-force system can then be made as explained in the first paragraph. 
and allel, then Q is also parallel to P and R; P and Q can be determined 
inost readily al algebraically, and graphically by constructing the force and funicular poly- 
gous for the three forces. (When R, P, and Q are parallel, this special graphical method 
is no simpler than the general nittid first described.) As illustration of the general 
method the reactions on the truss shown in Fig. 75 are determined thus: The fotce poly- 
gon for the known forces is.ABCDE; calling the reaction at the fixt end ef and the other | 
fa; the first string drawn is oe; then od, oc, ob, ea, and ,of the closing, strings Next the ray 
atallel to of is drawn and its intersection with AF determines F ; EEF and FA represent 
ie magnitudes and directions of thie reaction at the fixt and rol the ends respectively. 


A coplanar noncurrent nonparallel force-system is in equilibrium and 
all the forces dre known except three whose action lines only are known: 
Required to determine these three completely. (This problem is indetermi- 
‘nate if the three unknowns are concurrent or parallel.) 


@) Algebraic Solution: Any one of three sets of equilibrium equations may be used 
(Art. 15), In general it is advantageous to use a rnoment equation first, the origin being 
at the intersection of fwo of the unknowns; the choice of the other two equations will 
depend on. the particular problem under consideration. For example, consider the over- 
hanging triiss (Fig: 76) which sustains three loads as shown and is supported at 1 so 
that the reaction there acts along the line marked Rj arid at 2 by two forces Ro and Ra 
whith até horizontal and vertical respectively: Required Ry, o} and Ry, 2My= — 800 _ 
20'— 1500 X10 + R, X 10 = 6, or Ry = 3100 tb; Mg = 1500 X 10 + 1000 X 20 
— Rex 20 = 6, or R3 = 1730 Ib; and =Fx = R, cosa — 3100 = 0, or Ry = 3466 lb, 


(2) Graphic Solution: The conditions of equilibrium are that the force and equilibrium 
poly must close. In order to construct the equilibrium polygon, the first string 
must drawn thru the intersection of two of the unknowns. Using the preceding 
illustration the force polygon for the three known forces is ABCD (Fig. 76). The reac- 
tion at x is called de and the reactions at 2 are called ef and fa. The first string is oa 


Fig. 76 Fig. 77 


and it is drawn thru the intersection of fa and ef; then ob, oc, arid od are drawn, the 


Jatter to its intersection with de. The closing string is oe, and a ray parallel to oe deter- 
mines &, in the Jine through D parallel to de. Then completing the force polygon 
by line through A and E parallel to Ry and Ry respectively determines F, arid FA = Ro 
and EF = R3. ‘The senses.of Ry, R» and Ro, apparent in this example, are given by 
arrow heads on DE; EF and FA confluent with the senses of AB, BC and CD. 


The following special method is simpler than the foregoing: Determine the resultant R 
of the known forces, and imagine them replaced by their resultant; then the system con-* 


_ sists of R and the three unknowns P, Q, and S. Note that R, P, and the resultant R’ of 


% 
F 


, 4 


— Oand S are concurrent, and by a force triangle determine P and R’; finally resolve R’ 
_ fito its components @ and S. Vor example, in the preceding illustration the resultant 
‘of the khown forces is 3300 Ib as shown in Fig. 77. The resultant R’ of Q and S is con- 
 tlirrent with Rand P; and acts in the dotted line. The force triangle for R, P,. and R’ is 
ABCA, AB representing 3300 Ibs, BC representing P, and CA representing R’.. Then 
ipeicg CA into Q.and 'S, it is found that CD represents S and DA represents Q.. 


= 
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19. Shear and Moment in Beams 


Beams and Trusses are usually subjected to vertical loads and reactions. 
In such cases, the VERTICAL SHEAR at any cross-section of the beam or truss is 
the algebraic sum of all the loads and reactions on either side of the section; 
if the shear is computed from the forces (loads and reactions) to the left of 
the section, then upward forces are given the positiv sign, but if from those 
on the right, then the upward forces are taken as negativ. The BENDING 
MOMENT at amy cross-section of a beam or truss is the algebraic sum of the 
moments of all the loads and reactions on either side of the section, the origin 
of moments being taken in the section, if the bending moment is computed 
from the forces to the left of the section, clockwise moments are regarded 
as positiv, but if from those to the right, clockwise moments are taken as 
negativ. V and M are used to denote shear and moment respectively. 


Fig. 78a represents a cantilever sustaining a concentrated load of 1000 Ib at the free end 
and uniform load of 2000 Ib on half its length as shown. Fig. 78b is a shear diagram for 
the cantilever as loaded, showing how the external shear varies 
from section to section; at a section just to the right of the con- 
centrated load V=— 1000, at the wall V = — 3000 Ib. Fig. 78¢ 
is a moment diagram for the cantilever as loaded, showing how 
(@) » the bending moment varies from section to section;,at the middle 
(b) M = 5000 and at the wall M=1s 000 ft lb. Fig. 79@ repre- 
sents a beam resting on two supports A and B and bearing a 
uniform load of 1000 Ib per ft between the supports, and a con- 
H centrated load of 2500 |b at the right end; the reactions at A and 
(C) B are respectively 4000 and 8500 lb. Fig. 790 is a shear dia- 
’ gram for the beam so loaded; just to the right of 4, V =+4600 
Fiz. 78 Ib,. just to the left of B, V =— 6000 lb, and at any section to 
8 the right of B, V = + 25¢0 Ib. Fig. 79¢ is a moment diagram 
for the beam as loaded; at B, ‘M = — 10000 ft-lb and the greatest positiv value of M 
js 8000 ft-lb, at the section 4 ft from the left end. 
’ The equilibrium polygon is a moment diagram for the beam, as loaded, 
the vertical ordinates in it being proportional to the bending moments at the 
corresponding sections. The bending moment at any particular ‘section is 
the product of the corresponding ordinate in the equilibrium polygon (ac- 
cording to the scale of the drawing of the beam) and the distance from the 
pole to the “load line”. (according to the scale of the force polygon). 
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Fig. 80 


For example, in Fig. 80, the beam represented is supported at each end and sustai 
two loads of values 12 and 23; the perimeter of the upper shaded part is an equilibriu 
polygon and constitutes a moment diagram for the beam as loaded. The bending m 
ment at any section as S equals the product of the distance represented by the ording 
5-6 and the force represented by the perpendicular from O to the line 1-2-3. The she 
diagram (Fig. 80c) can be constructed from ‘the force polygon by obvious means. 
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Fora eal bearing a distributed load an approximate moment diagram may be con+ 
structed thus: draw an equilibrium polygon for the beam under an pera equiv« 
alent series of concentrated loads obtained by, imagin- 
ing the uniform load divided into parts and each part 
teplaced by a concentrated load equal to that part and 
applied at its center. See Fig. 81, in which the dis- 
tributed load is divided into three parts. The true 
bending moment line is curved below the distributed 
load, and the curve is tangent to the equilibrium poly- ll 
gon at points immediately below the lines of division Vig. 81 . 
of the load. 

Properties of Shear and Moment Diagrams. For any part of a beam bear- 

ing no load and weight of beam being disregarded, the shear line is horizontal] 
and the momentline is generally inclined; for any part bearing a uniformly 
distributed load, ’the shear line is.inclined downward to the right, and the 
moment line is a parabola, convex upward and axis vertical. The shears on 
either side of a concentrated load differ by an amount equal to the load, and 
the moment line changes direction there suddenly. At each end of a beam 
the shear and moment are zero. Where the shear changes sign, there the 
moment has a maximum or minimum value. 


20. Simple Frameworks 


A Truss is a framework intended to carry loads, while each member of the 
truss is subjected:only to longitudinal stress, either tensile or compressive. 
In this article it is assumed, except as otherwise noted, that (a) the truss 
under consideration is pin-jointed, that is, the members have “eyes” and are 
pinned together at the joints, (b) each member is continuous between two 
joints only, and (c) the loads and reactions are applied to the truss at the 
joints. When these assumptions are fulfilled the forces acting upon any 
member, consisting of loads, reactions or pin pressures, are applied at-its 
ends only; and the resultants, R, and Ro, of the forces at each end act thru 
_ both ends, that’is, R, and Re are colinear, and they are equal and opposite. 
When they are pulls, the member is in tension, and any two parts exert pulls . 
upon each other (Fig. 82); when they are pushes, the member is in compression, 

_ and any two parts exert pushes upon each 


SE ee) (a) other (Fig, 82). These internal pulls and 
' ; pushes are each equal to the end pulls or 
RELEON Goiphasicn Ra (0) pushes and colinear with them. By force 
Fig. 82 or stress in a member is meant either of 


the forces which either of the two parts 
of the member exerts on the other part; the magnitude of a stress is the mag- 
nitude of one of the two forces referred to. By analysis of a truss for certain 
loads is meant the determination of the stresses in its members due to these 
loads. 

The assumptions stated aboye are not realized in all actual trusses; yet if either (a) or 
(b) is not realized but the joints are properly made, then the methods of analysis here 
explained, or their equivalent, are used and without practical error; if (c) is not realized, 
the methods here given require amplification only. 

To Determine the Stress in any particular member of a truss due to 
certain loads: First, determine the reactions on the truss due to. the loads; 
second, imagine the truss separated into two distinct parts (that is pass a 
section thru the truss) so that the member under consideration is one of the 
members cut afd so that the system of forces, including stresses, acting on 
either part of the truss is solvable for the desired stress; third, solve the 
system, (For plane trusses, the system will be coplanar and concurrent, or 
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nonconcurrent; the first kind can be solved completely if it includes not more 
than two unknown stresses, and the second if not more than three except 
when these three are concurrent or parallel.) é 


To illustrate how to pass the section, suppose the stress in HI (Fig. 88) is required, the 
truss being supported at its ends and bearing five loads L and one P, and suppose the 
reactions determined. ‘Trying section 1-1, the force system on the left part of the truss 
(Pig. 88d). is a nonconcurrent one of seven forces, and includes four unknown stresses, 
Sy, Sg, Sg, and S4; it is not solvable for the desired stress 51. Trying section 2-2, the force 
system on the lower part (Fig. 83c) is a concurrent. one, and includes four unknown 


stresses, Si, 52 Ss, and So; it is not solvable. Trying section 3-3, the force system on 
the left part (Fig. 83d) is nonconcurrent with three unknown stresses, Si, Sj, and Sgj it 
js solvable. © In some instances different sections may be used, each leading to a solution. 

An Algebraic Analysis of a Truss is carried out by solving the various 
force-systems resulting from sections past, as explained in the foregoing, 
by algebraic methods. ‘The problems to be solved are generally like ong 
of Art. 18, where methods for their solution are given. In the following 
the unknown stresses will be assumed to be pulls always; then positiv com- 
puted stresses will be tension and negativ ones will be compression. In a 
truss with! horizontal chords, the stress in any diagonal equals, the vertical 
shear in ‘the panel in which the member is, multiplied by. the secant of the 
angle which the member makes with the yertical. ‘The stress in either chord 
member of any panel equals the bending moment at the point where the 
other chord member and the strest web member of that panel intersect, 
Givided by the height of the truss. : 3 

(x) Roof Truss. ‘In Fig. 83 angles A and G are 45% AH=HI=I1G= 
16 ft; AB, BC. CD, DE, EF, and FG are equal, also HJ, JD, IK, and 
KD. * Loads E=8o0lb, load P=t1200 lb. The reaction Ri is found thus: 
Ri X 48'—4000 X 24 — 1200 X 32 =0, OF Ri =2800 Ib; also Ra=2400 lb, 

To determine the stresses: Passing section 4-4, the force system on the part within the 
section (Fig. 84a) is concurrent with two unknowns Si and Sx Taking a vertical yy axis, 
SF, = Sysin' 45° + 2800-= 0, or = + 3960 Ib, the negativ sign indicating that Sz 
js compressive; next with the corrected direction of So, Sx = + Si = 3960 c08 45%. 9) 
or S; = + 2800 |b, the positiv sign indicating that S; is tensile. In a similar manner 
the stresses jp GF and GI might be determined they are respectively 3394 Ib compres: 
sion and 2400 lb tension. No other section than 4-4 Or 5-5 can be past so that the 
force-system acting on either part of the truss will be concurrent including only two un 
known stresses; in fact the only sections leading to solvable force-systems are 3-3 an 
6-6. On the left of 3-3 (Fig. 84) the force-system is nonconcurrent with three unknown 
S3, Si; and Ss.’ To detertine Sz 2p = = 2800 24 + 1200 XS B08 x 8 +) Bo 
«16 + Sy X24 6, or Sg = + 1600 Ib tension. One might now solve. the systen 
for Syand S; or pass a section around foint H or I (Vig. §3), each furnishing a solvable.con 


current system. But continuing with Fig. 842, SM = — 2800 X 16 +. 800, x8-—S 
« & BH = 9, 9F Sx =. 7 3394 Ib compression; and 2M.4 =o gives Sa = + 2530 Ib ten 


sion, Next a section may be past about H or J as stated, or about C; section about. 
gives 4 concurrent system (Fig. 84c) with two tnknowns, So and S7. Taking an « ax 
’ F 5 vis) NY “s 2 t ascoig z% IT OVE 
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at right angles to S;, XFr= — 1200 cos 48° — 2800 cos 48° + 1600 cos 46° + ‘Sé 
cos (71° 34! — 45°) =o, or Sy =+ 1897 Ib tension; and taking a vertical y axis, SFy = 
= 1200 + S; cos 45° + 1807 sin 71° 34’ = 0, or S;="— 847 Ib compression. Next pass= 
ing a section about C; the force-system is concurrent (Fig. 84d) with two unknowns $ 
and ‘Sy. Two resolution equations, the axes 
being taken along the unknown stresses are Six 
simple; they give Ss=— 556 lb compression, e (a) 
and Sp =— 3960 lb compression. Next pass- 4f 
ing a section about B gives a concurrent systeni 
with one unknown (Fig. 84¢) S,j. Or, one 
tight pass next 4 section about J and get a 

- solvable system (Fig. 84). In similar manner 
the stresses in the members of the right half of 
the truss may be determined. — When, in the 
analysis, a force system is reached in which 


800. 1 173304 


800 {HLi900- “tf TOYA Sa 


, there are fewer unknown stresses thar the (OMe 

“number of conditions of equilibriuni for. the iss Sh 4 
system, as in Figs, 82¢ and /, then.a partial 800, 73960 5O0\, i 
‘check: on the preceding computations may be (e) } A of. 
made, thus; determine the unknown stress or cents Sio J 
stresses and then test whether the force-system 4 \ 84? f 
Satisfies the superfltious or extra equation or Bu! spor h 
' equations of equilibrium. Thus for Fig. 84e . 


with the x axis along the two equal stresses, Fig. 84 
© BF x = Sip X cos 26° 34’ — 800 cos 45°= 0, or Sig = + 633 Ib tension, and. XFy =847 —800 
sin 45° — 633 sin 26° 34’= — 2, or nearly zero, and so the check is satisfactory. 

(2), Howe Bridge Truss. The truss represented in Fig. 85 is generally 
constructed all of wood except the “verticals.” The “diagonals” aré not con- 
nected to other members at the various joints but simply butt up against 
bearing blocks at their ends, and so cah be subjected only to compression. 
. Two diagonals in any panel 

cannot be strest at the same 
time; when fhe loading is sym- 
metrical with respect to the 
middle of the truss, those dia- 
gonals represented are the 
ones strest and they are the 
main diagonals. The others, 
not shown, may be strest only 
when the truss is partially 
loaded, and they are ‘counter 
diagonals, or braces, or simply 
counters. 

In the following example the 
truss is supposed to be loaded 
symmetrically (see Fig. 85) and the: 
counters are not mentioned. The 
span is 72 ft, height of truss 15 ft, 
. each tipper load U is r ton and 

Fig. 85 each lower load Z isz tons; then 
eachreactionis 7.5 tons. The stres9 
in any diagonal may be tound by passing a vertical section thru the truss so as to cu‘ the 
member under consideration and then solying, the force system acting on either part of 
the truss. Thus, to determine the stress in 4B, pass the section 1, and solve the system 
is shown in Fig. 85a for S,; to determine the stress in EC, pass section 2 and solve the 
- system shown in Fig. 856 for 53; similarly to determine the stress in FD, etc. It will 
be noticed that the vertical component of the stress in any diagonal equals the external’ 
shear at the section cutting the diagonal; thus (See Fig. 85) Sj X cosa= 4. §-2-1= 4:5. 
The stress in any vertical, rg the middle one ff there be such, may be found by passing 


STEER 


i 
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a section so as to. cut only that member and adjagent chord members and then solving 
the system of forces acting on either. part of the truss for the desired stress. Thus, to 
determine the stress in BE, pass section 3, and from the system shown in Fig. 85¢ get 


So =7-5 —1=6.5 toms; to determine the stress in CF, pass section 4, and from the system 


shown in Fig. 85d get Sio= 7-5~ 27 1~1> 3:5 tons. The stress in the middle vertical 
equals the load at its lower end, 2tons. ‘The stress inany chord member may be found by 
passing a section cutting that member and the others in the same panel, and then solving 
the force-system acting on either part of the truss for the desired stress; the solution is 
easily made from a moment equation, the origin being taken at the intersection of the other 
two members cut. Thus to determine the stress in CD, pass section 5; the moment 
equation for the system shown in Fig. 85e with origin at the intersection of S6 and Sg is 
Ws X agg X12 — S7 X TS) or S7 = 9.60 tons. ; 


21. Stress Diagrams for Trusses 


Graphic Methods for Analyzing Trusses are especially well adapted 
for solving problems like the preceding. As in the algebraic method, the 
truss is imagined separated into two parts and then the attention is directed 
to the forces acting upon either part. Graphic instead of algebraic 
conditions of equilibrium are then applied to the system of forces to determine 
the unknowns. In making’ the imaginary separations of the truss, care 
should be taken to cut not more than three members, the forces in which are 
‘unknown. It is advantageous to make the separation.so that not more than 
two such members are cut. If that be done, a single force polygon will 
determine the two unknowns, while if three be cut, a force polygon and an 
equilibrium polygon, or the equivalent, are necessary for determining the 
three unknowns. In drawing the force polygon, it will be advantageous to 
represent the forces in the order in which they occur about the joint. A 
force polygon so drawn will be called a polygon for the joint; and for brevity. 
if the order taken is clockwise, the polygon will be called a clockwise polygon 
and if counter-clockwise, it is called a counter-clockwise polygon. If th 
polygons for all the joints of a truss are drawn separately, then the stress iu 
each member will have been represented twice. It is possible to combin 
the polygons so that it will not be necessary to represent the stress in an: 
member more than once, thus reducing the number of lines to be drawn 
Such a combination of force polygons is called a stress diagram. Eac 
triangular space in the truss diagram is marked by a smiall letter, also the spac 
between consecutive action lines of the loads and reactions. Then the tw 
letters on opposite sides of any line serve to designate that line, and. the sam 
large letters are used to designate the magnitude of the corresponding fore 


To construct a stress diagram for a truss under given loads: 


(1) Determine the reactions. (2) Letter the truss diagram as directe 
(3) Construct a force polygon for all the external forces applied to the tru 
(oads and reactions), representing them in the order in which their applic 
tion points occur about the truss, clockwise or counter-clockwise. (4) C 
the sides of that polygon. construct the polygons for all the joints. ‘Th 
must be clockwise or counter-clockwise ones according as the polygon f 
the loads and reactions was drawn clockwise or counter-clockwise. (Tv) 
first polygon drawn must be for a joint at which but two members are fastene 
the joints at the supports are usually such. Next that joint is considere 
and its polygon is drawn, at which not more than two stresses are unknow! 

(1) Roof Truss. Fig. 86 represents a truss sustaining loads of 600, 1000, 1200 a 
1800 Ib; the right reaction is 2100 Jb and the left 2500 Ib. ABCDEFA is a polygon 
the loads and.reactions, these being represented in the order in which their points of ap} 
cation occur about the truss. The polygon for joint 1 is FABGF; the force BG a 
toward the joint, hence bg is under compression, and GF acts away from the joint, he: 


( 
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~gf isin tension, The polygon for joint 2 is CDEHC; the force EH acts away from the 


joint, hence ef is in tension; and HC acts toward the joint, hence hc is in compression: ~ 


The polygon for joint 3 is HEFGH; the force GH acts away from the joint and hence 
gh isin tension. If the work has been correctly done, GH is parallel to gh. (In Fig, 86¢ 
the polygons are all clockwise, and in Fig. 86b counter-clockwise.) - , 


‘Yis00 1b. 


4 


Fig. 86 


BH RPS Osby 


Fig. 87 


(2) Howe Truss. Fig. 87 represents a Howe truss, 72 ft span and rs ft high, under 
five 1-ton loads on the upper chord and five 2-ton loads on the lower. ABCDEFGHIJKLA 


is.a force polygon*for all the loads and reactions, 


joint 2, MABNM,; for joint 3, KLMNOK; 
for joint 4, ON BCPO; for joint 5, JKOPQJ; 
and for joint 6, 7/QRI. 

(3) Derrick. Fig. 88a represents a stiff-leg 
derrick, only one stiff leg, da, shown, and the 

- boom and shownstiff leg in the same vertical 
plane. For the analysis it is not necessary 
to determine the reactions first. The polygon 
for joint 1 may be drawn first; it is ABCA, 
and BC and CA represent compression and 
tension respectively. The polygon for joint 2 

» may be drawn next; it is ACDA, and CD 
and DA represent compression and tension 

_ respectively. The reaction at 3 equals the 
resultant of CB and DC, that is DB. 

The foregoing analysis is imperfect be- 
cause it assumes, in part, a single stay along 
ac, whereas such derricks usually have a 
multiple stay and a hoisting cable as shown 
in Fig. 885. To determine the reaction P; 
at the top of the mast exerted by the stiff 
leg and that P2 at its base: P; acts nearly 
along the axis of the stiff leg, and Pz ina 
direction unknown as yet; these forces along 
with the weights of the mast, boom, and 
load, constitute a system in equilibrium, and 
it may be solved for P; and P as explained in 


Polygon for joint 1 is LAML; for 


Fig. 88 


Art. 18. (If hoisting is accomplished not by a winze mounted on the derrick, as assumed, 
but by an engine, then there’must be included in the system described the pull of the 
_ engine.) To determine the reaction Q, at the base of the boom and the pull Qz of the 
top stay; Q2 acts along the stay and Q, in a direction unknown as yet; these forces 
‘along with the weight of the boom, a pull of 14 W in line a, and @ pressure at the top 
pulley pin identical with the resultant of the pulls 4 W in the lines } and ¢, constitute - 
@ system in equilibrium which may be solved for Q, and Qa. (Art. 18.) 
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GRAVITY AND INERTIA FUNCTIONS 
22. Principles of Center of Gravity, 


Definitions, The resultant of the weights, or parallel forces of gravity 
upon all the particles of a body, always passes thru a certain particle or point 
fixt with reference to the body, no matter how the body is turned about; - 
this particle or point is the CENTER OF GRAVITY of the body. If the body can 
be supported at its center of gravity, then so supported it would remain 
at rest in any position. Center ‘of gravity is also called center of mass and 
center of inertia, especially in discussions relating to the motion of the body. 
The center of grayity of a line (or length), surface (or area), solid (or volume) 
is the center of gravity of the line, surface, or solid imagined materialized, 
that is, conceived as a very slender wire, thin plate, or homogeneous body. 
Centroid is also used in place of center of gravity as applied to lines, surfaces, 
and solids. The center of gravity of a line, surface, solid or homogeneous 
body is a mean point; that is, the distance of the center of gravity from any 
reference plane is the mean of the distances of all the equal elementary parts 
of the line, surface, solid, or body from the plane. ‘Tf the reference plane 
cuts the line, surface, solid, or body, distances on opposite sides of the plane 
must be regarded as opposite in signs. SYMMETRY: Two points are sym- 
metrical with respect to a third point if the line joining the two is bisected by 
the third. Two. points are symmetrical with respect to a line or a plane 


_ if the line joining them is perpendicular to the given line or plane and is 


pisected by it: A body, line, surface, or volume is symmetrical with respect 


‘to a point, a line, or a plane if all the points of the body, line, surface, or volume 


can be paired off so that each pair is symmetrical With respect to the point, 
line, or plane. If a line, surface, solid or homogencous body is symmetrical 
with respect to a point, line, or plane, then its center of gravity is at the point 
in the line, or plane. The STATICAL MOMENT of a body (or weight), | 9 
(or length), surface (or area), or solid (or volume) with respect to any plane 
is the product of the weight, length, area, or volume and the distance of the 
center of gravity of the body, line, surface, or solid from the plane. The 
statical moment of a plane line (or length) or plane surface (or area) with 
respect to a straight line in the plane ig the product of the length or area and 
the distance of the center of gravity of the line or surface from the reference 
line. A statical moment is regarded as positiy or negativ according as the cor- 

‘4 . : . Cyt Siac . k x r 
responding center of gravity is on the positiv or negativ side of the reference 
plane or line. In the foregoing definitions and in. the following, the words 
body, line, surface, and solid are used broadly to include what would ordinarily 
be described as a collection of bodies, lines, surfaces, or solids. 

Methods for Locating Center of Gravity. The statical moment of a 
body; line, surface, or solid equals the algebraic sum of the statical moments 
of all the parts into which it is, or is imagined, divided, This principle is 
the basis of all formulas for locating centers of gravity. If the sum of the 
statical moments is zero, then the center of gravity is in the reference plane 
or line as the case may be. The position of a center of gravity is generally 
conveniently specified by its rectangular coordinates %, and g. Dial 


(1) The formulas for the coordinates of the center of gravity of a body are. 
Wa = {saw wa- {yaw Wen [saw 


_in which W denotes the weight of the body, dW the weight of any elementary 


portion, and ~, 9, and 2 the coordinates of the center of gravity of that element; 


the limits of integration must be assigned so that the integration includes 


on 
s 
a 


_ and find the line of action of their resultant; repeat the 
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all elementary parts of the body. The formulas furnish values of %, 9, and Z 
in any case if the body is mathematically regular and such that the integra- 
tions ‘can be performed. ‘The’ following are corresponding formulas for the 
coordinates of the center of gravity of lines, surfaces, and solids: ~ - 


Eas frat . 1y = fyb li= frdb, 
Asm fxd Aya {yd Ai fda 


v= { «aV vy={yav Va- {sav 


in which L, A, and V denote length, area, and volume respectively. 

(2) If a body consists of finite parts whose weights and centers of gravity 
are known, then’ 'the coordinates of the center of gravity of the body can be 
computed, ‘without integration, from ; x 

W=W,x,+ Wox.t+ -- - Wy = WF, + WoFa+ + + + 
‘Wz = W,2, + Wage + ote 

in which W denotes the weight of the body, W,, Ws, etc., the weights of i 
parts; %),.9;, 2,, the coordinates of the center of gravity of W,; %2, 2, Zz those.of 
the center of gravity of W.; etc.. The following are corresponding formulas 
for lines, surfaces, and solids: ; : a 
TEFL, thet ess LILY thot --, LE+L B+ Lt oss 
AR =A,% +A, + +++ AV=A,J, +Ade+ ++ * AZ=ARAtARt 123 
VE =Vi%q+Vo%Qt 22° VI=Vi, +Voy¥2t 22° VH=Vyz,+Vo%+ 9 *° 
in which the L's, A’s, and V’s denote lengths, areas, and volumes. 

The center of gravity of two bodies, lines, surfaces, or solids is on the straight line join: 
ing the cénters of gravity of’ the two, and the center of gravity of the two divides the joins 
ing line into segments inversely proportional to- their weights, lengths, areas, or volumes, 
The center of gravity of three bodies, lines, surfaces, or solids is in the plane of the centers 
of grayity of the three. ’ ; 

If the center of gravity of the parts of body, line, syrface, or solid lie in a Pieper the 
pa i gravity of. the whole may be gotten graphically. (1) Let a, b, G etc., e the 

of gravity of the parts and A, B, C, etc., their Pe a Wee on 
weights, lengths, areas, or volumes; then imagine paral- Cc 
lel forces of yalues A, B, C, etc.; to act thru a; 6, c, etc., 


meen | 


A 
s 
“ 
operation for the parallel forces at am angle (as 90°) 
with theit first positions, The intersection of the result- 
ants is the center of gravity sought. (2) Choose any 
point O (Fig. 89) in the plane of the centers of gravity 
oo al as origin; measure Oa, Ki Weg : 
b a2) 0b, Qc,ete.,.and form =P ae 

ot} the products 40a, BO}, COc, etc. Imagine forces 

_ whose values equal the products respectively, to act from 
OQ in the lines Oa, Ob, Oc, etc., and find their resultant 
R (Art. 16). The center of gravity sought, 7, lies in the 
line of action of R at a distance from O equal to R+ 

(A+B#OR:. . 2), : 3 f 
‘The center of gravity of an irregular plane figure may ~ 

be found by cutting out the figure from stiff paper and 
then determining the center of gravity of the "paper ex- 
X_ perimentally by balancing (see below); this center of 
ie ; avy ile that of the figure. Or, proceed as follows 
ig. 90 Fig. 90): Take a point O. and a line bb on opposite sides 
Fig. 92 rs of the figure at any cdl vetdieht dibtanice ma a i ie 
any width of the figure parallel to bb'as aa on bb, connect the projections bb with O and 
nuie the intersections ¢c; ‘determine other points c¢ and draw 4 smooth carve thru ‘them as 


1470 Gravity and Inertia Functions Sect. 12 


shown; measure the area A’ within the curve cc; then A’m is the statical moment of the 
given figure with respect to OX; if A is the area of the given figure and y the distance 
ofits center of gravity from OX, y=A‘m/A. Ina similar way the distance of the center 
of gravity from a line perpendicular to OX can be determined 
Experimental Determination of center of gravity must be resorted to 
when the body is so irregular that the appropriate formulas foregoing cannot 
be applied. (1) Method of Suspension: The body is suspended from on¢ 
. point of it, and the direction of the suspending cord is then marked in some 
way on the body; the operation is repeated for another point of suspension 
: ; j The center of gravity is at the intersectior 
of the two lines or directions so fixt in the 
body. (2) Method of Balancing: Th 
body is balanced on a straight-edge, an 
Fig. 91 the vertical plane containing the edge i 
a marked on the body; the operation is re 
peated for two more balancing positions of the body. The center of gravit, 
is at the common point of the three planes so fixt in the body. This metho 
is readily applied to a body in the form of a thin plane plate; practical 
only two balancings are necessary. (3) Method of Weighing: The weigh 
W of the body is determined, and then it is supported on a knife edg 
(Fig. 91) and on a point support which rests upon a platform scale; the re 
action R of the point support is weighed, the horizontal distance a of th 
point from the knife edge is measured; then the distance from center 
gravity to knife edge » is Ra/W. ; 
23. Centers of Gravity of Some Lines and Areas 


Circular Arc (Fig. 92): the center of gravity is on the axis of symmetr, 
its distance from the center is + =rc/s=r sin a/a, the last a being exprest 
radians (x degree=o.or75 radian). For a semicircle 
x=2 1/m=0.6366 7; for a quadrant #=27+/ 2/m =0.9003 7, 
and the distance of the center of gravity from the radius 
drawn to either end of the arc is 2 r/w=0.6366 r. For flat - 
arcs, a small, the distance from its center of gravity to 
the chord c is closely equal to %/; the error is less than 

“¥%% when a=30°, and less than 1.1% when a=45°. 


Triangle: The center of gravity is at the intersections 
of the medians; its distance (perpendicular) from any 
side equals one-third the altitude of the triangle measured 
from that side. When x1, %2, xs are parallel distances from the vertexes to a 
plane, then the distance of the center of gravity is % (m-+-a2+ws). 

Trapezoid; Let a and z be the parallel bases and. /t the altitude. For t 
left-hand diagram in Fig. 92%, ‘where m is the overhang of the right side, t 
horizontal distance of. the center 
gravity from the left corner is ¥= 745 
Yém—%4a (a—m)/(a+b). For the rig 
diagram the same formula applies if 
is taken as negative. For all cases | 
distance of the center of gravity abc 
the base bis y = %h (b+ 20)/@4 
When a equals 5, then x = ¥ (b +m) 2 
y = %h. Geometric determinations 


Fig. 92}. 


center of gravity: (x) Extend AB (Fig. 98) so that BE=CD, and in the : 
F posite direction extend CD so that DF=AB; the intersection of FE and 
median GH is the center of gravity. (2) Divide the trapezoid (Fig, 93) i 
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triangles by a diagonal as AC; find the centers of gravity G, and G of 
the triangles (construction indicated in the figure); the intersection of GiG 
with the median EF is the center of gravity. a 
sought. : 
Quadrilateral: (a) Divide the quadrilat- 
eral into triangles by a diagonal AC (Fig. 94) 
and find their centers of gravity G, and G3; 
divide it into triangles by the other diagonal 
and find their centers of gravity Gs and G,; 
the intersections of the lines G,Gz and G,G, is 
the center of gravity scught. (b) Divide the 
sides into thirds (Fig. 96) and draw lines thru 
the third points a§ shown; these lines form 
a parallelogram whose diagonals intersect at 
the center of gravity of the quadrilateral. 


Circular Sector (Fig. 95a). The center of ‘ 
grayity is on the axis of symmetry at a dis- Be 
tance from “the center equal to v= %rc/s = %rsina/a, the last a being 
exprest in radians (1 degree=o.0175 radian). For a semicircle ¥=47/37z = 
0.42447. Fora quadrant ¥ = 44/2 r/3 7 = 0.6002 7, and distance of the center 
of gravity from each bounding radius is 4 r/3z = 0.42447. 

Circular Segment (Fig. 95)). The center of gravity is on the axis of sym- 
metry ata distance from the center equal to % =c?/12 A =(2 73 sin3q@) /3 A, in 
which A is the area of the segment, or 1¢r? (2a@—sin 2q@), the first a being 
exprest in radians (1 degree = 0.0175 radian). 


Fig. 96 3: Fig.-97 


_ Sector of a Circular Ring (Fig. 97). The center of gravity is on the axis 
of symmetry at a distance from the center of the circle which is given by 
% = 34 (R* —r*) sin a /(R? — r?) a, the last w being in radians. 

The Surface (Fig. 97) bounded by a circular quadrant and the tangents 
at its extremities. The center of gravity is on the axis of symnietry at a 
distance from each tangent equal to 0.223 r. 
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Parabolic Segment (Fig. 98): G, aiid Gj ate the centers of gravity Of 
OXCO and OYCO respectively: %, = 364; 71 = 9% 0, %) = 346 4, 42 = 340. 
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Fig. 98 Fig. 99 


Symmetric Elliptic Segment (Fig. 99). The center of gravity of YBBY 
coincides with that of the circular segment Yb0Y, and the center, of gravity of 


XAAX coiticides with that of the circular segment XaaX. 
24. Centers of Gravity of some Volumes 
_ Right Circular Cylinder (Fig..100). The base XOA is normal to jthe 
axis of the cylinder, and the top makes an angle @ with the base; the radius 
.- of the base is 7.and the mean height is /; then 
F=(r? tana) /4 h, ¥ = h +(7? tan? a) /8 hr. 


If the oblique top cuts the base in a diameter, 
®% = %4e6nr, and ¥ = %oza. ‘ : 
Cone and Pyramid. The center, of gravity 
of the. surface (not including base) is on a line 
joining the apex with the center of gravity of the 
perimeter of the base at a distance two-thirds the 
length of that line from the apex. The center 
of gravity of the solid cone or pyramid is on the 
line joining the apex with center of gravity of the 
base three-fourths the lemgth from the apex. 
Fig. 100 - \< Frustum of a Circular Cone. Let R = radius 
larger base, r =radius smaller, a =altitude; then distance of center of gravity of 
‘the conical surface from larger base is 4% a(R +27r)/(R +r), from smaller base 
%a(2R +r) /(R +r), from a plane midway between bases Ya (R—r)/(R+r), 
The distance from the center of gravity of the solid frustum S 
to the larger base is 4a (K? + 2 Rr +372)/(R?+Rr+7*). 
Frustum of a Pyramid: If the pyramid has regular 
bases, let-R ahd r be the lengths of sides of the larger 
atid stnaller bases, and / the altitude; then the distance 
from the center of gravity of the surface (not including 
bases) from the larger base is 44h (R+27r)/(R+1r). 
If A and a are the areas of the large and small bases e. TOL. : 
of the frustum of any pyramid and fi the altitude, 1s on ; 
the distance from the center of gravity of the solid from the larger base is 


De. 
el 
ii . 


yh (A +2V/Aa +3 0) /(A+V a+ a). ugh 
Obélisk and Wedge (Fig. 101). The distancés from the center of gravity 
to the base AB is 4h (AB + Ab + GB + 3 ab) /(2 AB+ Ab + 0B + 2 ab). 
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b =0, the solid is 4 wedge} ard the eistanice from the centér of gravity to the 
base i§ 14h (A + @)/(2 A + a). 

Sphere Parts. The center of gravity ef any zone ne A Fig. 102), of a 
sphere is midway between the bases, ‘Segment (Solid): re ‘h (Fig. 108), 


Fig. 162 

Pe yhlar- h)/(3¥—h); when h =r (hemisphere), ¥ = 37. _ Sector (Fig. 
104): ¥ = 38 (a + cosa) r= %% (2 r—h). 

Ellipsoid. Let the three axes be takeh as x, y, ands coordinate axes, 

aiid @, 6, and ¢ denote the setii- lengths Qf ‘the corresponding axes of the 


Four the center of gravity of one octant of the solid is given by % = 3 a, 
= 8b, and 2 = 366. 


” Paréhotoid of Revolution formed by revolving a patabola aboit its axis, 
Let h= height of the paraboloid, the distance from its apex to the base; then 
the wes from the center of gravity of the solid to the base is 44 h: 


' 25. Biihetples of Moment of Inertia 


Definitions. The MOMENT OF INERTIA of a surface (figure or area) with 
respect to or about a line is the sum of the products obtained by multiplying 
the area of each element of the surface by the square of its distance from the 
line. /Thus,.if I denotes moment of inertia, A area and z distance of any 
element dA from the line or axes with respect to which J is taken, then J = 


f rdA; the limits of integration are to be so chosen that the integration will 


} yehne all products like 72@A for the surface. The moment of inertia, ob- 
eel of any Sufface Or figure is the sum of the iioments of inertia ‘of its 
The ioment of inertia of a plane figtire With respect to a line in the 
tn is called rectangular, and oné with respect to a line perpendicular td the 
plane is called polar; these are the only moments of inertia of surfaces that 
are of practical importance A unit moment of inertia is four “dimensions” 
in length, ahd is called quadric inch; foot, etc., according as the inch or fdot © 
_is used as unit length; the corresponding abbreviations are in4, ft4, etc. The 
_ RADIUS OF GYRATION of a surface {figure or area) with respect to a line is such 
_ alength whose Square multiplied by the area of the surface equals the moment 
of inertia of the surface with respect to the same line. Thus if & denotes 
_raditis of gyration, A 4rea,,and IJ moment of inertia; RA = nl; or R=VI IA. 
ai square of the radius of gyration of a figure with respect to a line is the mean 
the squares of the distances of all the elementary parts of the figure from 
the lite. (See also Art 27.) ; 
| ‘The Product of Inertia of a plane surface (figure or area) with respect to a pair of 
_ coordinate axes in, the plane is the sum of the products obtained by multiplying the area 
| of each element of the surface by its coordinates. Thus if J denotes, product of inertia 
| with respect to « and y axes; A area, and x and y the coordinates of any. element-area dA, 
| then J= | &y dA; the litnits of integration are to be so chosen that the integration will in- 
“clude all products like #y @A for the surface. A unit product of inertia, like a unit moment 
: of inertia (see foregoing), is four dimensions in length. © Unlike nioments of inertia, prod- 


4 
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ucts of inertia may be zero or negatiy as well as positiv. If a figure has an axis of 
symmetry, then its product of, inertia with respect to that axis and one perpendicular 
thereto is zero. 7 ; 
Graphic Determination of Moment of Inertia. When the outline 
of a surface is so irregular that the integration in the expression for J cannot 
be performed, then the following may be resorted to: Let aaaa (Fig. 105) be 
the outline and XX’ the axis with respect to 
which the moment of inertia is desired; at any 
convenient distance m from XX’ draw two 
parallels (but if XX’ does not cut the figure, 
then only one parallel, the one on the opposite 
side of the figure from XX’); draw any ‘line 
as aa parallel to XX’ and project the points 
aa onthe nearer parallel; join the projections 
bb to any point O in XX’ and note the inter- 
sections cc on aa; project cc on the same 
parallel; join the projections dd with O and 
note the intersections ee on aa. Ina similar 
manner determine points like ee for other 
widths like aa, and connect all points e as 
shown. ‘Then measure the area of the loops 
~ OPO and OQO; denoting this combined area 
by A”, 1=A"m?. (There will be only one 
loop if only one parallel, bb, is used.) 
Transformation Formulas. (1) Let J = 
moment of inertia of a figure with respect tc 
any line or axis, T = that with respect to a parallel axis passing thru the center 
of gravity of the figure; d= distance between the axes, & and k = the radii o' 
gyration with respect to the same axes respectively, and A =area of the figure 
then T=1+Ad* and ' k=,2+d@ , ' 
These show that with respect to all parallel axes the moment of inertia and th 
radius of gyration is least for the one passing thru the center of gravity of th 
figure. (2) Let Ix, Ly, and Iz = the moments of inertia of a plane figure, witl 
respect to x, ¥,,and 2 axes respectively, the axes being at right angles to eacl 
other and the « and y axes in the plane; and let kx, ky, and kz = the correspond 
ing radii of gyration; then i | 
Int Iy=Isz hat + hy = ke 
(3) Let J = the product of inertia of a plane figure with respect to a pair « 


coordinate axes in the plane, and J =that with respect to a parallel pa 
whose origin is at the center of gravity; % 9 the ' I 
coordinates of the center of gravity referred to first J 


pair, and A the area of the figure; then J =J + Axy. 
(4) Let XOY and UOV (Fig. 106) be two sets of 
rectangular coordinate axes with a common origin 
and ina given plane figure; Tx, Ip, Iu, 1a = moments 
of inertia of the figure with respect to x, ); u, and v 
axes respectively; Jxy and Tuy = its products of 
inertia with respect to the sets of axes respectively; Fig. 106 
a = the angle thru which the + axis must be rotated ‘ 
to bring it into the w axis, regarded as positiv or negativ according as the tur 
ing is counter-clockwise or clockwise. Then Int Iv = Ix + Ty, and 
Iy= Le costa + Ly sinta—Jxy sin 2. us 
Tuo = Yq (Le = Igy sin? a+ Sxy COS 2 Ot bans 


Fig. 105 
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- Principal Axes of Inertia. In general, the moments of inertia of a pte 
figure with ‘respect to different lines thru any point ‘of the plane are unlike; 
for one axis the moment is greater and for another less than for any other 
axis thru the point. The principal axes for a plane figure at a particular 
point of the plane are the two axes for which the moments of inertia are 
greater and less than for any other axis thru the point and in the plane; 
the corresponding moments of inertia are called the PRINCIPAL MOMENTS OF 
INERTIA of the figure at the point. The principal axes are always at right 
angles to each other. 5 
~ With respect to the principal axes, the product of inertia is zero; from this 
principle the principal axes can readily be found in some cases. Thus, at a 
corner of a square the principal axes are the diagonal thru that corner and a 
line perpendicular to it, for with respect to those lines the product of inertia 
of the square is zero (see under Product of Inertia). In any case, the prin- 
cipal axes of a figure at a point of it can be found from the following formula 
if the moments of inertia and the product of inertia of the figure with respect 
to two rectangular axes thru the point and in the plane are known; thus 
let the two rectangular axes. be OX and OY (Fig. 106), Iz, Iy the corre- 
sponding moments of inertia, J» the corresponding product of inertia, and 
@ the (unknown) angle thru which OX must be turned counter-clockwise to 
bring it into either principal axis, Oz or O2; then tan2°0= 2 Jxy/(Iy — Ix), 
which gives always two values of 0 differing by 90° unless J» and I, —Iy are 
both zero. In that case the figure has no principal axis at the point, and the 
moments of inertia with respect to the different lines thru the point are all equal. 


The Principal Moments of Inertia J, and J; can be computed from 


, I, = Iz cos? 0, + Iy sit? 0, — Txy sin 2 8,, 
and Tz = Ix c0s? 02 + Ly sin? 02 — Jy sin 2 8, 


0, and 62 being the two values of @ given by the formula above for principal 
axes, Or, after J; is determined, Jz =I +Jy—h. 
The Inertia-Circle and Ellipse. The inertia-circle is a device for determin- 2 
"ing the moment of inertia of a plane figure with respect to any line of the plane 
and the principal axes and_ principal 
moments of inertia at any point graphi- 
eally. ‘To construct the circle, it is neces- 
_ sary to know the moments of inertia and 
_ the product of inertia with respect to two 
_ rectangular axes thru the point and in the 
plane figure. Thus if J, and J; and I, 
_at O (Fig. 107) are desired, I, Iy, and ° 
B isy being known: By any scale, lay off 
OX =1,,O0Y =I,and YA =J x), upwards 
or downwards from XY according as J xy 
is positiv or negatiy; bisect X Y and from the middle point C as center describe 
a circle passing thru A; this is the inertia-circle for the axes ~Oy. Drawa 
secant thru A parallel to the axis, and from its intersection B with the circle 
' draw a perpendicular BU to XY; then OU =I, by the scale used, (and 
_ BU = Juz). Lines thru O parallel to AP and AQ are the principal axes at 
_ O; and OP and OQ represent the corresponding principal moments of inertia 
"respectively by the scale used. 
The inertia-ellipse like the inertia-circle Tons the relations between the moments of 
inertia of a plane figure for different axes thru a point of the plane; for qualitative renin 
iw the ellipse is preferable, generally, but for quantitative results, the circle. The 
"ellipse for a plane surface at any particular point hag its center at the point and iy . 
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so drawn that the distance from any diameter to either parallel tangeat equals the radius « 
of gyration of the figure with respect to that diameter. An inertia-ellipse of a figure 
at ifs center of gravity Is the central inertig-ellipse. In general, the ellipse is determined 
thost readily thus: determine t @ principal axes at the point in question and the corre- 
sponding principal radit of gyration; from the point lay off On éach axis in each direction 
distances equal (by some stale) to the radius of gyration with respect to the other’ axis} 
construct the ellipse on those two lengths as axes (Art. A). f F 


26. Moments of Inertia of Some Plane Figures 


Rectangle. Let b = base and h=altitude; about a line thru center parallel 
to 8, T=142 bh’; about’ a line thru the center parallel to h, 1 =%2 hb3; about 
side b, I ='1% bh; about side h, I = 4% hb’; abouta diagonal I =% b3h3 /(b2 +h); 
about a line thru the center perpendicular to the diagonal I ='42 (bh’ + hb): 

uare. Make b'=/ in foregoing. ‘The moment of inertia is Ya ht for 
all axes in the lane of the square and passing thru the center. Ns 

Hollow Rectangle. Let B and b= outer and inner breadths, and D and 
d= outer and inner depths; about an axis parallel to B and ov and passing 
thru the center T = \4z (BD — bd). a aN ot ea 

Triangle. Let b = base and h = altitude; about the base J = Ya bh3; about 
a line thru the center of gravity parallel to the base J = %e6 bh8; about a line 
thru the vertex parallel to the base J = %4 bhi. : 

“Regular Rolygon. Let A= area, R=radius of circumscribed circle, 

y = radius of inscribed circle, and s = length of a side; about any axis thru the } 
center ahd in the plane of the polygon T= You A (6 R2—S?) = Mag A (12 7? 48); 
about a line perpendicular to the plane of the polygon passing thru: the 
center [ = double the preceding J. 

Trapezoid. Let B = long base, b =short base, = altitude; about the long 
base I = 42 (B +30) #8; about the short base I = Yo (3 B+ 0)h3; about a line 
thru center of gravity and parallel to bases I = Vg (B? +4 Bb + b?) h3/ (B+ b). 

Circle. Tet d= diameter and r= radius; about a diameter T=Ys rdt= 

Ynrt, and # = 46 @ = %41?; aboutia line thru ‘the ‘center and perpendicular 
to the circle 1 =Ye2 ad! = Yorrs, and & =% 0 = Ver. 

Semicircle. Let d = diameter and 7 = radius; about: the bounding diameter 
or about the line of symmetry J = Yos nd! = Ye nrt; about a line thru’ the center 

‘> ; of gravity parallel to the 
y bounding diameter [= 
(9 7? — 64) Hfrrs2 t= 
0.00686 d¥'= 0.110 74. 
gp _ Hollow Circle. Let 
“? D and d= outer and 
1_Y inner ‘diaineters, and R 
Fig 119 «and 7 = outer and inner 
: tas aa radii; about a diameter 
I= Yar (Di—d!) = Yr (Ri—r4), and =7A6 (D? +a) = 4 (R414), a out a 
line thru the center and notimal to circle J = Yeo (D4 — dt) = Yer (R#+74), and 
i Ly (D +d) = Yo (R°+ 74). fee Be ' ' 1 Treat 
Circular Segment (Fig. 108). Let A=area of the segment; 
Ty = % Art [x ~%4 (sinter cos) Ma sing cos a)], 
Ty = % Ar [x +(2 sina cos a) /(@ = sina cos a)]. 


Circular Sector (Fig. 109). Let A = area of the sector; [x= %4Ar? r —sin o 
cos ala, fy = 14 Art G + Sing Gosar/a); with respect to’ @” line ‘thru Q per 


_pendicular to the sector, I= "4 4rt 3 
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Parabolic Segment (Fig. 110). Lx= 445 ab3, Iy = 4% bad. 
Ellipse. Let 2a and 2b= lengths of the axes of the ellipse; kibout the 


‘2aaxis I = %4 zabi; about the 2 b axis J = 4 xba’; about a line thru the penteg 


‘ and perpendicular to the ellipse ti V4 mab (a2 + 5%). 


* coordinates of the element with reference to those planes. 


_ ZOX and XOY, and XOY and ‘V.OZ planes, the prod- 


27. Moment of Inertia of Bodies 


Definitions. The MOMENT OF INERTIA OF A BODY with respect to or ‘about 
a line is the sum of the products obtained by multiplying the mass of each 
elementary part by the square of its distance from the line. Thus J denoting 
moment of inertia, 7 mass, and p the distance of any element dm ‘from the 


line of reference, I -f fp? dm. The moment of inertia of a body is, obviously, 


the sum of the moments of inertia of its parts. A unit moment of inertia of 
a body is one dimension in mass and two in length. The CENTER OF GYRA- 
TION of a body with respect to a line is a point at such a distance from the . 
line that if the entire mass of the ‘body were concentrated there, the moment 
of inertia of the mass-point would be the same as that of the body; the dis- 
tance of the center of gyration from the line is the radius of gyration with - 
respect to the line. Thus & denoting radius of gyration, k2 =I, or k= 


VT ]/m. The PRopucr-or INERTIA of a body with respect to two coordinate 
planes is the sum of the products obtained by multiply- 
ing the mass of each element of the body by the’ two 


Thus with respect to YOZ and ZOX (Fig. 111), 


ucts of inertia are respectively xy dm, f yz dm, and 


f= dm. A unit product of inertia is, like a unit moment 


Pig. 111 


of inertia, one dimension in mass and two in length. 
Unlike moments, products of inertia may be zero or negatiy as well as positiv. 
ce rane Formulas. (1) If J denotes the moment of inertia of 
fone with respect to any line or axis, T that with respect to a parallel line : 
ae, the center of gravity, d the distance between the axes, and m the mass 0 of 
the body, then " * 
T=T+m@; also B= he + @ 


Rk and Rk aoking radii of gyration corresponding to the axes named respec- 


tively. (2) Let Lx, Jy, and I, denote the moments of inertia of a body with 


_ respect to rectangular axes x, y,and g respectively; SI xix Lyx, ODO ‘exits products 


Of inertia with respect to yz and 2x planes, 20 and wy planes, and xy and. 04 
planes respectively; I the moment of inertia of the body with respect to a line 


_ thru the origin of coordinates having direction-angles a, B, and y; then’ 


T =I costa +1, cos?B + Iz cos? y— 2 Tye cos 3 cosy — 2 Tex C08 cosa 
= 2 Ixy cos a cos 2 


Principal Axes and Moments of Inertia. Phe values of the moments 


_ of inertia of a body for. all axes thru a giyen point are in general unequal; 


ha , for one axis the moment of inertia i is greater and, for another it is less than for 
yj any other axis thru the point. These two axes are at right angles, and they 
f e ey with one ‘at right angles to their plane and passing thru the point - 
re principal axes of the body at the point; the corresponding momen 
& Fineta are the Fade moments ‘of inertia of the aa the point. t 
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the point is the center of gravity of the tbody, then the axes and moments are 
called central principal axes and central principal moments of inertia. 
If Sxy =Jyz = 0, the y axis is a- principal axis at the origin, 
Tf Jye =J2x'= 0, the 2 axis is a principal axis at the origin, 
if Jex =Jxy = 0, the w axis is a principal axis at the origin. 
If a body has a plane of symmetry, then any perpendicular to the plane isa 
principal axis of the body at the point where the line pierces the plane. If 
a body has two planes of symmetry at right angles to each other, then their 
intersection is a principal axis at any point of the intersection, the other two 
being in the planes of symmetry. Tf a body has three planes of symmetry 
their lines of intersection are the central principal axes of the body. 
. Special Cases: The bodies are supposed to be homogeneous; 7 = the mass 
of the body in each instance and 0 = its density, that is its mass per unit of 
yolume. In any system, like the C.G.S. or Engineers’ (see Art. 29), m=W /g 
and 6 =w/g; wherein W denotes the weight of the body, zw its weight per unit 
volume, and g the acceleration of a freely falling body. 
Straight Rod. Let/ = its length; about a line making an angle a with the 
axis of the rod and passing thru its center of gravity I = Y%2 mi? sin?a; about 
- a line thru one end of the rod I = ¥% ml? sin? a. 
| Rod Bent into a Circular Arc (Fig. 112). Ie= %mr* [x— (sina cos a) Jal; 
I, = % mr? [x + (sina cos @)/a]; about a lie perpendicular to the plane of the 
arc and thru the center of the circle, J = mr’. { 


Fig. 112 Fig. 113 ~ Fig. 114 


Right Prism. Let / = its altitude and A = area of base; about any lin 
perpendicular to the bases, J = 0h X moment of inertia of a base about th 
same line; about a line thru its center of gravity and perpendicular to tk 
axis of the prism J = 420AK8+ 5h x the moment of inertia of the central cros: 
section about the line. ; 

Right Parallelopiped (Fig. 113). Ty = tho m (@ + 0) = Yaa abcd (a? + Bb); tl 
'y axis passes thru the center of gravity and is parallel to the edge c. 

“Right Circular Cylinder (Vig. 11 4). Iy= 4 mr? = Ye nrthd; Ix = 2 
(3.72 +h*) = Va meh (372 +h). They axis is the axis of the cylinder, and tl 
# axis is perpendicular to it and passes thru the center of gravity. 

Hollow Right Circular Cylinder. Let R and r be the outer and inn 
radii, and axes taken as in Fig. 114. Iy=%m (R241) =% ahd (Rt— 4 
Te = Vy m (R24 72 + % h?) = Yt (R2— 7°) hd (R2 + 7? + % I). 

' Right Rectangular Pyramid (Fig. 115). Iy=%om (a2 +b) =1%0 abhd (a 
bt) and Ix = Yo m (%, h2+b2) =Yeo abhd (34 1? +2); the y is the axis of the py: 
mid, and the x axis passes thru the center of gravity and is parallel to side ¢ 

Right Circular Cone (Fig. 116). Iy = %omr?= Yorrshd, Ix = Soom 
Yh) =Voo mr?hd (72 +44), Tz = 340m (72 + 4 h®); the y is the axis of the co 
the x is parallel to the base and passes thru the center of gravity, and | 
tis parallel to the base and passes thru the apex. 4 : 
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. Frustum of a Cone. Let R and r= radii of larger and smaller bases, 
k=altitude; about the axis of the frustum J = %o m (R°— 1°) /(R8—1) = 


Vo rhd (R5— 75) /|(R— 1). ; 


‘Sphere. Let r = its radius; about any diameter I = % tur? =%577°0. 

Hollow Sphere. Let R and r= the outer and inner, radii; about any 
diameter I = 3 m (R°— 7°) /(R3 — 73) = %s 70 (R'— 1°), 

Ellipsoid. Let 2a, 2b, and 2c = the lengths of the axes; about the axis 
2c, 1 = m (a? + b*) = 5 xabcd (a? + b?). 

Paraboloid generated by revolving a parabola about its axis. Let = its 
height and ¢ = radius of base; about the axis of revolution J =14 mr? = 46 zhr40. 


he 


Fig. 115 Fig. 116 Sin Fig. 147 


i af 117). Iy= m (2 + 3472) = Vy r®Rr2 (4 R2+ 372) 0,12 = m (th R? 
56 £2) = 7?2Rr? (R? + 94.77) 0; both axes, « andy, pass thru the center of gravity 
ne shown. 


DYNAMICS 
28 Dynamical Quantities 


Weight and Mass. In common parlance the word weight is used in at 
least two senses; thus a body is said to be heavy, its weight is 500 pounds, 
etc., the reference being to the earth-pull or gravity on the body; also a cask is 
said to contain much sugar, its weight is 500 pounds, etc., the reference 
here being to quantity of material, matter or stuff of a certain kind (sugar). 
Doubtless the legal definitions of our standards of weight imply the second 
sense, since they were framed primarily to standardize weight measures of 
commodities made in trade. For the sake of clearness,-many writers restrict 
the use of the word weight to one meaning, namely the first, that is earth-pull; 
and to denote the second, quantity of substance, they employ the term mass. 
This usage is employed in the present chapter. 


Force has been previously defined (Art. 15), Every so-called practical . 
unit of force is a force equal to the earth-pull on a standard of mass, and the 
name given to such unit force is the same as the name given to the standard 
or unit of mass. Thus, a force equal to the weight or gravity of a pound ° 
thass is a unit of force, and that unit is called a pound force; a force equal 
to the weight or gravity of a kilogram mass is a unit of force and is called a 
kilogram force, etc. These units are called gravitational units. 

Some writers. seeking to make gravitational units of force absolute specify that the 
pound force, for example, is the weight or gravity of the pound mags at London or at sea 


'~ level 45° latitude. However, the actual pound forces used in different places are the earth- 


pulls on pound masses at those places, and hence gravitation units of force as used are not 

absolute; the magnitudes of the units for two places are as the values of g for those places. 
To make the unit force absolute and to simplify certain dynamical equations, units of 
force have been proposed based on the following: In any system of dynamical units the 
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uiit force is one which applied to the unit mass of that system produces the-unit acceleration. 
ofthat system. Thusin the C.G.S. system the unit of force is that force which applied to a 
gram mass gives it an acceleration of one cm fer sec per sec; this unit is called dyne. 
‘And, in the F.P.(mags)S. system (never widely used, and now losing favor), the unit, is 
the force wich applied to the found mass gives it an acceleration of oné ft per Sec 
per sec; it is called poundal. if 
Work. When the point of application of a force moves, so that the force 
has a,component along the displacement of its, application point, the force 
is said to do work; also the body exerting the force is said to do work. If 
the force is constant in magnitude and in direction and the displacement 
is straight, then the magnitude of the work is the product of the component 
of the force along the displacement and the displacement; if this component 
is in the direction of the displacemen the work is regarded as positiv; if oppo- 
site, the work is negativ. Thus in the displacements of the body C (Fig. 118) 
from A to B, the works of the several forces are respectively +Fys; =F os, 
+Fcos 0 +s, -—F, cos «s,and o. If the force varies in magnitude or direction, 
or if the displacement of its application point is curved, the work must Jin 
general be computed by an integration; the general expression for work in 


Fig: 118 Fig. 119 . Fig. 120 
this case is fr cos 0+ds, in which J denotes the force, ds elementary part 


of the displacement, and @ the angle between F and the direction of the cle- 
mentary displacement (Fig. 119); the limits 6f integration must be assigned 
so as to include the entire displacement A to B. F cos 0 ig the component of 


F along the tangent to the curve of.displacement; denoting this component 
by F;, the work is also given by fFas. The work can also be regarded 


as the product of the force and the component of the displacement along 
"the action’line of the force; this component is called the distance thru which 
the force acts, and so work is also said to equal force times distance thru 
which’ it acts. The work done by a force ‘can be represented by a work 
diagram, which is constructed by plotting a line showing how the componen 
of the force along the displacemient Fy varies with the displacement (Fig. 120). 
The area included betiveen the curve, the displacement axis, anid two ordi- 
fates represents the work done by the force during the corresponding dis- 
placement 2-51. This diagram suggests also that the work done by a force 
‘equals the product of the average value of the tangential or working compo- 
nent and the displacement. . ; ‘ 
The Unit of Work depends on the units used for force and distance; thus, there are 
the foot-pound, the foot-ton, the dyne-centimeter (for which there is a special name, 
erg), efc. The joule is a practical electrical unit of work and equals 10 900 000 ergs; 
also the kilogrammeter, equal to 100 060 ergs. Work is also exprest in horse-power; 
hours, watt-hours, etc.; the horse-power-hour is the amount of work done in one hour at 
the rate of one horse-power, and the watt-hour is the amount of work done in one hour at 
the rate of one watt. ' 
Power. By power of a force or agent doing work is meant the time-rate 
at which thé Work is doite. Some units of power: foot-pound per second 
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dyne- -centimeter (or erg). per second; horse-power (abbreviated h.p.) =559 
foot-potnds per second, or 33 000 foot-pounds per minute; watt =one joule 
(zo 000 000 ergs) per second; kilowatt'=1000 watts; the metric or French 
horse-power =75 kilogram-meters per second, 

x ft-lb per sec =0.13820 kg- m per sec x kg-m per sec = 7.233 ft-l Ib per sec 

“x Engl. h.p. =746 watts — x kilowatt =1.34 Engl. h.p. 

1 Engl. hp. =1.0136 Fr. h.p. 1 Fr. h.p.0.9863 Engl. h.p. 

Energy. When the condition or state of a body, or system, is such that it 

can do work, it is said to possess energy; and by its amount or store of energy 
is meant ‘the amount of work which the body can doin passing to some standard 
state. Thus, a body i in motion has energy, and the amount of its energy is 
the amount of work it can do in coming to rest; also a stretched spring has 
energy, and the amount of its energy is the amount of work which it can do 
in assuming its natural unstretched state. Energy i is exprest in the same 
units as work, foot- -pound, foot-ton, dyne-centimeter (erg), etc.’ Energy 
which a system has in virtue of its velocity is called kinetic ener; The 
KINETIC ENERGY of a particle of mass m moving with velocity v eye mv", 
and the kinetic energy of any body is ‘the sum of the kinetic energies of its 
particles. In. translation: kinetic energy = Wy Mv? = (W/g)v?, M denot- 
ing mass of the body, W its weight, vits velocity, and g acceleration of gravity; 
the last form gives energy in ft-lbs if W is exprest in lbs, v in ft per sec, 
and g is taken-as 32.2. In rotation: kinetic energy = 14 Iw? = Vy Mu)? 3 
yy (W Ig) Rot = (W 1g) kP 2 x*n?, I being the moment of inertia of the body 
with respect to the axis of rotation, k the corresponding radius of gyration, 
@ its angular velocity exprest in radians per unit time, W its'weight, g the 
acceleration of gravity, and » the number of revolutions per unit time; the 
last form gives energy in ft-lbs if W is exprest in Ibs, kin ft, 71n revolutions per 
sec, and gis taken as 32.2. POTENTIAL ENERGY is that energy which. a system 
has in virtue of its configuration. The earth and a body eleyated above the 
earth’s surface constitute a system having potential energy. Inasmuch as the 
energy can be withdrawn only from the elevated body it is said to possess 
the energy. The amount of potential energy possest by an elevated body. 
ri id or ‘not) = =Wh, W denoting the weight of the body and h the vertical 
dis' ance | thru which its center of gravity can descend. 

_. Kinetic energy and potential energy are also called mechanical energy, There are other 
forms of energy which may not be mechanical, as thermal, c! chemical, and electrical. “But 
the thermal energy of a body is generally regarded as due to the motions of the wW timate 
particle constituents of the body, thus being kinetic; much of chemical e energy is regarded 

* as due to the relative positions of ultimate particles, thus fotential; the nattire of Saas 
"energy is eyen less understood than that of chemical and thermal energy. 

The Impulse of a force which remains constant in magnitude and direc- 

_ tion for any timeis the product of the magnitude of the force.and the time. 
_ The unit of impulse depends on the units used to express the force and the 
time; thus there are the pound-second, dyne-second, etc. If. the force F 
varies in magnitude but is constant in direction, then its impulse for the inter- 


_ val of time t, — t, wf F dt.. Vf the force varies in magnitude and in direc= 
$ 

tion, its impulse can be computed from the impulses of its x, y, and z 
| components; thus if Fx, Fy, and F, denote these €6mponents of F, then the 


‘ component impulses are ‘2 Fy dt, f Fy dt, and f Fz dt, and the impulse’ of 


_ F equals the square root of the sum of: the squares of the components. 
” The angular impulse of a force about any line for an element of time is the 
_ product of the moment of the force about the ling and t the element of time, 
' ‘ ‘ 

e . 
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that is, M di, if M denotes the moment of the force; and the angular impulse 
bo z re 7 

for any interval of time 4,~ 4, is J M dt. 

P uy 


The Momentum of a particle is the product of its mass and velocity. 
The unit of momentum depends on the. units of mass and velocity used; 
the dimensions of unit momentum are the same as those of unit impulse (see 
preceding). The momentum of a body is the resultant of the momentums: 
of its particles. This resultant is not the scalar but the vector-sum of the 
momentums, that is, the resultant js to be computed as the resultant of a 
number of forces is, the separate momentums being regarded as having the 
directions of the velocities of the several particles and acting at the particles. 
In a translation the momentum is Mv =(W/g) v, M denoting the mass of the 
body, W its weight, v its yelocity, and g the acceleration of gravity; the second 

: form gives momentum in Ib-sec if W is exprest 
in Ibs, v in ft per sec, and g is taken as 32.2. 

The angular momentum of a particle about a line is 
the moment about that line of its momentum; thus, if the 
particle at P (Fig. 121) has a mass m and a velocity v, 
its momentum is mv acting in the line v and its angular 
momentum about OX is (mv sin a) a. The angular 
momentum of a body about a line is the algebraic sum 
of the angular momentum of its constituent particles. A 
rotating body has angular momentum about the axis of 
rotation equal to lw=Mk*w =(W [g) w= (W |g) k 27m, 
T denoting the moment of inertia of the body with respect 
to the axis, & its corresponding radius of gyration, W its 


Fig, 121 
weight, its angular velocity in radians per unit time and n in revolutions per unit time 
and g the acceleration of gravity. : 

Dimensions of Units. All mechanical and nearly all physical units can be definec 
in terms of one or more of three units arbitrarily defined, that is, without reference tc 


other units. These three are fundamental units and the others derived units. Ti 
theoretical mechanics and physics the fundamental units chosen are those of length 


mass, and time; in applied mechanics, units of length, force, and time are generally mor 
convenient. A statement of the way in which a derived unit depends on the fundamenta 
ones is a statement of the dimensions of the derived. Thus a unit of velocity depend 
on the units of length and time used, but is independent of the third fundamental ‘unit 
and the magnitude of a unit of velocity varies directly as the unit of Jength and inversel 
as the unit of time used. Denoting the first set of fundamental units by L, M and 4 
respectively, and the unit ofsyelocity by V, the dimensional statement is written thu: 
V=L'wT—, and is called the dimensional formula for V. 

The dimensional formulas may be used to test the accuracy of equations betwee 
mechanical quantities. Such an equation, if rationally and correctly deduced, is HOMC 
GENEOUS; that is, its terms are of the same kind. ‘To ascertain whether terms are tk 
same in kind, substitute for each quantity the dimensional formula for its unit, the 
treating the symbols L, M or F,and T as quantities, reduce each term; if the reduced tern 
are alike, then the equation is correct dimensionally. ‘Thus 'in the equation 24 Ely; 
W(43x— x4) /l, E denotes modulus of elasticity, J moment of inertia of anarea, W a loa 
1, x, and ¥lengths, and the dimensional form is (dropping abstract members) Dame) 2) Hy 23 


F (18D) —L')/L‘, which reduces to T3F = L3F— L3F, and so the original equation is corre 
dimensionally. 4 


29. Dynamical Principles i 


Laws of Motion. (1) The normal state of the center of mass of a bo 
is one of rest or uniform rectilinear motion; a departure from this state 
due to force applied to the body. (2) When a single force acts upon a bod 
the center of mass sustains an acceleration in the direction of the force al 


proportional to the force directly and tu the -mass of the body inversely; 


. 
‘ 
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several forces act on the body, the acceleration is given by the vector sum of 
the accelerations which would be produced by the forces acting singly. (By 
vector sum is meant the result reached by adding according to the paral- 
lelogram law.) (3) When one body exerts a force upon another the second 
also exerts one upon the other first, and the two forces are equal, colinear, and 
opposite. If / = force, m= mass, and a = acceleration, then the Becend law 
can be written ax f/m or a= kF'/m,k being a constant whose value depends 
on units used in 7, m, anda. It is possible to make k =1 by proper choice of 
units. Such choice was made in the so-called absolute systems of dynamical 
units; first units of length, mass, and time were selected and then as unit 
of # such a force which produces unit acceleration in unit mass.. For exam- 
ple, in the C.G.S. system these units are respectively the centimeter, gram, 
second, and dyne, the latter about %s1 gram weight. The constant & may also 
be made unity in so-called gravitational systems; units of length, force, and 
time are first taken (that of force as the weight of something), and then the 
unit of m as that mass which sustains unit acceleration when acted on by 
unit force. For example, in the ENGINEERS’ SYSTEM, these units are respec- 
tively foot, pound force, second, and the unit of m a mass equal to about 
32-2 pounds, In any system in which F = ma, then alsom=W/g, mand W 
being the mass and weight of the body and g the acceleration of gravity, 
all three quantities being exprest in units of that system. 

Laws of Impulse and Momentum. When external forces act upon a 
body or collection of bodies they produce in general a change.in the momen- 
tum of the body or collection. In any interval, the change in the component 
of the linear momentum along any line equals the algebraic sum of the com- 
ponents of the impulses of the forces along that line for the same time; and 
the change in any interval in the angular momentum about any line equals 
the algebraic sum of the angular impulses of the forces about that line for the 
same time. When no external forces are acting, the component linear momen- 
tum along any line and the angular momentum about any line remain constant; 
these are the principles of conservation of linear and angular momentum. 

Principles of Work and Energy. In general, the kinetic energy of a 
body changes value during a change of its position or form, and the external 
and the internal forces acting on the body do work. The increment in the 
kinetic energy equals the sum total of work done by all the external and internal 
forces. In applying this principle, signs must be given to the works of the 
various forces as explained on p. 1480; then if the total work is positiv, the 
increment is positiv and there is a real gain in kinetic energy, and if negativ: 
then thereis a loss. If the body is a rigid one, the internal forces do no work 
in any displacement of the body, and the in¢rement in kinetic energy equals 
the total work done by the external forces acting on the body. If a body or 
system of bodies is isolated so that it neither receives nor gives out energy, 
then its total store of energy, all forms included, remains constant; there may 
be a transfer of energy from one part of the.system to another, but the total 
gain or loss in one part is exactly equivalent to the loss or gain in the remainder. 
This is the principle of conservation of energy. 


30. Rectilinear Motion 


Motion of a Point. The velocity of a moving point at any instant is the 
time-rate at which it is describing distance then; the symbol is v. In uniform 


- motion (equal distances described in all equal intervals of time) the rate is 


constant and v=As/At, As denoting the distance described in the interval - 
At. In non-uniform motion the rate yaries, amd As/At is the average 
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Velocity for the interval A‘; the actual 


velocity at any instant is the value 


Gf ds /dt for that ifstant. The acceleration of a point at any instant is the 
rate at which its velocity is changing then, the symbol is a If v changes 
liniforhily the rate is constant, and @ = Av/At, Av denoting the velocity- 


change occurring in the interval Av. If 


» does not change uniformly Ao/ At 


is the average acceleration for the interval Az; the actual acceleration at any 
instant is the value of dv/dt for that instant. ‘The general differential equa- 
tions of rectilinear motion are v= ds /dt, a= dv/dt = ds /d, vdv = ads; 


their integral forms are 


ee C2 grr 
© Vaamgly v dt U2—U1 J a dt Peres ads 
1 1 43 


is which s1, v1, and & are corresponding 
ikewise So, V2, and fo. 


1 
or simultatieots values of s, v, and t, 


__ Space-time, velocity-time, acceleration-time, yelocity-space, acce’eration-space curves 
respectively are graphs showing the relations between s and 1, v and 1,,a@ and i, v and s, 
aand s (Figs. 122-126; they do not correspond to the same motion). (1) In the s-t dia- 


gtam, the sicve of the curve at any point represents the corresponding velocity: If AB 


cs 
B 5 
i c 
s 
1 in.=10 sec. 
Fig, 122 Fig. 


and BC até meas 


SeG; pe? SEC. 


1 in.=10 sec, 


123 Fig. 124 


dred by the s and # scales of the drawing respectively, then the slope 


eqiia’s the velocity; thus if AB=o.2 in and BC=0.4.in, y=0.47" 4= 0-7 ft per sec. (2) Ir 
“the v-t diagram, the slopes represent the accelerations; if AB and BC are measured by 


the v and #/ scales respectively, then the slope 
and BC = 0.5 in, @ = 1.25, = 0-24 ft per set 


Linebiftper__ 


1in.=10ft. © 
Fig. 125 frig. 126 


equals the acceleration; thus if AB=o.3 it 


c per sec. The area included between an: 


two ordinates (as AE and DF), the curve 
and the ¢ axis represents’ the disp'acémen 
of the moving point it the time EF, J 
the area is computed by, multiplying it 
average ordinate measured by the velocit: 
scale (thus giving the average velocit yb 
TF measured by the time scale, then th 
product equa's the. displacement; thus | 
the averike ordinate is 0.35 in, and EF j 
4 sec, thé displacement = 1.4 A= s.6f 
(3) In the a- diagram. the slope repre 


gerits the rate at which the acce’eration is changing. The area incuded between an 
two, ordinates, (as AE and DF), the curve, and the ¢ axis, represents, the ve ocity chang 
in the time EF. ‘Thus if the average ordinate is 0.3 in and EF is 2 sec then the, velocit 


change = (0.3 * 20) X2 = 12 ft per sec. (4) 


In the v-s diagram, the subnormals repre 
i i eget 


sent the accelerations. If the length of the subnornial is multip.ied by the square of th 
velocity scale number and the product divided by the space scale number, the result wi 
equal the acceleration; thus suppose that the subnormal BC=% inch, then a = (4% X25)> 


yo = 0.83 ft per sec per sec. (5) In the a2e diagram) the aed inc’uded between two ordinate 
(as AC and BD), the curve, and the s axis represents the change in the velocity squar 


If the area i8 compiited by miultiplying tke mean Ordinate medsufed By tlie acceveratic 
scale by CD measured by the space scale, the product equals the change in the velocil 
square; this if the average ordinate =0.3 in, and CD =0.4, then the change =2.4 *4=9: 
-  Wniformly Accelerated Motion, constant acceleration. Let v1 and vp» deno’ 
the velocities at tithes é and fz, si and sb the corresponding values of space, an 


: . 


. 
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a= Abédleratiot, Thies the velocity change is 13 ~vi = @ (t)=4); the spate 
traversed is aah = i $0) (hh) = 1 th = 4) PH a (HB — HY also 
Ue —- —42 = =2 a (2-51). 

Falling Body. The acceleration due to gravity (denoted by g) is approx- 
imately 32.2 ft per sec per'sec. It changes slightly with elevation a ae sea 
level and with latitude; denoting elevation in feet by e and latitude: by ¢, 
then in ft per sec per sec : 


£ =32.0894 (x + 0.0652375 sin )(1 —0.0000090957 €) 
At the « equator sea level g = 32. 6894 dnd at the poles 32.254; the extreme 
values for the United States are roughly 32.r9 (in latitude 49° sea level) and 


32.09 Gin latitude 25° and 10 000 ft above Sea). 
A body dropt without initial velocity falls in a vacuum according to the Jaws 


v =gt h=% ge v=2 gh 


wherein v = velocity and h the descent at the timié 7. A body ‘projected 
downward in a yacuum with initial velocity v; moves according to 


v=, + Bi h= t+ % BP, = Vi2+ 2 eh: 


*PHede three foriitilas apply to ipward projection if the sign +is changed to — 
h then denotes ascerit in thé time 7, after projection. The total'ascent (ts 
highest position) and the corresponding time are respectively v2/2 gand 1 /g: 
Simple Harmonic Motion: Tf a point thoves in a circle with cdinstant 
speed, then the motion of the projection of the point on any diatteter of the 
circle 1 1S simply harmonic; other motidiis resem- 
bling this are also calcd, simply harmonic. Simple 
harmonic motion may also be defined as any } recti- 
linear motion in which the, acceleration i is always 
directed toward a fixt poing in the path und is pro- 
portional to the distance between that ahd the 
moving point. Taking the firs. definition, let P 
(Fig. 127) be the point moving in the cikele aid 
regard the Motion Of its projection on the vertical 
diameter. The period is the timie of one revolution 
of P, or one complete oscillation of Q; the fre- 
quency is the number of revolutions of P, or oscil- 
lations of Q; per unit time; the amplitude is half Save 
the length of the path of Q or the radius of the Fig. 127 
circle; the displacement at any time is the ordinate of O from the center of the 
i Heth the phase is the angle at any time from OX. to OP (thus when @ is at 
é top, of its path the Dhase is 90°, wheh at the center going down, 186°, , 
when at the lowest point, 270° or — 96°). If, in the description of a simple 
* harthonie motion, time is reckoned from the ifistant when the phase angle 
is not zero, then that motion is said to have a lead or a lag according as the 
initial phase (angle) is between o and 180° or o and—180°, and the value of 
the atigle is called lead or lag as the case may be: Let €=lead or lag; t =titte 
con after aie (motion from Py to P), @ = angular velocity of OP; 
period, 7 = fre juency, 7 = ainplitude, y= displacement, ys velocity | of 
anda= Baila The following are the general relations between the 
quantities involved : 


m=1/T w=27h=27/T pope oe ; 
v=orcos(wlte)=o Vp 42. a =— wy sin (wl + ¢) = —wy 


\ . : 
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It the time is reckoned from the instant when Q is in its mid-position, ¢=0. The three” 
curves (Fig. 130) OA, O’B, OC are the space-time, velocity-time, and acceleration-time 
curves for one complete period of a simple harmonic motion; «=o; Ot represents the period; 
the yalues of y, v, and @ marked are for position Q shown. In Fig. 128 the curve is the 


Fig. 128 Fig. 129 Fig. 130 


yelocity-space curve, and the inclined line the acceleration-space curve. They show 
how v and a vary with the displacement of the moving point; thus for the moving point Q 
y and a have values as marked. , : 
Translation is a motion of a body such that the lines joining all pairs of 
points of the body remain fixt in direction. In any interval of time all points 
describe identical paths; at any instant’ all points have identical velocities 
and identical. accelerations. Translations in which each point of the body 
describes straight lines are the common ones, and translation is defined 
sometimes as any rectilinear motion ofa body. The resultant of all the forces 
acting on the body passes thru the center of gravity of the body; that force 
and the acceleration have at each instant the same direction, and R=ma= 
(W /g) @, wherein R = resultant force, @= acceleration, m and W = mass and 
weight of the body respectively, and g = the acceleration of gravity. Also if 
az =the « component of the acceleration at any instant and DF, = the alge- 
braic sum of the « components of all the external forces, then ZF. =max; 
and similarly for y and z axes, the three axes being fist and rectangular. — 
For example, consider the motion of a parallel rod of a locomotive, weighing 275 lb 
running at constant velocity of 60 mi per hr on a level track, the driver diameter being 
5.5-ft and the crank lengths ft. The forces acting on the rod are its weight and the 
pressures of the crank pins at its ends; these latter each are represented (Fig. 131) by thei 
horizontal and vertical components. Since the resultant of all these forces acts thr 


the center of gravity, Vi=Ve2; also 2 Vi —275 =(W /g) ay =8.55 ay and Hy—H2= 
(W |g) ax = 8.55 ax. To determine a: 


and ay; The velocity of the center of eithe 
crank pin relative to the locomotive i 
(88 X 1) /2.75 =32 ft per sec (60 miles pe 
hr = 88 ft per sec), and the relative motio: 
of the pin being circuiar at constan 
velocity, the relative acceleration is te 
ward the center of the crank-pin circ 
at all times and equals 322/x = 1024 | 
per sec per sec. This is also the absolute acceleration of the crank pin, since the loc« 
motive is assumed to have no acceleration. But the rod has the same acceleration ¢ 
the crank pin; hence ax = 1024 sin 8 and ay =x024cos@, In the lowest position of th 
rod @=0, ax =9, ay=1024, "Hy = Ho, V = (8755 + 275) =4515- In a mid-positic 
when 0 = 90°, ax = 1024, 4 =0, Hy— Ho = 8755, and V = Y% 275 =137:5- In the highe 
position, @=180°, ax= 0, dy= —1024, Hi=Ho, and V = ¥ (275 —8755)=— 4240, tl 
negativ sign meaning that V acts downward on the rod. 
If the translation is rectilinear and Ris consfant in value, then 


Rt= mvz — mr, and Rs = ¥ mug? — Yo my" i . ‘ 
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wherein 7 and vy are the values of v at ends of any interval of time /, and s the distance 
described in that time. These formulas are the principles of impulse and momentum, 
and of work and energy for this special motion. If the translation is not rectilinear : 


According to the ee anda of impulse and momentum af" Fadt = mv! x— mv'x 


4 

_ and similar equations for y acd z directions; the left-hand member is the algebraic 
sum of the « components of the impu'ses of the forces acting on the body for the time 
tat, and vx and vx are the x components of the ve‘ocity at the times 4; and fg. Accord- 


iS, 
ing to the principle of work and energy =f *Fids = Vy mvg — Yomr2; the left-hand 


member is the algebraic sum of the works done by all the forces acting on the body 
whilst its velocity changes from 7 to v2, and the displacement is sz — 54. 


31. Curvilinear Motion 


Curvilinear Motion of a Point. If the motion is uniform (equal distances 
traversed in all equal intervals of time), v =As/At?, and if non-uniform, v= 
_ ds /dt, just as in rectilinear motion; the velocity of the moving point is directed 
along the tangent to the path at the point. But acceleration formulas for 
rectilinear motion do not hold for this case; here it is important to note that 
the velocity varies in direction continually, and that acceleration is ‘the rate 
at which the velocity-changes (including magnitude and direction) occur. 
These complete velocity-changes for a given motion are exhibited by the 
Hopocrap for the motion. A hodograph is constructed by drawing from 
any point O” (Fig. 132). vectors which represent the velocities of the moving 
~ point at a number of its successive positions ~ S 
and then joining the free ends of the vectors 
by a smooth’ curve. The velocity-change 
occurring in any motion as from A to B is — 
represented by the vector A’B’. If At is the 
_ time in which this occurred, then the magni- 
tude of the average acceleration for that time 
is (chord A’B’)/At, A’B’ being measured by 
the scale of the hodograph diagram, and the 
direction of that average acceleration is that 
| of the vector A’B’, The actual acceleration | 
at A, say, is the limit of this average as B is Fic. 132 
taken closer and closer to A; that is, a at A ye 
“is the value of ds’ /dt at A’ (s’ denoting distance on the hodograph), and the 
' direction of a is that of the tahgent at A’. It will be noticed that the acceler- - 
ation of the moving point is represented by the velocity of its. corresponding 
| point in the hodograph (A’ is A’s corresponding point), 
Velocities and accelerations may be resolved; let a, @, and y denote the direction angles’ 
_ of v (with respect to «, y, and z axes), vx, vy, and ve the components of v parallel to 
these axes (axial components), x, y, and z the coordinates of the moving point. Then 
ux =vcos a=dx /dt, vy=v cos B=dy/dt, vs=vcosy=dz/dt. Let ax, ay, and az denote 
' the axial components of a, and 4, », and v the direction angles of a; thenax= a cos {= 
dvx (di= d?x,/d"®, oy=acosp= dvy/dt= Py/d?, az=acosy= duz/dt= dz /dt. Let 
ai and a» denote the components of a along the tangent and normal to the path, ¢ the 
angle between the tangent and a, @ that between normal and a, and r the radius of curya- 
ture at the moving point; then a¢ =a cos d = dv/dt = d’s/di?, an = a cos @ = v2 /r.. The 
_ tangential acceleration corresponds to change in value of velocity, and the normal acceler- 
ation to change in direction of velocity. When a point moves in a circle with constant 
speed v, then a¢=oand a=ax = v*/r, and a is directed along the radius toward the center 
_ ofthecircle, © t 
_ Motion of a Projectile. In the following formulas air resistance is 
“neglected; v) = velocity of projection, 0 = angle of projection (Fig. 133), + and 


\ 


Oo 5 
Hodograph 
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y = coordinates of the projectile at any time ¢ after projection, v = velocity, 

vx and vy ='~and y components respectively of v,7 = Tange on the horizontal 

i ’ plane thru O, and h = greatest height at- 

tained. The path of the projectile, or the 

trajectory, is a parabola as represented, and 

‘its equation is y = « tan @—gx4/2 UG cost @. 

Also 

KX vyr=vjcos 9 vy=v,sin0—ge v=V Ui? gy” 


x =U, cos O +t y= u,sin 0-t—¥% gP 
Fig, 133 h=simd-veleg r=sin20-yilg 
= If the direction of projection is horizontal, 9 = 0; the equation of the path is 


y = —gx?/2 Uy’, and + = vf and y= —Vaigt?. 

Relatiye Motion. Description of motion requires the use of coordinate 
axes or other equivalent means of reference for the specification of positior 
of the moving point. Motion relative to a body is described by means of 
coordinate axes fixt in or on the body. Thus, suppose that in a giyen time 
a body 4 (Fig. 134) moves from A’ to A”, and a point B from B’ to B 46 
Tn the first position the coordinates of B areo.3 and o.2 in, and in the second 
0.5 and,9.4. Then the x and 3; components of the relative displacement of 
B with respect to A are 9-5 —0.3 =0.2 and 0.4—0.2 =9.2, and the total relatiye 
displacement is V 6.2? +0.2? = 0.28 in. Motion relative to a point is described 
by means of coordinate axes having the point as origin and their directions 
remaining constant (relative to the body to which the motion of the point 
itself is referred). ‘Fhus suppose that in a certain time a point A moves 
from ‘A’ to A” and another B from B’ to BY” (Fig. 135); the x and y component 
displacements of B relative to A are 0.2 and o.1 in respectively and the dis- 
placement of B relative to A is «/o.22 $0.12. The displacements, velocities, 
and accelerations of two points relative to each other ai any instant are 
equal and opposite. ‘The velocities of three points/A, B, and C 
relative to each other are related as shown in Fig. 136; ‘Va means 
velocity of A relative to Band Va means yelocity of B relative 
to A. Among three points there are six relatiye velocities, and 


Fig. 135° Figuia6 sue 


t when any two (except the velocities of two points with respect to each othe1 
| are known, the others can be computed by compounding as may be seen frol 
| the figure. Among three points there are six relative accelerations; their rel: 
<< tions are similar 40 those of the velocities, and thé figure shows the Felation 
V being now, taken to mean acceleration. Ryne 

Force and Acceleration. The forces acting on a body and: the motic 
of its center of gravity are simply related; the algebraic sum of the cor 
ponents of all the external forces acting on the body along any line equa 
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| the product of the ‘la8$ Of thé body and thé coiiponent of acceleration of 

its center of gravity along that line. In gerieral, the priticiple leads to 

i ole BPR. = max,, DFj= md, UF. = maz 

bi . 

_ wherein m = mass = weight + g; the left-hand members are the sums of the 
compénents of the forces along three rectangular axes, and @,, @, and @y are 
the corresponding components of the acceleration of the cefter of gravity. 
Or, if the directions of résolution be taken along the tangent to the path 
described by the center of gravity, the principal normal and a line perpendic- 

ular to the principal normal and tangent (the binormal), then 


=F; = maz ZPy = Ma», =F; =o. 


The resultant of the normal components; Fy, is called the centripetal] 
| force on the body; it is always directed inward toward the center. of the curved 
path just as @y is. The reaction corresponding to ZF, exerted by the body 
‘on those that exert the centripetal force, is called centtifugal force. 


For example, consider a car rounding a curve of radius r at a constant speed v: 
| Imagine the rail pressure on each wheel resolved into three components, one parallel to 
the rails, one parallel to thé ties, and one perpendicular 
to the track; tall thé resultants of these Sets of com- 
_ ponents respectively Ri, Rv, atid R3 (Fig. 137). Also let 
| P,and P2 denote the pulls at the front and rear ends of 
the car...The components of the rail pressures parallel 
to the rails, P:, and Py», aré practically parallel to the 
tangent to the path of the center of gravity of the car-— | _-yormal to Path 
at that point. The velocity of the car is constant, so 
Gt = 0; also Gn = v2/r. Hente 
| Fe = Py —P2-Ri=(W/g) at = 0 ale a 
| 3Fx= Recosé+ Rs sin 8 = (W/g) dn= (W/g) 2? /r i ae 
_ Fé = R3 cos? — Resin 8 — W=0. : 


The first equation shows that P:— P2 = R,, and the 
| second and third solved simultaneously give Re = (W/g) 
| G#/r) cosd — W sind and Ry = (W/g) (v*/r) sin 8+ Fig. 137 
W cosd. Tomake Ro=o, (W/g) (v*/r) cos? = W sind 
‘or tand=2/gr. This value of tilt of track will not necessarily make each component 
‘fail pressure parallel to ties zero, but the restltant of all such components will be zero. ~ 
4 


a 32. Rotation 


‘' ; 7 : 

: Rotation of a Body is motion such that one straight line in the body or 
_ in its extension remains fixt. This line is the axis of the rotation, and all 
| points of the body not on the line describe circles whose centers are on the 
ine, All lines bf the body perpendicular to the axis describe equal angles 
in equal times; angle described by the body means the angle described by any 
| 6f the lines just mentioned. The angular velocity of the body at any instant 
‘is the rate at which it is describing angle then; the symbol is w. In uniform 
Totation (equal atigles described in afl equal intervals of time) the rate is 
tonstant and w= Ad/At; Ad denoting the angle described in the interval 
“At. In non-uniform rotation, the rate varies and Ad/At is the average 
ngular velocity for the interval; the actual value of w at any instant is the 
Value of d0/dt for that instant. The angular acceleration of a rotating body 
“is the rate at which its angtilar velocity is changing; the symbol is a. If the w 

changes uniformly the rate is constant and @= Aw/At, Aw denoting the 
slocity-thangé in the interval Az. If a does not change uniformly; then the 
fate varies; and Aw/At is the average angular acceleration for the interval 
At; the actual value of a at any instant is the viluée of dw /dp at that instant. 


ai 
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| The general differential equations of rotation are @ =d6 [dt, a =dw /dt = 036 /di 


wdw = ad6; their integrated forms are 
| : to to a5 
02-01, = ( w dt @2—- O1 = a dt w2g—wr=2 a dé 
oh 4 Oy 


are corresponding or simultaneous values of 8, w, a 
‘4, likewise 02. wa, and #z.. If the angular velocity is constant, the angul 
displacement in the interval f2—4 1s 6,-8,= (t2—t:); if the angul 
acceleration is constant the velocity-change w27 1% (tg), the chan 
in the velocity squares oe— oi? = 2 a(O2- 6:), and 42— 6, = Ya (wit ¢ 
‘(tg —tk), The relations between 9, @, and ¢ can 
represented by curves exactly analogous to the cur 
described on page 1486. The corresponding yariat 
are @and s, wand v, anda and a. : 

Let the irregular line in Fig. 138 represent a body rota 
about a line thru O perpendicular to the paper, OP a lin 
the body and OX and OY fixt axes of reference; also =a 
XOP, r=OP,v and a velocity and acceleration respectivel 
P, at and an the components of 4 perpendicular and _parall 
OP, and w and a the angular velocity and acceleration of 

Fig. 188 body. If the radian is.used in 8, w, and a, then 
v=ro, at=fa, an — rw? a = r(ait wo) 
any units of time and Jength may be used. If n = the angular yelocity in revolu 
| per unit time, » = 277, and this value may be substituted for in the foregoing 
the rotation is uniform «=o, and a=rut=v" /r=4 rm. 

Relation between Forces and Motion. The angular acceleration 
| rotating body depends only-on the moments of all the external forces a 
f - on the body about the axis of rotation and on the moment of inertia o 
body about the same axis. If 2M = the algebraic sum of moments 0 
forces, J the moment of inertia, m the mass of the body, W its weight, a 


i} its radius of gyration with respect to the axis of rotation, then 

ak’ 

i SM = Ia = mea = (W |g) Poe 

Let w; and w= the angular velocities of a rotating body at time f: | 


in which 61, w1, and 4 


it] later time ¢g; then according to the principle of angular impulse and mome 


"9 
i} 2f M dt =Iw,—Io- \The left-hand member is the algebraic sum ‘ 
1 


iH] 

: | angular impulses, about the axis of rotation, of all the external forces f 
| time f2—h. If the moments of all the forces are constant during the 
the left-hand member becomes 2M (t2—H). According ‘to the pr 
i 
| 


; So 
of work and energy 2 Fids = YW Iw? — 2 Tw’. The left-hand men 
+ 


1 
the algebraic sum of the works dene on the body by all the external 


; ) : for the interval ta — fi. 

; Centrifugal Force. Suppose that P is a particle of a body rotatir 
\ : ; angular velocity w, and let dm = mass of P, n= the radius of the circle de 

; by P.. The resultant of all the forces acting on P may be resolved it 

: components, one along the radius 7 and one along the tangent to the 
ithe P; the radial or normal component = dmruw? and acts from P toward 
of rotation; the tangential component = dmra. The normal compe 
called the centripetal force on P; it (and the other component also) is 
on P by other things (neighboring particles, usually). P reacts on 1] 
things with a force whose radial and tangential components equal 
above but in the opposite directions. The normal component, dm 


Art. 88 - Balancing 1491 


ward, is called the centrifugal force of P; the resultant of the centrifugal 
‘orces of all the particles is the centrifugal force of the body; in general the 
resultant of the centrifugal forces of all the particles is not a single force, 
but in certain common cases there is a single force 
resultant, Thus if # mags of the body(= W /e), 
* the radius of the circle described by the center 
of gravity G (Fig. 139), n= revolutions per unit 
ime (@ *2 7), and the body is homogencous, then 
‘@) when the body is symmetrical about a plane 
perpendicular to the axis of rotation, the centrifu- 
gal force = mw and acts in the line OG; (6) when 
he body is symmetrical about a line parallel to 
he axis of rotation, the centrifugal force = mFw* 
ind it acts in the line OG; (c) when the body is 
yymmetrical about a plane containing the axis of 


Fig. 139 
otation, the centrifugal force= mPw', acts in the plane of symmetry, is parallel 


o OG at a distance from any XY plane equal to fan :) + mF. If wis 


n radians per sec, » in rev per min, 7 in ft, W (weight of body) in Ib, 
) (velocity of center of gravity) in ft per sec, then centrifugal force in Ibs is 
2 2 ‘Pe 
Lid Fo" = we - Wn seal “ dace 0.000341 Wn. 
Kish § 3600 2937 
When a body is rotating with constant angular velocity, then the resultant of all the 
vetual external forces acting on the body (weight, reactions of axle bearings, belt pulls, 
ete.) is equal and opposite to the resultant centrifugal force of 
the body. For example, in Fig, 140 PC is a rod supported bya 
pivot at P and by a cord AB so that the rod can be rotated about 
AP. During rotation it is under the action of the pivot pres« 
sure represented by components 2”, P”, and P”” (not shown), 
the pull of the cord 7’, the weight of the rod I, air resistance, 
and the driving force / (not shown). When the speed is con- 
stant, then the resultant of all these is as described under (¢) 
above. If air resistance and pivot friction are negligible, no 
driving force is required to maintain speed, and 2’ = 0; T, P’, 
and P” can be determined as follows (supposing PC = 6 ft, 
PBs ft, PG 3 ft, ABP 90°, APB 30°, W x00 Ibs, and 
n= Gorey per min): Since the resultant of 7, P’, P”, and W is 
horizontal, the sum of their vertical components =o, or 7" sin go4* 
P" yoo o; the sum of their horizontal components = mFa*, 
or T cos 30°4+ 2" @ (100 /32.2) 1.5 (a 760/60)" @ 184; the resultant 


Fig. 140 acts at a point Q whose distance above PX equals J dmavs-+ 


m= 3.46 ft, and PO «4 ft; the moment sum of all the forces about Q= 0, or = 7X 1= 
100 X Web PX gg6t PX ao. The three equations solved simultancously give 
T= 157.8, Po 47.s, and 2? aa.g Ib. 

83. Balancing 


The reacting forces which support a rotating body depend in general 
not merely on the weight of the body and applied forces but also on the speed, 
the mass, and shape of the body; moreover, the components of the supporting 
forces which depend on the speed, mass, and shape change direction con- 
tinually, Thus in the preceding illustration, when the rod is not rotating 
T =30 lb, P’= 26 Ib, and P’= 85 Ib, values. quite different from those for 
motion. Or, consider a body weighing 1oo lbs mounted on a shaft sup- 
ported in bearings equally distant from the body and the center of gravity — 
t in from the axis of the shaft, When the system is at rest, the bearing 


———— 


1492 ‘ Dynamics Sect 12 


pressures (due to the body) = 50 lbs each and act vertically, but when the 
system rotates at constant speed the bearing pressures have additional com- 


- ponents each equal to ¥4 (19° [32:2) 216) 47, @ being the speed in rev per 
sec. These components are said to be 

Q Las ibs. due to centrifugal action or centrifugal 
Ln force, and will be called centrifugal com- 

-ponents. If the center of gravity, of the 
rotating system is in the axis of rotation 
the system is said, to have standing 
balance; such a system with shaft hori 
zontal would not turn of itself from any 
position. into which it might. be. place 
(see Fig. 141). If the centrifugal fore 
of the rotating system is zero, then th 


‘ugal forces of the two bodies are equa 
) (4/22) 4 71? oF 20.4 n2, and opposite bi 


ning balance. In fact the centrif 
(x00 /32.2) [6) 472? and (200 /32-2 2 
not colinear and so they constitute a couple. The centrifugal components 
the reactions of the bearings are therefore each 20.4 1? X 4-9 = 9.07 1, ar 
directed as shown, P and Q. Tf these bearings were not firmly supported, the 
the rotating system would wobble: 

ires the rearrangement of the rotati 


i 
I, ; 
Balancing a system out of running balance requ! 
| Car wheel-pairs are balanced. expe 
i] 


» ig. 141 2 ? i : 
| His system is said to haye or be in runnin. 
| < balance. Standing balance js a necessary condition for running balance bu 
: not a sufficient one; thus in Fig. 141 there is standing but obviously not rut 
{ 


material or the addition or removal of material. 
mentally by running them in spring-supported bearings and adding material here a 
there to the wheels, by trial, until steady running js secured. An unbalanced system ¢ 
always be balanced by the.addition of two bodies rotating about any two arbitrat 
selected points on the axis of rotation; moreover the weights of these bodies and th 
exact positions relative to the rotating system can be computed provided that the cent 
ugal force of the unbalanced system is known or if the unbalanced system,can be divic 
xp into parts the centrifugal forces of which are known. Thus suppose that it is desi 


to balance the body of weight W’ (Fig. 142 or 142), out of center a distance 7 (cente1 


ee 
1 wer H 


Fig. 142 Fig. 143 
‘ gravity to axis of shaft=r) by means of two bodies rotating about A and B. Ino 
that there may be running balance: (1) the centers of gravity of the three bodies anc 
axis of the shaft must be in a plane, and (2) the sum of moments of the centrifugal f 
of the three bodies must be zero about any point in the plane. Condition (2) req 
that the middle one of the three bodies, counting along the shaft, shall be alone or 


side of the shaft, and further, that 
W'r =Wry/c, and Wr? =Wre |e 


where W and W” 7 are the weights of the balancing bodies rotating about A and B re 
tively and /’ and 7”” are their distances out of center. Any unit of weight and of dis 


may be used in these formulas. 

For example, consider the balancing of the cranks and crank pins ona pair of locon 
drive wheels. © In Fig. 144 the cranks are set ‘90° apart, the planes of rotation of 
centers of gravity are 62 in apart, and the planes of rotation of the centers of gray 
the pins are 72 in apart; for each crank pin W=25 lbs and r=12 inj for the unbal 


part of each crank W =3o Ibs and r=5 "ms : 
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The counter (or balancing) weights are to rotate about A and B with radii =r inches 
| say. To balance’ Py requires a and 0 “see figure), such that for a, Wr = 
(25 X12) 66/60 = 330, and for bi, Wr = (25 & 12)6/60 = 30 in-lbs; similarly to 
balance Pq requires a4 and 64, and for a4, Wr = 30 and for bq, > ai 
Wr = 330 in-lbs. To balance Py requires ag and 69 and so that 
for a2, Wr = (30 X 5)61/60 ='152.5 in-lbs, and for 62, Wr= 
(30 X'5) 1/60 = 2.5 in-lbs;_ similarly to bal- 
ance P3 requires a3 and b3, and for a3, Wr = 
2.5 and for 43,W,= 152.5 in-lbs. These 
eight bodies a1, 1, a2, bz, etc., would balance 
the cranks and pins; it remains to find two 
substitutes for the eight. Now a: and az can 
be combined, giving Wr = 330+ 152.5 = | oe 
82.55 gg and a4, iving 2.5+30= 32.5; by and aes ks 
2, giving 32.5; and b3 and bs, giving 482.5 
in-Ibs. The centrifugal forces of a’ and a’’ 
(whose Wr=482.5 and’ 32.5) have a simple 
tesultant, and a single body whose centrif- 
ugal force is identical with that resultant can 
be found thus; treat 482.5 and 32.5 as tho i 
they were forces acting from A-to g’ and A Vv 
to eo and find their resultant; itis 484in-lbs = = @ 
directed along Aa, the angle. a’Aa being Fig. 144 
nearly 4°; then any body the radius to whose 
center of gravity lies along Ag and whose Wr =484 in-lbs will serve as one counterweight. 
Ina similar manner the other counterweight may be determined; its Wr=484 and its 
radius lies along Bb. (It should be noted that fhe effects of coupling and connecting rod 
are not considered.) ‘ ; 


fe-—=367-—- >! 


4 
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34. Pendulums. ‘ 


. The Compound or Physical Pendulum is a body suspended on a horizontal 
axis soit can oscillate freely under the influence of gravity. Let G (Fig. 145) 
be the center of gravity of the pendulum, O the center of sus- 
pension, a =OG, and k =the radius of gyration of the pendulum 
with respect to its axis of suspension, and T = the time of one 
oscillation (from one extreme position of the pendulum to the 
opposite extreme position); then if the oscillation is small, T =z 


Ve fag. If w@=the maximum angle which OG makes with the 
vertical, that is, if 2a@ is the complete angle described by the 
pendulum in one oscillation, then more’ correctly, 


ae ee Ve eat ll 2 sy beta 
Fig. 14500 ag L Payette 2 , 


If a=8°, the bracket is\only 1.00122 and nearer unity for smaller values of a. T fora given 
pendulum is hence practically independent of a, if a be small; that is, for small angles a 
pendulum is practically isochronous. e point Q in the line OG extended and O0= 
k? /a is called the center of oscillation corresponding to the center of suspension O; it is 
also called center of percussion (Art. 87). ‘The centers of suspension and oscillation 
are interchangeable, that is, the times of oscillation about axes thru O and Q are equal. 
This property is made use of in pendulum determinations of g as follows: the pendulum 
is made so that it can be sus3ended from two pojnts O at a known distance d apart; then 
the times of oscillation for the two points O are compared and by trial are made equal by 
shifting a weight along the stem-of the pendulum; either of these points then is the center 
of oscillation for the other as center of suspension, and d =k? /a; then g= w*d/T?. 

A Simple Pendulum isa very small sphere supported by a cord; its Jength is the distance 

_ from the center ofthe sphere to the point of suspensign, A physical and a simple pendulum 
“whose times of oscillation are equal are said to he equivalent. A seconds pendulum is 
_ one whose time of oscillation is qne second. The length of the equivalent seconds pendu- 
oe at New York is 39.102 inches, ; 

H 
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The Conical Pendulum consists of a body suspended from a fixt point and so that i1 
can rotate about a vertical axis thru the point, The height-of the pendulum / (Fig. 146) 
» depends only on the angular velocity; thus. for revolutions per unit time h=g/4 7m? 
If g is taken as 32.2 ft per sec per sec, then must be taken it 
i rev per sec; h will be in feet. Tf » is less than Y g/t+2 7% th 
ball will not fly out or remain in any deflected position: If B= 
tension in the cord, ? = length of pendulum, W = weight, the: 
P=WI 4 7n?/g- 
35. Uniplanar Motion 


| 

1 

\ 

\ 

h 
Mee Uniplanar Motion is a motion such that each point 
W the moving body remains at a constant distance from 
; fixt plane. Examples: motion of the connecting rod of 
Fig. 146 steam engine, rolling of a wheel, rotation of a fly whee 
etc All straight lines of the body which are parallel to the plane of the motic 
describe equal angles during any. displacement, of the body, and by ang 
described by the body is meant the angle described by any of the lines met 
tioned. The angular velocity of the body at any instant is the rate at whic 
it is describing angle then. The angular acceleration at any instant is tl 
rate at which its angular velocity is changing then. Any displacement m 


Rig. 147 Fig. 148 


be accomplished by a translation of the body which will bring one line 
it which is perpendicular to the plane of the motion into final posi 
followed by a rotation of the body about that line into final position, ge 
the displacement of a body from ABC to abc (Fig, 147) may be accomplis 
by a translation from ABC to ab'c’ followed by rotation about a into posi 
abc. The amount of translation depends on the line of the body selectet 
axis of the rotation; the amount of the rotation does Pr 
not The actual state of (uniplanar) motion of a 
body at any instant may be regarded as consisting 
of two components, a translational and a rotational. 
And the velocity v of any point P of the body (Fig. 
148) may be regarded as the resultant of two veloci- 
ties, one the actual velocity v’ of a second point P’, 
and the other the velocity of P about (relative to) 
P', rw, where @ =angular velocity of the body and 
7 =PP’; Likewise the acceleration @ of P may be 
regarded as the resultant of the actual acceleration a” 
of P’ and the acceleration of P about (relative to) P’. 
For example, when a wheel 8 ft in diameter rolls uniformly 
at 2 rev per sec, Of w= 12.56 radians per sec, then taking Bia! Fig. 149 
at the center (Fig. 149), of =18 X2=50.3 ft per sec, and a’ =o; ‘ 
the velocity of a point P 3 ft from the center relative to P’ is 37-7 ft per sec direc 
shown, and the actual velocity of P is the resultant of 50.3 and 37-7; the accelerat 
P relative to P’ is 3 w* = 476.27 {t per sec per sec (see page 1490) directed as: 
and since a! = 9, the acceleration of P is 476.2. mee 
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Uniplanar Displacement can also be accomplished by a single rotation 
_ about some line. Thus the displacement from ABC to abc (Fig. 147) can be 
_ made by a rotation about the intersection of the perpendiculars to, Aa and 
| Bb at their centers. Any uniplanar motion may be regarded as a continual 
rotation about a line which in general is continually shifting its position in 
| space and in the body or its extension This line is called INSTANTANEOUS 
AXIS (of rotation), and any point of it the instantaneous center. In uni- 
planar motion, the velocity of any point of the body at any instant equals 
the product of the angular velocity of the body then and the distance of the 
point from the instantaneous center, and the direction of the velocity is per- 
pendicular to the line joining the point and the instantaneous. center; the 
velocities of different points of the body are as their distances from the instan- 
taneous axis. The instantaneous center may be determined when. the direc- 
tions of the velocities of any two points of the body (the line joining which 
is parallel to the plane of the motion) are known, provided these directions 
are not parallel, as follows: at each of the two points draw a line parallel to 
the plane of motion and ferpendicular to the direction of the velocity of that 
point, and determine their intersection; this is the instantaneous center. 
For example, consider the motion of the connecting red of an engine. The velocity 
of the crank end of the rod is perpendicular to the crank and the velocity of the other end 
is parallel to the guides; hence for any particular position of the rod the instantaneous 
center is at the intersection of the crank (radius) extended and a oe perpendicular to 
the guides at the guide end of the rod. 
The relation between the external forces and the motion produced is exprest thus: 
take and ¥y axes of reference parallel to the plane of motion; then 
2B = mos SFy =mdy =M =Ia=mk*a=(W /g) a 
wherein Sx and 3Fy denote the sums of the » and y components of all the external 
forces, ax and dy the x and y components of the acceleration of the center of gravity, a the 
angular acceleration of the body, m its mass, W its weight, 2M the algebraic sum of the 
‘moments of the external forces about an axis thru the center of gravity and perpendicular 
to the plane of motion, J the moment of inertia, and & the radius of gyration of the body 
with respect to the same axis. For example, consider a cylinder of radius 7 and weight 
W rolling down an inclined plane. The forces acting on the cylinder 
_ are its weight W and the reaction of the plane regarded as replaced ° 
‘by its two components V and F (Fig. 150); taking the x axis along 
the plane and the y normal to it, the three formulas become 
(W sin ¢— F)=(W/g)a, N—W cos $= 0, and Fr=%%(W/g) r°a, Fr 
3 Ww /8); ? being the moment of inertia of the cylinder with respect 
to its axis. (It is assumed that there is no indentation of the N 
Toadway, that is, no rolling resistance.) If there is no slipping, 
‘then @ =ra, which equation combined with first and third above \P 
gives 7= 34g sin g, 2 =%(g/r) sin g, and F = 4 W sin ¢; also : 
N = W cos ¢$. Fig. 150 
The Kinetic Energy of translation and rotation combined is 1amv? +14 I w?, 
where m denotes the mass of the body, ¥ the velocity of its center of gravity, 
J its moment of inertia with respect to a line thru the center of gravity and 
perpendicular to plane of the motion, and w its angular velocity. The first 
term is sometimes called the translational and the second the rotational part 
of the kinetic energy. It is also given by 4% Jw*, where J denotes the moment 
La inertia of the body with respect to its instantaneous axis (at the instant 
for which the energy is to be figured) and w is the angular velocity. 
2 For example, take a cylinder of radius and weight W rolling at » revolutions per unit 
“time: m=W /g, v=2 mrn, T= (W /g) r2 (see page 1478); and w=2'1Mn; hence the kinetic 
\ =3 (W/g) wr2n®, one-third of whichisrotational. Also 7 =I+(W /g)r?=% (W /g)r3; 
ence according to the second formula the kinetic energy is 42(3 W/2g) r°4 7%n?= 
(W /g) rn? as before. 
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$6. Three-dimensional Motion 


Any midtioti of a body may be regarded as coiisisting of two cormpone 
oné 2 trafsidtion equal to that of the center of gravity and the oth 
fotdtion about some axis thru the center of gravity. These motions ma 
gaid to be produced independently by the forces acting on the body; 

(a) the acceleration of the center of gravity is the same as if the whole 1 
were concentrated at the centér of gravity and acted upon by forces € 
in maghitude to and same in direction as the actual external forces; and (b 
angular acceleration is the same as if the center of gravity were fixt ant 
actual external forces applied. The reasonableness of this will probab 


seen from this: imagine each force acting on the body replaced by @ 
acting at the center of gravity Gand a couple; the resultant of all the f 


deting at G is 4 single force Rj an ‘ 
couple C; R cannot turn the body but gives i i 
and C cannot thove G but merely furns the body about some line thi 
In general C does not cause turning abou 
of G; only so if the plane of C is perpendicular to 
tral axes of the body (see page 1491). To determine the acceleration. 
center of gravity, take fixt «7; 95 and z axes outside the body and resol 
external forces Fi, Fa; etc; into 2; yy and 2 components; then 

DF, =mix ZPy =may DPz=mag 
m denoting the fas of the body. To determine the angular accéle 
of the body, take moments of all the forces F1, Fa, etc-, about the three c 
principal axes; Cal ing the suiis*of the motients about these axes =M,, 
and BM; the components of the angular acceleration 04, a, and ¢ 
coniponents of the ahgulaf velocity wi; 03; and’ w,; then ; 
3Mi = 1 + G3 — Tg) 9 095 BMy = 14% + (I, — Is) 3 © 

BM = 15 y+ (la — Ti) 01 Os 


wherein Ii, Iz and Ja denote the three central principal moments of 
of thé body. In atiy motion of a pody: the kinetic energy may be ¢o! 
in two parts, (t) the Kinetic energy of the whole body nioving with a 1 
equal to that of the center of fens and (2) thé suini of the kihetic € 
, of the constituent particles of the bodies 
their velocities relative to the center of gt 
Gyrostat (Fig. 151).. The wheel w 2! 
ean rotate about A’; the supporting ring: 
édn fotate About BB’; and the supportin 
F can rotate about CC’. If the disk or 
spithing rapidly in the direction iidicat 
and an upward fotce U be applied at A; 
AA’ will Hot rotate about BB’ but about 
fhe direction indicated by the artowhe 
downward force causes rotation in the 
directioti. A hotizontal force B to the le 
caiise the axle AA’ to rotate not dbout 
Hig. 181 about BB’ in the direction indicated 
B arrow 1j.a force to the tight would cause 
jn the opposite direction. These rotations of the axle of spin are 6 
cessional motions, the wheel being said to prectss. The precession o! 
of spin, AA’, terids to convert the existing spin of the wheel into 4 sj 
the axis of the applied moment and in the direction required by that 
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A Mono-rail ar, as its name implies, funs on a single rail; and the Brennan car 
is wholly above the rail. Stability of this car is furnished by two gyrostats mounted in 
Wi car as ae in plan aot wae (f oles 

is one a! wheels (W’ the o: 3 it 
is mounted eee axle A, the: bearings of 
which are on the frame « or case C. (These cases f 
wholly enclose | the gyrostat wheels, and a vacuum 
is maintained in the cases to reduce the windage of 
the wheels; the wheels are driven electrically — 
indeed the wheels are motor armatures— in opposite 
directions.) The case C has trunnions T and T 
supported in bearings on the double frame F, which 
also supports the other gyrostat case 0’. The 
double frame F is supported on an axle x parallel 
to the rail, on which the whole gyrostat system can 
turn, To the two upper trynnions T and YT” are 
keyed two spur-toothed segments which*mesh at 
G; thus the cases C and C’ can rotate on theif trun- 
nions only together, in opposite directions, and equal 
amounts. Rand R’ are wheels or rollers which turn 
on hearings fixt to the cases Cand C’y Rigidly 

tg the car are four shelves M, M’, N, and : 

’; as shown in the plan these co not extend be- 
yond the line ( Poy When for any reason the axles Fig. 152. (After Perry) 

A A’ are at OP and O'P” say, or OQ and O’Q’, and the car is tipping either way 
relative to the gyrostat system, then one shelf, and only one, will come up against an axle 
end or roller; for instance when the axles are at OP and O’P’ and the car tips clockwise, 
then the shelf M comes up against the, axle A. 


When the car is running straight, erect, and balanced, the axles A and A’ are in line, 
across the car, and thjs is the normal position of the gyrgstats. Now suppose a disturb- 
ance, as a wind pressure on the left side, tips the car clockwise; the shelf M@ comes up 
against the axle A and causes precession of A away from the reader, which continues as 
long as there is contactat A. The rapidly rotating axle slips on the shelf M and is itself 
subjected to a friction which tends to hurry the precession, the effect of which is to in, 
crease the pressure on the shelf. This pressure down arrests the tipping and pushes the 
car back against the wind to the neutral position, in which the wind and gravity moments 
‘are balanced. This neutral position is reached with a certain momentum, and the. car 
is carried ad 5h it, the shelf M. recedes from A with the axles of the gyrostats in positions 
as OP and O’P’, and eventually the shelf NY’ comes up under the roller X’, ‘The upward 

pressure on the roller causes precession of A’ toward the reader, which continues as long 
4s ere is contact at the shelf N’. The friction of the roller on its axle tends to retard 
is precession, and the correcting pressure of the roller on‘the shelf N’ is not so great 
‘as that of the axle A on M (in similar circumstances), and the gyrostats are returned to 
‘the normal position with the car still tilted to the left of the neufral position. But the 
‘gyrostats reach the normal position with velocity and swing beyond it; the roller R’ runs 
‘off the end of the shelf N’ and the axle A’ comes into contact with the shelf MW’. The 
eee M’ on A’ causes precession of A’ toward the reader, the friction on A’ tends to 
the precession, and A’ reacts strongly on the,shelf M’, bringing it to its neutral 
sition and beyond. Eventually M’ recedes from A’, the shelf N coming up against 
e roller R, with the gyrostats in the positions OQ and O’Q’. The shelf N, like NV’, 
Sins the gyrostats into normal position and then shelf M into play; and so the oper- 
‘ations described are repeated. But the oscillations of the car and the swings of the 
-gyrostats rapidly decay, and the car settles down into its neutral position quickly. Geared 
peered nee in opposite directions, the pwo gyrostats work together in the above 
A single gyrostat might furnish the stability on a straight track, 
Dut ines soa are essential for running on curyes. In Oct., 1909, Mr. Brennan oper- 
mo-rail car go ft long, weighing 22 tons, and designed to carry a load of 10 to 15 
ee itis is fariahed with an 80 and a 20 HP. petrol-electric set for running the car and the 
s; each gyrostat weighs about 34 ton, is 3 ft 6 in in diameter, and is run at 3000 
.P.M.; the vacuum of the gyrostat cases is equivalent to about 44 to 5¢ in of mercury. 
oe zo5 ft radius at 7 miles per hour, and oyer reverse curves 
35 without “appreciable disturbance” of the | leyel of the car floor. 
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37. Impact 


Direct Central Impact is such that before collision the centers of gravil 
of the bodies move along the same straight line. Central impact is collisic 
during which the forces which the bodies exert on each other are direct 
along the line joining the centers of gravity. In any collision, the forc 
which the two bodies exert on each other are equal and opposite at ea 
instant; hence the total impulses of these forces during the collision are equ 
and opposite, and according to the principle of impulse and momentum t 
changes in the momentum of the bodies produced by the collision must ” 
equal and opposite; or, otherwise stated, the total momentum of the t 
bodies is unchanged by the collision. Or, for direct central impact: 


Mads + MV =I Vit mM2V2 


wherein m and m2 =the masses of the bodies, 1 and v2 their velocities bef 
and V; and V2 their velocities after the collision; but in numerical substi 
tion velocities in one direction are given the same sign and those in the ot 


direction the opposite sign. 
mpact of spherical bodies have shown that the rela 


Experiments on direct central i 
velocities of spheres after impact are always less than before the impact and that tl 


relative velocities are opposite in direction. ‘The ratio of the relative velocities z 
impact to that before impact is called coefficient of restitution; it seems te depend | 
on the material of the impinging spheres. For glass the coeficient is 1546, for steel 
cork 56, ivory 5, wood about 1, clay and putty o. Tf ¢ = the coefficient, then 


(v1 — 2) = 6 Vn- V2) 
This equation and the preceding one solved simultaneously show that 


wen (ate) me (-m) Vaewa Chaat ee 
my+me2 = mi+me2 


During impact there is, in general, loss of kinetic energy; theloss is V4 (vy —02)*(t =e)n 
(my +m). Bodies for which e=o are said to be inelastic; and those for wh 
is nearly 1 are said to be nearly perfectly’ elastic. When a sphere is dropt on a 
zontal surface of a large body from a height #, and if H= the height of rebound, 
H=€h. This equation furnishes a means of computing ¢- 5 

Force of a Blow. By this is meant the actual pressure between 
bodies in collision. This pressure OF force varies during the collision 
zero at the beginning up to a maximum value and then down to ze 
the end. Curves showing how the force varies with respect to the tim 
with respect to. the displacement of the point of contact during the coll 
are quite dissimilar. The average values of the force as shown by thes 
curves are unequal. The first is called the time-average and the secon 
space-average force of the blow. Let F; and F; denote these averages re 
tively and ¢ and s the total time and displacement; then Ft =the im 
exerted on either body, and if the impact is direct and central, Fss =the 
done on either body by the force of the blow. When any object is stru 
a hand-hammer for example, the momentum of the hammer is changed; ¢ 
the change M, then Fiu=M, or F:=M |t. That is, for a given char 
momentum the time-average force of a blow varies inversely as the ti 
the impact. The energy of the hammer is also changed, and callin 
change &, then if the energy dissipated Gin vibration of the hammer) is 
gible, Fss =E, or F,=E/s. That is, for a given change in energy the 
average force of a blow varies inversely as the space thru which the fore 
(It is assumed in the preceding that no other force than that of the 
affects the momentum and the energy changes.) ) 

A pile-driver hammer of weight W falling a height # to a pile which it drives a | 
sis given an amount of energy equal tu W’(a-+s) by gravity before the hammer is: 
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Phis energy is delivered to the pile and is wasted against resistance between earth and the 
ile, in vibration of the pile and adjacent earth. Calling the space-average resistance R 
nd neglecting the energy lost in vibration, then Rs=W (h+s), or R=W (1+h/s). This 
ormula is in use for computing the bearing capacity of a pile; # being the drop of the 
ammer and s the penetration of the pile in the last blow (or average penetration. for 
ust few blows), W weight of hammer, and R ultimate bearing capacity, safe capacity 
eing generally taken as 45 or @ of R. As 1 is small compared to //s, the formula may be 
yritten, safe load = 46 or 4% Wh /s. 

Ballistic Pendulum. This is a device formerly used to measure the velocity 
f a projectile; it is essentially a pendulum with a massive bob into which the 
wrojectile may be fired and arrested. (Fig. 153). Let v =vélocity of the pro- 
ectile, m its mass, M the mass of the pendulum (=W/g, W denoting its 
veight and g acceleration of gravity), k its radius of gyration with respect 
o the axis of suspension (for determination of which see below), a the 
listance from the axis to the center of gravity and 7 that-to the path of the 
rojectile, and @ deflection of pendulum caused by projectile; then 


v=V 2 ga (x —cos 0) (m +MR fr?) = (mk Ir) 


f the weight of the bob is large compared to that of the suspending rod, then 
-/r=x nearly. If a pendulum in its vertical position is struck a horizontal 
low thru the center of gravity and perpendicular to the axis of suspension, 
he whole pendulum tends to move in the direction of the blow. But such 
ranslation is prevented by the support which exerts a sudden reaction oppo- 
ite to the blow. If the pendulum is struck below the center of gravity the 
slow tends to produce a translation in its direction and a rotation about the 
enter of gravity. There would still be a sudden reaction of the support on 
he pendulum to overcome the tendency to the motion there unless the 
ranslation and the rotational velocities of the center of suspension, which 
he blow tends to produce, are equal. That point 

f impact for which the blow produces no sudden 0 
eaction at the center of suspension is called CENTER 
)F PERCUSSION; it coincides with the center of oscil- 
ation (see page 1493). Its distance from the center 


f stispension =k? /a. ‘ 

"The distance k? /a can be determined experimentally thus: : 
et the pendulum oscillate and ascertain the time T of one KK 
wing, extreme to extreme position; then #"/a=gT? /n*; if 
is taken in ft per sec per sec and T in sec, then é*/a is in ft. Q 
et kg be the radius of gyration of the pendulum with respect Clay 
o a line thru its center of gravity and parallel to the axis of . 
uspension. When %g is known the center of percussion Fig. 134 if eM 
) (Fig. 154) can be located graphically thus: at Gdraw\GK perpendicular to OG and 
nake OG =kg; join O and K and draw a perpendicular:to OK at K; Q is the intersection 
f this perpendicular and OG extended. 

The Moment of Imertia I of an irregular or nonhomogeneous body with 
espect to a specified line can be determined best experimentally; thus pro- 
eed as described above, to determine #?/a, then J = (W/g)k? = WT? Jan’. 
ff the specified line passes through the center of gravity of the body then, 


ince the body would not oscillate about such line, proceed thus: determine 


_ about any parallel line distant a from the center of gravity, then the desired 
noment of inertia =J —(W/g)a?,._ If it is impossible or inconvenient to sus- 
aend the body at the specified line, then suspend and oscillate it about any 
ine parallel to the specified line, and determine J as explained about such 


parallel line; calling the distances of the parallel and specified lines from the, 
enter of gravity a and b respectively, then the desired moment of inertia 


=I = W /g)a* + (W [g)t* =I = (a ~ 0°) ig. 


1500 en 3): Sect, 12 


FRICTION 
38. Static Friction 


Statie Friction, or Friction or Rest is the friction between two bodies 
when there is a tendency to but not an actual slippitig of one relative to the other. 
Let P (Fig. 155) = a pull applied to a body A which is supported by a body B, 

hes P R=the reaction of B on A; then the component of 

R along the surface of contact is the friction, and the 

: ST component NV perpendicular to the: surface is the nor- 

B N*\Rk mal pressure. So long as there is no slipping F = P, 
and the greatest value of F obtains when slipping 

Fie. 155 impends; this value of F is called limiting friction. The 
18 coefficient of static friction for two bodies is the ratio of 

their limiting friction to the accompanying normal pressure; it is denoted by f. 

The angle between R and N changes as F changes, and its greatest value 

obtains when motion impends; this value is called the angle of friction for 
the two bodies, and it will be denoted by ¢. When a body A is supported on 
an inclined plané B, and no forces, act on A except its own weight and the 
supporting force, then that inclination of the plane to the horizontal which 
will just cause slipping of 4 is called the angle of repose for ‘A and Bit also 

will be denoted by # because the angles of repose an friction 

for two bodies are equal. Also the tangents of these angles 
equal the coefficient of friction, 7 


FafN frtan¢ 


Suppose the body A (Fig. 156) is supported by a body B, let (6) 
detloté the resultant of all the forces acting on A éxcépting the siip- B 
porting force, and suppose that the line of action of Q etits the surface Fig. i 86 
of contact at a; then the cone with vertex at a, axis’ formal to the con=- Tee 
tact surfate and apex angle equal to double the angle of friction, is called a cone of friction 
for the bodits A and B. If Q fall within the cone, motion will not ensue for any value 
of Q, but if without, then Q will moye A. : 

The coefficient of static friction for two bodies ‘A and B may be determined thus 
(x) Place A on B as in Fig. 155 and’ determine the pull P which will just start A; ther 
f=P divided by the weight of A. O# (2) tilt B and detétmine the inclination at whicl 
gravity will start A down; then f = the tangent angle of thit Of inclihation. In eithe 
method; several detétminatiotis must be madé to obtain a fair average value of thi 
coefficient. ; y 

Coefficients of Static Friction depend on the nature of the materials 
character of rubbing surfaces; and kind of lubricant; if any be used, Harl; 
experimeéntérs reported (Coulomb 187t, Rennie 1828; Morin 1834; ane 
Others) that the ebefficient is indeperident of the intensity of normal préssure 
and altho this announcement was clearly subject to the limitation of the rang 
Of the experiments performed, yet it was geheralizéd and long accepted as 
iiniversal law of friction! But the dnivérsality of the lav Has been questioned 
Métin himself pointed out that length of the time of tolitact of the tw 
bodies itifluences the coeffitieht atid obvioiisly the coefficient changés whe 
thé jhtensities of pressure get Sd high as to affect the chatacter of the surface 

in contatt, “Messiter and Hanson téeport practical tonstatity of coefficier 

fot yellow pité and spruce (Eng: News, 1898, vol. 33, p- 322); the first f 
a range from 100 to 1506 tbs per sq iH arid the stéord for a range from too | 
800. They teport for” platted Or sdndpapéted yellow pine: f = 0.280.3) 
Averdge 0.29, for tod to 2060 Tb per sq ins for Spruce: f= 0.18+0.43; avera| 
6.42, for too td 666 Ib per sq if. The variation depends dh relation of gta 
of wood to direction of slide. “9 ct 3 
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Coeffitients of Stale Friction 
- Compiled by Rankine from Experiments by Morin arid others 


ee imasonry arid brick- Masonry on dry clay. . b.st 
Ghiadawel. of «20 - 0.6 too.7 Masonry on moist lay. bey 0.33 
‘ Meconte, and aasiuaton Farth om earth sic0sejncle « 0.25 to T.0 
(with, damp mortar, 0.74 Earth on earth, dry sand, 
ire on, stone esa! about 0.4 clay, and mixtearth..., 0.38 to 0.75 
: on stone..... 0.7. t00.3 ~ Earthon earth, damp clay 1-0 
Timber on timber. o.§ too.2 Earth on earth, wet clay. 0-31 
Tirhber on thetals 0:6 too.2 Earth on earth, shingle 
Metals on metals'.t..... 0.25 to 0-15 and gravely. oss2.l..8 6.81 to 1.15 
_ Coil Friction. Wheii a rope wholly or pirtidlly en- tae 
- circles 4 wigey or druii (Fig. 157) the tefisions Pande 
P, may uite differeht on account of the friction on y 
tae ro Pie differétice is greatest when slipping im- 
. pends; ip vues oe <butaer in radians, ¢= Naperian \ 
basé = 2.718; the maximum fatio Py/P) =27*. PB, 
Fig. 157 


Maxiilim Ratiés P,/P, (Slippitte Inipending) 


=, | f=% | f= % || aj2™) f=% 
I-17 1.23 1.37 0.7 3-00 
1037 I.51 1287 0.8 3-51 
1:60 1.87 2-57 0.9 4-11 
1:87 2.31 3-51 1:0 4-81 
2.19 2.85 4-81 2.0 235% 
2-57 3-51 6.59 3-0 Trt. 
Belting. The foregoing formula, P,/P\ = fe, applies also. Single 


(thickness) leathtr belt viries froth 94 46 to tho inch thick; double leather (two 
thicknesses glued) belt varies frdm % to 4 inch thick. Cement splices are 
nearly as stiong J as the belt; lace joints average about 70% as strong as the 
belt, and metal fastenings generally less. Working strengths of 4oo lbs per 
sq in for endless (cement spliced), belts and 200 to 300 for laced belts are safe, 
but smaller values are advised by F. M. Taylor (Trans. Am. Soc. M.E., 1894, 
vol. 15, p. 204): These figures corresporid to about roo lbs per inch of width 
for cemented sitigle belt, 50 to 7§ for laced single bélt, ahd twice these values 
for double belt. 
The horse-power which a belt transmits is given by (F —Z).Cv/ss0, wherein T = total 
tension in ti ht side of belt in pounds, v = velocity of beit travel in ft per sec, Z =a uan- 
fy aeeenaiee on centrifugal action (table below), C = a quantity depending on coe cient 
- friction and angle of wrap on the pulley (table below).. The formula is Nagle’s 
(Trans: Ath. Soc: M. £., 188r, vol. 2, p. 91) but modified by Kimball and Barr. 
For a leather belt which weilghs 6.635 Ib pet cu it whet: 
v (ft per 860) =" 80 66° “40 Bo 50 
Z (Ibs) = 32-5 94720) 64l2)) 8324 ToS 


_ Values of C, in formula h.p,=(T—Z) Cv/550 


136'°130 140 150 
188 220 256 293 


106 116 
130. «158 


I10° 


120° | 130°] 140° 


150° 


0.276 6-288 
-407 | =432 
-§20 | 2548 
-610 | «640 
-684 | .713 
-877 | -897 


0.325 | 
-480 
- 600 
-692 
- 763 
927 | .93 


0. 307 
+487 
=575 
-667 
+739 
913 


0.210 162230 |o.250 
-325 | =354 | -381 
-423 | 5457 | -489 
-507 | 2544 | -579 
-578 | :617 | 652 
- 792\ |) +825 |, +853: 
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39. Sliding Friction 


Kinetic Friction, Friction or Morton, or sliding friction, is the friction 
between two bodies when sliding actually occurs. The coefficient of kinetic 
friction for two bodies is the ratio of the kinetic friction to the corresponding 
normal pressure between them. One of the so-called laws of friction states 
that the kinetic coefficient is less than the static coefficient and implies that 
there is a sudden or abrupt change in the values of the coefficients. Experi- 
ments by Jenkin and Ewing (Phil. Trans. Roy. Soc., 1877, vol. 167, Part 2) on 
the kinetic coefficients at speeds as low as 0.0002 ft per sec, about % ft per 
hour, lead them to conclude that “it is highly probable that the kinetic co- 
efficient gradually increases when the velocity becomes extremely small, so 
as to pass without discontinuity into the static coefficient.””. Experiments by - 
Kimball (Am. Jour. Sci., 1877, vol. 13, p. 353) also indicate that there is no 
abrupt change from static to kinetic coefficient. Moreover they show that the 
kinetic coefficient may be greater than the static. For dry surfaces, the kinetic 
coefficient probably decreases progressively from the value of the static 
coefficient, as the velocity increases as indicated by the following table from 
Galton and Westinghouse’s experiments (Proc. Inst. Mech. Engrs., 1879). 


Coefficients of Friction at Various Speeds for Cast-iron 
Brake Shoes and Steel-tired Wheels 


Velocity Coefficients 
Mi per hr | Ft per sec js in, Mean 

o+ Oe Meet oe --15|~ dine oe 23330! Wil -idisteinnns 

i 7—~-| 0-340 0-156 -273 20 

7.5 It -325 -123 =244 28 
To’ 14.5 - 281 ~T6n,) |p. 2242 54 
15 22 -280 nLGk 3223 73 
20 29 -240 8G 35) -192 69 
25 36.5 =205 -108 - 166 7° 
30 44 -196 -098 - 164 94 
35 5r 2197 -087 -142 80 
40 59 -194 - 088 .140 70 
45 66 -179 -083 2127 97 
50 73 +153 +050 -116 55 
55 8r -136 -060 ag 67 
60 88 -123 -058 -074 12 


Wn preety ONE I suena lls rh pes spre tl Meet eaistans e e 
The foregoing given coefficients were obtained from measurements taken very soon after 
application of brakes. 


The rubbing of dry surfaces abraids them and decreases the kinetic coefficient, The 
following table shows how this coefficient changed with lapse of time after rubbing began. 


Coefficient of Friction as Affected by Time of Rubbing 
Cast-iron brake shoes on steel-tired wheels 


‘Time after applying brakes 


‘zo sec | 15 sec ‘" 


0-133. | 0-116 
-119 =081 
~ 083 +069 

070 
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|The discrepancies between the two tables are due in part to the fact that the values at 
| time o+ in the second table are averages based on comparatively few experiments, ' In 
| the second table preceding there is a wide variation from the mean value of the coefficient 
| for each velocity. The variation was due in part at least to differences in intensities of 
_ pressure in the various runs of each velocity. In general, the coefficients decrease with 
| increase of intensity. 

; mraeticients of Friction for Wheels Skidded on Rails 


\ 


. Galton-Westinghouse Experiments 


Approximate velocity Steel tire on 


Wheels skidded on rails gave much 
smaller coefficients than brake shoes, as 
shown by the adjacent table. 


Kinetic Coefficients for Brake Shoes 
‘ From Experiments by Ernest Wilson (Eng. News, 1909, vol. 62, p. 736) 


Vel., mi per hr 


j The adjacent table Haters Presstire; Lubrication 


furnishes additional Ib per sq in 
information on the 
variation of the kinetic | «,_, « 

mefiitent: -withr othe | cot eo" 
intensity of pressure 
and on the velocity; 
also on the infiuence of 
water lubrication. 


Cast iron 


Coefficients of Kinetic Friction (rough averages) 
Compiled by Rankine from Experiments by Morin and others 


Wood on wood, dry ..... 0.25 too.50 Leather on oak.......---- 9.27 to 0.38 
BOAR apaslomen n= Leather on metals, dry..--.. * 56 
_ Metals on oak, dry...... o§1 105-6 © wet..... -36 
Wetrs «acy hee 26 greasy .. 23 
a soapy.... oillyuxvobe arg 
Metals on elm, dry.....- -2 to .25 Metals on metals, dry.... .15 to .2 
eae Gry. -s-4= 53 Webvaca wiles 


Wetsasiesne 1°33 
eR tvola: ° Let W =load dbs), p =coefficient of kinetic friction, n = speed 
(rpm), m =rnoment of the frictional resistance about the axis of the shaft 
Gn-Ibe), w = work done against friction per revolution (in-Ibs), P = power lost 
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thru friction (h.p.), dimensions as marked in figures” (ins). Flat Pivot 
(Fig. 158): m = % pWr; w = %enuWr = 4.187 pWr; P = % zuWrn]/396 20° 
=yWrn/94 700. Collar Bearing (Fig. 159): m= %uW(R®—7*) /(Ri= 1"); 


Y 


Th HY ad 


Fig. 158 Fig. 159 Fig. 160 Fig, 161 


Uf 


w=e2nm, P =2xmn/396 000 = mn/63 000. Conical Pivot (Fig. 160): 
m = % pWr [sin a; w = % zuWr / sina; P = % zuWrn/396 ooo sina = uWrn] 
94 700 sina. Frustrated Conical Pivot (Fig. 161): m =% pW (R3 — 73) [(R?— 
7?) sina; w=2 7m; P=2 7m /396 000 =mn/63 coo. 

Journal Friction. The coefficient of journal friction is the ratio of the 
frictional resistance at the journal to the pressure between journal and bear- 
ing. The pressure is not uniformly distributed over the surface of contact 
between journal and bearing. By nominal (intensity) of pressure is meant 
the whole pressure divided by product of length and diameter of bearing. 

For example, suppose a fly wheel and shaft weighing 6000 Ibs are supported midway 
between two bearings, the diameter of the wheel is 8 ft (or 96 in), that of the journal 
is 6 in, and that a force of ro lbs applied to the rim is necessary to overcome friction to 
maintain a constant speed. Then the frictional resistance is (10 X 48) +3 = 160 lbs, 80 at 
each journal; the pressure at each journal is 3000 Ibs, and the coefficient of journal 
friction is 160 + 3000=0:053. If the length of bearing is 10 in, the nominal (intensity) 
of pressure is 3000 +(6 X19) =50 lbs per sq in. - 


Energy lost at journals, work done against friction. Let W = total load on bear- P 


ing (Ibs), d=diameter of journal (ins), /=coefficient of journal friction, w= number of 
revolutions per minute; then : 
work done per revolution (ft-lbs) = {Wmd/12 
work done per minute ft-lbs = fWrdn/12 
power lost (h.p.) =/Wmdn /396 000 =f Wdn/126 ooo 


Coefficients of Journal Friction depend on (r) the method of lubrication, 


(2) the lubricant, (3) its temperature, (4) the velocity of rubbing, and (5) the — 


intensity of pressure (lbs per sq in) on the bearing. . 


(x) The relative intensities of friction for different methods of lubrication are as follows 
according to Tower (Proc. Inst. Mech. Engs., 1883) and Goodman (Mechanics Applied 
to Engineering, 1896). 


Method Tower Goodman 
Aarts Wiehe 22h! crave 1.00 I-00 
Saturated pad.:.-.° +++. 1.32 
Ordinary pad...-. 6-48 2.21 


' 


% Siphon. .-..------ 47-06 4-20 
Tower found that in bath lubrication the load is completely oil borne, in other words 
that a continuous film separates journal and bearing. For any given pressure there 
seems to be a minimum velocity below which the oil film will not form, H. F. Moore 
also found (Am. Mach., 1903) that this pressure-velocity relation is approximately 
p=747V' , p being in lbs per sq in, and v in ft per min. Moore used mineral oil at 
90° temperature. The friction then is wholly fluid friction and not solid. (2) In the 


following table the figures are based on mean actual frictional resistances at the surface 


of the journal at speed of 300 r-p.m. with all nominal leads from 100 to 310 Ibs per sq in; 
the temperature was 90°; the journal was steel, 4 in diameter and 6 in long; the bearing 


Pet ae 


Tate me & 
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f@ gup-metal brass embracing somewhat Jess than half the circumference of the journal. 
The relative frictional resistances for various lubricants, according to Tower, are 1.00 for 
sperm oil, 1.06 for rape oil, 1.29 for mineral oil, 1.35 for lard oil and olive oil, 2.17 for 
mineral grease. Tower states also: “the numbers represent the relative thickness or 
body of the various oils, -and also in their order, the perhaps not exactly in their numerical 
proportions, their relative weight carrying power. Thus sperm oil, which has the highest 
lubricating power, has the least weight-carrying power; and tho the best oil for light 
loads, would be inferior to the thicker oils if heavy pressures or high temperatures were 
to be encountered:” (3) The coefficient decreases with increased temperature; see 
Figs. 162 and 164. But if the temperature gets so high as greatly to lower the viscosity, 
the lubricant gets squeezed out and then the coefficient increases. (4) In general the 
coefficient increases with increase of speed; see Figs. 163 and 165 and-accompanying 
explanations. But at the lower speeds the Coefficient may decrease with increase of 
speed (see Fig. 163). (5) The coefficient decreases with increase of intensity of pressure 
(see Figs. 163 and 168). But the intensity may become so great that the lubricant gets 
squeezed out and then the coefficient increases and seizing occurs. : 


Coefficient of friction 


50°. 7% «©1100 «125 «150 D 109 200 300 400° 500 600 700 800 
Degrees Fahrenheit Feet per minute r 
Fig. 162 Fig. 163 


015 F 


"150 W. per 8g in. 
Figs, 164, 165, 166 


Figs. 162 and 163 show the relation between coefficient and temperature, and coeffi 
cient and velocity. Sellers bearing, length 13 in and diameter 2.75 in; Ting oiler; “gas 
motor oil”; oil temperature 77°; ve'ocity $46 ft per min, (Stribeck, Zeit. Ver. Deutsch. 
Ing., 1902, vol. 46, p.1341-) Figs. 164, 165, and 166 show respectively relations between 

ient and temperature, yelocity, and pressure. In 164, p= $7.5 Ibs per sq inand y= 
197 ft per min; in 165, p=92.5 Ibs per sq in and i=112°; in 166, t=112°; and ¥=197 ft 
per min. The heavy line represents an average law for forced lubrication on five differ- 
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ent journals as described below, and the other curves relate to the. two journals which 
departed most widely from the average. (Lasche, Zeit. Ver. Deutsch. Ing., 1902, vol. 46.) 


Number Journal Bearing 
I steel — white metal 
IL nickel steel white metal 
Til nickel steel mercury alloy 
IV nickel steel bronze 
Vv ingot iron white metal 


Coefficients of Journal Friction (Tower’s Experiments) 


= 
aan S Velocity, Nominal pressure, pounds per square inch 
ft per min 
100 153 205 310 ® 415 520 
Olive oil by bath ... 105 0.0036 |o.0023 |o.0o18 |.------|----+--|--*-5-" 
157 0045 | -003 -0021 |o.0015 }o.0012 |o.0008 
471 0089 | -0057 | -004 ~0027 | -0024 | -OOI7 
Lard oil by bath... --. 105 0035 
157 = 0042 
471 =009 
Mineral grease by 105 0054 
bath.) foes 157 -0076 
471 -OI5T 
Sperm oil by bath. -- 105 0025 
157 003 
471 0064 
Rape oil by bath... - 105 -0028 
F 157 0036 
471 -0071 
Mineral oil by bath - Tos -0033 
i 157 ~0041 
471 +0973 
Rape oil by siphon - IO5_ -0144 
157 -0125 
314 0163 
Rape oil by pad -..- 105 ~OT05 
157 =0099 
314 0133 


* For 258 pounds per square inch, 


40. Rolling Friction 


Rolling Resistance (OR Friction). When a roller or wheel is made to roll, 
the reaction of the roadway has a component opposite to the direction of 
rolling, and this component is the rolling resistance. 
Thus R (Fig. 167) represents the reaction of the road- 
way, and its horizontal component is the rolling resist- 
ance. The distance c is called coefficient of rolling 
resistance. Let W=weight of roller or the load on the 
roadway and P = driving force; when applied as in 
Fig. 167, then Pr = We; when at the top of the roller 
Por=We. When aroller is interposed between aload 
and roadway so that there is rolling resistance at two 
places, then P 2 ?+=Wac. Few determinations of the 


Fig. 167 
coefficient c have been made; it has been reported as independent of W andr, 
and also as independent of W but varying with Vr. “Laws” of rolling 
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| resistances certainly remain to be established. The following are some 
reported values of the coefficient of rolling resistance. 
' Lignum vite roller on oak ‘track, 0.019 inch. 

Elm roller on oak track, .032. 

Cast-iron wheel (20 in diam) on cast-iron rail, o.o18-0.01r9. 

Railroad wheels (39.4 in diam) 0.020-0.022. 

Tron or steel wheels on wood track, 0.06-o.10. 

Roller Bearings offer less resistance than ordinary bearings. C. H. Ben- 
jamin has made a comparison (Machinery, N. Y., Oct., 1905) between the 
friction in a flexible roller, a solid roller, and ordinary bearing... The speed was 
560 revolutions per minute and the loads varied from 113 to 456 ib. | Under 
470 lb load the flexible bearing developed end thrust of 13.5 lb and the solid 
roller bearing one of 11 lb. 


Coefficients of Journal Friction 


Diameter | Flexible rollers Solid rollers Babbitt bearing 


Max. | Min. | Mean} Max. | Min. | Mean| Max. | Min. | Mean 


0-012 |0.018 |0.033 |o-017 |o.022 |0.074 |0.029 |0.043 
OIL -078 | .082 
-025 -02E |..114 | -083 | -096 
022 | 2039 | -o19 | .027 | -125 | .089 | -107 


Stribeck (Zeit. Ver. Deutsch. Ing., 1902, vol. 46, p. 1463) from. experiments of four 
different makes of roller bearings, proposes the following: Let W=load on bearing (Ib), 
n=number of rollers, 7=length of each (in), r=radius of convex bearing surface for 
rollers (in), d@=diameter of rollers (in), D=diameter of circle described by centers of 
rollers (in), 2 7-+d=D, c=coefficient of rolling resistance, f=coeflicient of friction such 
that /W =total resistance to turning as tho applied tangentially at surface of bearing and 
jWr=moment of resistance to turning; then f=1.2 cD /rd, and ¢ has following values: 

for 5W /Ind= 50 75 100 150 200 |b per sq in 
€=0.0041 0032-0028 = .0022 ~— -oorg inch 
ie also states that the resistance of roller bearings is nearly independent of solaston 
‘that the value of the highest roller pressure is 5 times the average, that is, 5 W/n; and he 
proposes as formula for safe load in lbs on the bearing kldn/s, where k may be taken from 
85 to 155 lbs per sq in for unhardened rollers and bearing surfaces.. I’. R. Jones proposes 
(Machine Design, Part IT) as formula for safe load for a well-made solid roller journal 
bearing of six or more rollers 100 000 d*l/3 v, where v is the velocity of the convex bearing 
surface in ft per min; but values of v less than 50 should not be used in the formula; for 
such velocity the safe load is practically the same as for v=5o. 

Ball Bearings. Stribeck reports extensive tests (Zeits. Ver. Detiseht Ing., | 
1gor, vol. 45, p. 121) from which the following is taken. The ball cases 
Were grooves, cross-sections of which were arcs of circles of radius 34 d, thus 
affording two points of contact for each ball, d=% in, D=4 in. 


Coefficients of Friction for a Ball Bearing 


Stribeck also states that when the num- 
ber of balls, 7, in a race is between 10 and 
| 20, the greatest pressure on any ball is 
about 5 W/m, where W is the! load per 
| race; thenif P is the safe load for a single 
| ball, the safe load per race is Pn/5. Of 

course, ina good thrust bearing the load 

is uniformly distributed among the balls. 

He also recommends as safe loads per ball 
2100 d@? for two-point bearing balls, and 
fron 500 d? to 750 d? for three- or four- 


point bearings. 


i] 
i 
i] 
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Ai. Efficiency of Machines 


Efficiency. A machine in operation receives and transmits or deliv 
energy. The energy received is called input; that transmitted or delive: 


_ js called output; the latter. is also called the useful work of the machi 


The output is always less than the input, sothe of the erlergy miscarry 
as it were. The difference between output and input is the lost work, 
simply loss. The éficieney of 4 machine is the ratio of Output to inj 
The efficithty Of a combination of succession of machines, the first receiv 
éfiérgy, transmitting to thé second, the second to the third, etc; is the « 


iiitied product of their separate efficiencies. © 


Efficiency of Some Machine Elements 
(Kimball and Barr, Elements of Machine Design.) 


.Common bearing, singly. ..-.---- Re oo eth reo nen eles eee ae 
Coramon bearing, long lines Of shaftinig. ..-.-- 
Roller beating: .-.-+---2s5 255-225 722 2525 
Ball bearitigs. .-------- ede 
Spur gear cast teeth, including bearings. ..- 
Spur gear cut teeth, including bearings. + . - 
Bevel gear cast teeth, including bearings. . - 
Beyel gear cut teeth, including bearings. - 


In some simple machines, the energy is supplied by means ofa single force calle 
éffort; for example in,a hoisting tackle, the pull applied is the effort. The force aj 
which the tiseful work is done is called load; in the illustration the weight of the 
body, is the load. The mechanical advantage of a machine is the ratio of the load | 
effort, While the effort works or acts thru any particular distance, the load acts t 
definite distance also; the ratio of the forrér to thé latter distance is Called the ve 
ratio of the machine. Mechanical advantage dépeids on efficiency of the mai 
vélocity fatis does not. Inaty case mechanical ddvantage=ve 
ratié X efficiency. 

Ticlided Plan’ and Wedge. Let W—weight of i 
f = coefficient of static friction, G=angle of repose= 
of friction and f = tang, @=inclination of plahe anc 
clination of P (Fig: 168), 0 being positiv as shown and 
mos tiv when the ihclination of P to the horizontal is less th 

) Fig, 168. (q) To start the body up; P=W sin (f +a) {cos (6 
P is least When 0=¢, its value then being W sin +a). , (2) 
@ i8 greater thar d; gravity would overcome friction and the body, 
prevented by some pull as P; would slip down: To ptevent slipping 


P=W sin (a—¢) {cos (0 +¢) 
P is least, when 6= —%; its value then being Ww sit Gareield When a 
than ¢, there is no danger of slipping: To statt the body down 

P=W sin ($-a)/cos (0+) 
this is least when 0= —4; its value then being W sin (b—a@). When th 


is beiig dragged an =angle of kinetic friction, that is, the angle 
tangelit equals the kinttic coefficient, and é+éficiéticy. Theit 


¢=sin a cos (= )/cos 0+ Sin (p+ @) 


- ¢is maximum when P is minimum, that is, when 0= ¢. 
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‘To start the weilge (Fig. 169) against the resistarices R; P=2 Rtan (a+), ¢ being the 
angle of static friction, If the forces R cofitinue to act and P ceases, the wedge will be 
pushed up if ais greater than ¢. If als R 
less than ¢, the pull required to start the y \ 
wedge outis P=2 Rtan(¢ -a), Theel- 
ficiency of the wedge is tan a/tan(a+ $). 
In Fig. 170 theté dre three rub- 
bing surfaces~ Here assuméd equally 
rough. To start the'wedge in, P=R 
tan (2 +2¢) and thé efficiency is ra 4 Be eS 
(tan ake +2¢): To pull the Fig. 169) | = Fig. 170 
wedge out, when a is less than 2 ¢, P=W tan (2 6=d). 

Screw. Let p=pitch, y=medn radius of screw thread; d = diameter, a= 
angle of pitch (tana=p/zd), f= static, and w= kinetic coefficient, and ds 
ahd $s = the corresponding angles of friction (f = tang, and 4 = ian ¢,). 
The turning moment required to raise or lower a load W is 


Wr (f cosa sit’) /(cosa Ff sina) 


the upper sign for raising and the lower for lowering the load. The efficiencies 
for raising and lowering are.(tan w) /tan (@ +¢«) and [tan (@ = $2) /tana. 

The following table gives highest and lowest efficiencies of some screws tested by 
Albert Kingsbury (Trans. Am. Soc. M. E., 1896, vol. 17, p. 96). Méan diameter ol 
thread =1.452 in, pitch=44 in, depth of nut 114 in, atea of rubbing stitfice of thread 
about x sq in; the threads were cut carefully and worn to good condition befdre tested; 
speed about one-half r.p.m. There were § screws and 4 nuts as follows: Sx mild steel; 
S2 wrought iron; $3 cast iton; S4 cast bronze; Ss mild steel, case-hardened; Nr 
mild steel; N2 wrought iron; Ng tast iron; N4 cast bronze. 


Efficiencies of Sduare THteadeéd Screws (Kingsbury) 


Pressure on 
thread, Lubrication Highest - Lowest 
Ibs per sq in 


10 000 machinery oil... ..-- 2... 6:30, S§ N4 | 0.11, S3 N3 
16 000 Hired ARS Sh. ee 6:85, 34 N4 | 0.09, S3 N3 
10 600 machitiery oil And praphite | o.i5, S§ Nx | 0.03, Ss N4 
3 000 machiifery oil. 2: .1.2-:..-| 0:19, 85 Na | 0.11, S2 N4 


Tackle. Fig. 171 represents a fixt pulley, Fig. 172.a movable pulley 
jifting and Fig; 173 a movable pulley lowering the load. Let P=pull in 
lead line or off side, Q =that in fol- 
lowing or on side; then R=P/O, 
where & is a coefficient always 
Breatet than unity. Its value de- 
pends on the stiffness or rigidity of 
the rope and the pin friction; this 
A has been proposed: 

P Q k=1+ Cd? /a+2frJa 

fr a Ea a Le Where d=diatheter Of topé, a=dis 

Hs; tn Be git Pie. 78 tance center of pin to center of rope, 
r=pin radius, f = coeficicht of axle or pin friction, Can expetimental coeffi: 
cient. C=0.46 has been récbmmended for hemp rope; with that value, and 
a=4 ud, r=d/2; and f=6.08, 5 : <ieel 


for d= % 34 I 14% inches 
t= 1-08 III 1.13 1.19 
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Some experiments by the American Bridge Co. (Trans. Am. Soc. C. E. 
1903, vol. 51, p- 161) indicate that C itself depends on rope diameter, Thi 
following table gives values of C adopted and k computed from the formul: 
preceding with f =0.08; values of d, a, andy are in inches. 


Hemp rope 


1% 184 
4%6 538 
I 116 
0.40 0.38 
I.2 1.23 


It may be noted that the pin friction contributes little to the value of ; in'the cases abov 
0.02 for the hemp and about o.ox for the wire rope. The efficiencies for a single pulle 
are: if fixt x/k, movable lifting (r+) /2'k, movable Jowering 2/(x +k). Following tab 
gives the ratios of load to pull for tackles of manila rope, as determined by experimen 
of American Bridge Co., see Engr. Record, 1903, vol. 48, p. 307- 


Ratios of Load to Lead-line Pull for Manila Rope 


Diameter of rope in inches 


a | yg Po ON ag Pye teh) 20) 2 


2 | 1-93 | 1-92 | 1-93 | r-92 | 1-91 | 1-91 | 1-91 | 1-90 
3 | 2.73 | 2-68 | 2.74 | 2.68 2.67 | 2-64 | 2.65 | 2.63 
4 | 3-48 | 3-37 | 3-59 \ 3-37 | 3-36 | 3-30 | 3-32 3-28 
s | 4-12 | 3-95 | 4-16 { 3-95 | 3-93 | 3-84 | 3-87 | 3-80 
6 | qe7r | 4-48 | 4-77 | 4-48 | 4-45 | 4-33 | 4-37 | 4-28 
7 | 5-23 | 4-92 | 5-30 | 4-92 | 4-89 | 4-72 4.78 | 4-65 
8 5.71 | 5-32 | 5-80 | 5-32 | 5-28 5-08 | 5.14 | 5.00 
9 | 6-12 | 5-66 | 6.23 | 5-65 | 5-62 | 5-37 | 5-45 | 5-27 
ro | 6.50 | 5-96 | 6.63 | 5.96 | 5-91 | 5-64 | 5-72 | 5-52 
It 6.83 | 6.22 | 6.98 | 6-21 | 6-15 5-85 | 5-94 | 5-72 
12 | 7-14 | 6-45 | 7-30 | 6.44 | 6-38 | 6-04 | 6-15 | 5-90 
13 7.40 | 6.64 | 7-58 | 6-63 | 6-56 | 6-20 6.31 | 6.04 
[14 7.64 | 6.82 | 7-85 | 6-82 | 6-73 | 6-34 6.46 | 6.17 


Number of parts means number of runs of rope to movable block. Efficiency in | 
cent for any case = ratio divided by number of parts. Example: The fixt and mova 
locks of a tackle are each double (two sheaves in each), and the rope is fastened to | 
fixt block; rope diameter is one inch. Then the number of parts is 4 and the load is 3 
times the pull; the efficiency is 3.50/4=87.5 per cent. 


42. Muscular Exertion or Labor 


Power and Work of Menand Animals, The power or rate of work 
of any agent (man or beast) depends on several factors, the principal ones 
which are the duration and form of the exertion. For example, in raising 
own weight (climbing a stairs) man has worked (against gravity) at the aver 
rate of 114 horse-power for 6 seconds; but only at the average rate of ab 
1% horsepower for a day of 10 hours, and in this case the (necessary) desce 
were made without effort on his part. In one day a man can do about t] 
times as much work pulling horizontally as in, lifting weights. ; 

Daily total work or performance depends on resistance’ overcome, velo 
at which it is overcome, and length of the working day. The possible d 
performance of any agent in any given form of exertion depends on pri 
choice or adjustment of these three factors, This is well illustrated by a « 


“1 
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brated example developed by Dr. J. F. Taylor: At a certain steel works the 
regular performance of men loading pig iton onto cars from piles on the ground 
was 1214 tons per day; the men best adapted to such labor were induced to 
work according to a suitable program of working and resting, whereby their 
output reached 4734 tons per day. It may be noted that this performance was 
not all work in the mechanical sense, but partly transport, see following para- 
graphs. 

In trials, horses have overcome resistance equal to one-half their own weight 
thru too ft of distance. A draft or resistance of one-fourth the weight of the 
horse is regarded as heavy. For steady work during a day of ro hours, a draft 
equal to 1/19 to 1/s of the weight of the horse exerted at 2.5 miles per hour, is 
regarded as full demand on the animal. Under these circumstances a to00-lb 
horse works at 0.67 to 0.83 horsepower. 


The following two tables in the main are from Rankine on the authority 
principally of Coulomb, Navier and Poncelet. 


Work by Man and Horse 


Kind of Exertion R v Ry Tr Rut 
Man 
t. Raising own weight up stair or 
: DAMM CEN, fatuers APES colesa Sey » bees 143 On5 pa tya"is 8 2 088 000 
2: Hoisting weight with rope and 
BUleViaots ky kh ks 40 0.75 | 30 ~ 6 648 000 
3. Lifting weights by hand........ 44 0.55 | 24.2 6 522 720 
4. Carrying weights, upstairs, return- 5 
ing: unloaded. .......5.4....... {143 0.13 | 18.5 6 399 600 
5. Shovelling up earth to height 5 ft 
RRR EARS ors: SEV, xo Heats» steps 6 0.13 7.8 10 280 800 
6. Wheeling earth in barrow up slope 
I : 12, returning unloaded... . . /132 0.075) 9.9 10 356 400 
7. Pushing or pulling horizontally 
(capstan or oar).......-..-.. 26.5 2.0 53 8 I 526 400 
8, Turning a crank or witch.......| 12 A 62.5 aie 
18 2.5 45 8 I 296 000 
g. Working a pump............... 20 14.4 [288 2 min, 
13.2 a5 33 10 I 188 000. 
MOP RIGMETIBE SATs teas seer tees | 25 if ? ? 480 000 
Horse 
11. Cantering and trotting, drawing 
light railway carriage......... 2244 | 1444 | 447% 4 6 444 000 
304% 
12. Walking, drawing cart or boat...! 50 
120 3-6 |432 8 I2 441 000 
13. Walking, drawing.a gin or mill. . |100 3.0 |300 8 8 640 000 
6.5 |429 444 
Ta.) Lrotting, drawing a gin or mill’... 66 |... |dsccceslacccecs 6 950 000 


Explanation of Table. R=resistance overcome in pounds; »=effective velocity in 
feet per second, or distance through which R is overcome divided by total time occupied, 
including time of moving unloaded if any; Rv=effective power, foot-pounds per second; 
T=hours per working day; Rvt=daily work, in foot-pounds. In item 6, 132 is the 
weight of earth in the barrow, and .075 is the vertical velocity of the laborer when pushing 
the loaded barrow. Therefore Rv and Rvt (for this item) do not include all the mechanical 
work done by the laborer. : 
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Transport by Menand Draft Animals. When a man stands and support 
a load on his back he is subject to more or less fatigue and ordinarily he regard 
himself as working. But he is doing no work in the technical or mechanice 
sense, ‘‘ overcoming resistance thru distance.” When he is walking under thi 
load, he does some mechanical work, for he lifts the load slightly at each stey 
but, even this is a small part of his exertion. In order to express amount ¢ 
exertion involved in transporting loads horizontally, where the main effort 
to support the load, Rankine uses product of load and distance transported, an 
he calls the product transport. Thus like work transport is product of fore 
and distance but in the latter case the force and distance are at right angles t 
each other, whereas in the former they are directed along the same line. Tran: 
port then may be exprest in foot-pounds. Railroad traffic engineers use 
similar concept, freight (hauled) or traffic, and measure it in ton-miles. ‘ 


Transport by Man and Horse 


Kind of Exertion L 2 Ly tf Lut 
Man 
1. Walking unloaded, transferring . 
+ own weight. .....4--++.e0e + 140 5 700 10 25 200 000 
2. Carrying burden, returning un- i 
loaded... .. he Rs CBs EARN 140 . 124) 233 6 5 032 $00 
3. Traveling with burden.......... go 24%| 225 7 5 670 Coc 
4. Carrying burden, 30 seconds only| 252 ad ° 
126 II.7| 1574.2 
‘ ° 23.1 ° 
5. Wheeling load ZL in 2-wheeled ; 
barrow, returning unloaded...{ 224 124| 372 bo} 13 428 coc 
6. Wheeling load L in 1-wheel bar- : ‘ 
row, returning unloaded...... 132 134| 220 Io 7 920 00c 
7. Carrying burden, walking....... 270 3.6°| 972 bo} 34 992 9c 
8. Carrying burden, trotting ...... 180 7.2 |1 296 7 32 659 200 
t j n . 


Explanation of Table. L is the weight or load transported in pounds; 2 is “ effecti 
yelocity” as in preceding table; Lv =rate of transport in foot-pounds per second; T 
hours per working day; and Zv/=transport jn foot-pounds per day. 
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CHEMISTRY 
1. The Chemical Elements 


The following atomic weights were published by the International Committee on 
Atomic Weights in 1917. No table appeared in 1918. | 

Names of the more important elements, including those of metallurgical interest, are 
in SMALL CAPITALS. 


. . 
Name fe a oe Nature Name es oe Nature 
Atusanum....| Al 27.0 Metal Mancanese. ...| Mn | 54.93] Metal 
ANTIMONY MERCURY 
(stibium)...| Sb | 120.2 Metal (hydrargyrum)| Hg |200.6 Metal 
39.88 | Inert gas || MoLyBDENUM... Mo | 96.0 | Metal 
74.96 | Metalloid Neodymium. ...| Nd |144.3 Metal 
137.37 Metal Ne | 20.2 | Inert gas 
208.0 Metal NICKEL.......--| Ni | 58.68) Metal 
11,0 | Metalloid || NITROGEN...+.- N 14,01) Gas 
49 92 Liquid Osmium.....--- Os |190.9 | Metal 
112.40 Metal ORVGENFvisigeioi 10) 16 00| Gas 
40.07 Metal Palladium......| Pd |106.7 Metal 
12,005] Metalloid || PHosPHORUS. ... E. 31.04| Metalloid 
140,25 Metal Platinum......- Pt {195.2 | Metal 
132.81 Metal Potassium 
35.46 | Gas (kalium)...... K 39.10] Metal 
52.0 Metal Praseodymium..| Pr |z40.9 | Metal 
58.97 Metal Radium. .<:..... Ra |226.0 | Metal 
Columbium Rhodium......-. Rh |x02.9 | Metal 

(Niobium). .| Cb 93-1 Metal Rubidium....... Rb | 85.45| Metal 
CoprER Ruthenium..... Ru |ror.7 Metal ~ 

(cuprum)...| Cu 63.57 Metal Samarium...... Sa |150.4 Metal 
Dysprosium...| Dy | 162.5 Metal Scandium....... Sc | 44.1 Metal 
Erbium.....- Er | 167.7 Metal Selenium....... Se 79.2 | Metalloid| 
Europium....| Eu | 152.0 Metal SIICON.) cues = Si 28.3 | Metalloid| 
Fiuorine....| F 19.0 | Most ac- || SILVER ’ 

. tive gas (argentum)...| Ag |107.88 Metal 
Gadolinium...| Gd | 157.3 Metal Soprum(natrium)| Na | 23.00] Metal 
Gallium...... Ga 69.9 Metal Strontium.....-. Sr 87.63) Metal 
Germanium...| Ge 72.5 Metal SULFUR... 3... Ss 32.06] Metalloid 
Glucinum TANTALUM....... Ta |181.5 | Metal 

(Beryllium).| Gl g.1 Metal Tellurium.......| Te |127-5 Metalloid 
Gop (aurum)} Au | 197.2, Metal Terbium........| Tb |159.2 Metal 
Helium....... He 4.00 | Inert gas Thallium.......| Tl [204.0 | Metal : 
Holmium,....| Ho | 163.5 Metal Thorium.......- Th |232.4 | Metal 
Hyprocen...| H | *1.008] Lightest Thulium.......- Tm |168.5 | Metal © 

| | gas Tin (stannum)..| Sn |z18.7 | Metal 
Indium.......| In 114.8 Metal TITANIUM....... Ti | 48.1 Metal 
Todinc..... ital 126.92 | Metalloid || TuNGsTEN py 
Iridium ...... 1 Ir, |,,293-2 Metal (Wolfram).,..| W |x84.0 | Metal 
Tron (ferrum).) Fe 55-84 Metal Uranium........| U 238.2 Metal 
Krypton..... Kr 82.92 | Inert gas || VANADIUM.....- Vv 51.0} Metal 
Lanthanum...| La | 139.9 Metal Kenon.......+5 Xe |130.2 | Inert gas 
LEAD Ytterbium 

(plumbum) | Pb | 207.20 Metal (Neoytterbium) | Yb {173.5 Metal 

Lithium...... Li 6.94 | Lightest || Yttrium.......- 88.7 | Metal 

es metal TENGE occ cisteloion 65.37| Metal 
Lutecium...,.| Lu | 175 9° Metal Zirconium 90.6 Metal 
Macnesium..| Mg 24 32 Metal 


A Chemical Element. is a substance that cannot by any means at our disposal b 
separated into two or more different substances. CHEMICAL COMIOUNDS are pure sut 
stances which can, by chemical means, be separated or decomposed ‘into different element: 
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| or which can be made by combining different elements. The MOLECULES of a compound 


are regarded as aggregates of smaller particles of the elements, known as ATOMS, into 
which the compound can be broken up, the atoms of any given element being regarded 
as all precisely alike in every respect. The atoms are considered the smallest mass- 
elements which occur separately in the structure of molecules of either compounds or 
elementary substances, so far as can be determined by ordinary analysis. The molecule 
of an element consists of a definite (usually small) number of its atoms. The molecule of 
a compound consists of one or more atoms of each of its several elements, the numbers 
of the various kinds of atoms and their arrangement being definite and fixt, and determin- 
ing the character of the compound. 


2. Chemical Reactions 


A Chemical Compound is represented by means of the symbols of the 
elements concerned. Thus, HCl, hydrochloric or muriatic acid gas, indi- 
cates a compound made up of one atom each of hydrogen and chlorine; 
NaOH, sodium hydroxide or caustic soda, contains sodium, oxygen, and 
hydrogen. The elements do not always combine atom for atom, as in these 
examples, but several atoms of each of different kinds may combine; as, 


‘H,0, water; HNO,, nitric acid; Nag8O,, sodium sulfate, etc. Each of these 


formulas represents a molecule or the smallest portion of the compound 
that can exist. Chemical reactions are represented by means of equations 
thus: 2H + O = H,O represents the formation of water by the union of two 
atoms of hydrogen with one of oxygen. CaCO, +2 HCl =CaCl, +H,0 +CO, 
indicates that when one molecule of calcium carbonate (CaCO,) is acted on 
by two molecules of hydrochloric acid, the products formed are calcium 
chloride, water, and carbon dioxide gas. The masses of the atoms of differem. 
elements are found to bear tonstant, definite ratios to one another. Oxygen, 
which is taken as the standard, has an atomic mass of 16. The atomic weight 


_ of carbon is 12, which means that its atom has 12/16 = % the mass of an atom 


of oxygen. So, too, the atomic mass of bismuth is 208 =208/16 =13 times 
that of oxygen. é, 
When two or more elements unite, the molecule of the compound formed must have 


_ a mass equal to the sum of the masses of the constituent atoms. The molecular mass 


of phosphorus pentoxide, P20s, for instance, can be calculated as follows: 2 P=2 31.04 
=62.08, and 5 O=5 X16=80; therefore PxOs=62.08+80=142.08. A chemical equa- 
tion can be interpreted not only qualitatively but quantitatively, and from the rela- 
tive masses of the atoms of the reacting substances the amount of each product formed 
may be calculated. The equation C-++2O=CO: means, then, that one atom of carbon 


_ (atomic weight =12.005) combines with two atoms of oxygen to form one molecule of 


Sere Sts 


carbon dioxide (carbonic acid gas). This molecule must have the molecular weight 12.005 
+(2%16)=44.005. In other words 12.005 parts by weight of carbon yield 44.005 parts 
by weight of carbon dioxide. When calcium carbonate (limestone) is heated we get quick- 
lime and carbon dioxide, as represented thus: CaCOs=CaO+COe. Consulting the table 
of atomic weights it is seen that 40.07-++12.005-+(3 X16) =100.075 parts of calcium car- 
bonate will yield 40.07 +16 =56.07 parts of quicklime and 12.005 +(2 16) =44.005 parts 
of carbon dioxide. Or, to get 56.07 parts of lime 100.075 parts of calcium carbonate 


are required. In other words, 1 ton of pure limestone will yield the amount of lime deter- 


‘ 


_ mined by the proportion 100.075 : 56.07 :; 1 ton: x=0.56 ton. Or the amount of ma- 


terial required to produce 1 ton of lime may be calculated as follows: 100.075: 56.07%: 
x:1ton. Here «=1.78 tons of calcium carbonate. These calculations assume that the _ 
materials are free from moisture and other impurities. A limestone containing only 
go percent of calcium carbonate would yield only go percent as much actual quicklime 
tho the weight obtained would be equal to that of the quicklime plus the mineral impuri- 
ties not driven off in burning. i 

Classification of the Elements. The chemical elements are usually 
divided roughly into base-forming and acid-forming. These correspond, 
in general, with the metals and non-metals or metalloids. This division 
does not hold strictly, for there are many metals that yield compounds with 


ee ee 


‘ 
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acid properties and some of the metalloids form bases. Acids are compounds 
of the elements with hydrogen and often with oxygen also. The hydrogen 
can be replaced by metals, forming salts. Bases are compounds of metals 
with oxygen and hydrogen. When a base and an acid react, the hydrogen 
and oxygen of the base combine with the hydrogen of the acid to form water, 
while the metal and the remainder of the acid combine to form a salt. Thus, 
sodium hydroxide, NaOH, combines with HCl, hydrochloric acid, to form 
HO, water, and NaCl, sodium chloride (common salt): NaOH + HCl= 
H,O + NaCl. Another example is the action of sulfuric acid, H2SO,, upon 
calcium hydroxide (slaked lime), CaOzHe, the products being calcium sulfate, 
CaSO, and water: CaO2Hy+H280, =CaSQ, +2120. — 


atom of hydrochloric acid, while in calcium sulfate a calcium atom has replaced two 
hydrogen atoms of sulfuric acid. Other metal atoms have the power of replacing still 
more hydrogen atoms of acids, as shown by the compounds aluminum chloride, AlCla, 
and platinic chloride, PtCli. Any atom which can be combined with or substituted for a 
single hydrogen atom is said to be univalent, hydrogen being the standard uniyalent 
atom. Any atom, e.g. Oxygen or calcium which can replace or combine directly with 
two uniyalent atoms, is said to be bivalent, ete. The number of univalent atoms which 
any giyen atom can replace or directly combine with is known as valence of the given 
atom. We say that chlorine is uni- (mono-) valent because it forms the compound HCl; 
oxygen in water, H2O, is bi- (di-) valent; nitrogen in ammonia, NHsg, is tri- (ter-) valent) 
carbon in methane, CHa, is quadri- (tetra-) valent. The metal calcium is said to be 
bivalent because it combines with two atoms of chlorine to form CaClz or one atom of 
oxygen to form CaO. A more complex instance is aluminium oxide, AlzO3. Here t ee 
oxygen atoms haying the combined valence 6 unite with two aluminium atoms, the valence 
of each of the latter being 4 of 8=3. <1 

A giyen element may haye different valences in different compounds. Copper, for 
instance, forms two chlorides, CuCl and CuCl, in which its valence is 1 and 2 respec- 


i 


tiyely. Sulfur yields the oxides SOz in which its valence is 4, and SO3 in which it is 6. 


3. Chemistry of Lime and Plaster 


Quicklime, or calcium oxide (CaO), is made by heating limestone, 
marble, ‘or Shells (oysters, etc.) to a high temperature in kilns. The calcium 
carbonate (CaCO,), of which the raw material is mainly composed, loses carbor 
dioxide gas (CQz2), leaving behind calcium oxide mixt with mineral impurities 
either in their original state or as new cqmpounds formed at the high temper 
ature of the kiln. SLAKED LIMB, or calcium hydroxide (CaOsHg), is formed by 
the direct combination of quicklime with water. When only a little mor 
than the exact amount of. water necessary for the reaction is used, the slakec 
lime may be obtained as 4 fine, dry powder. Great heat is evolved at thi 
same time, and fires haye been capsed by the accidental wetting of store 
quicklime, Lime exposed to the air readily absorbs moisture, forming cal 
cium hydroxide, and this then takes up carhon dioxide, which regenerate 
calcium carbonate. Hence, air-slaked. lime is a mixture of calcium hydroy 
ide and calcium carbonate, or if sufficient time has elapsed, calcium carbonat 
alone. As air-slaked lime is of no value for mortar, all quicklime should b 
tested before use by placing several lumps in a little water to seé whether 3 
slakes readily. ‘ 

In making common mortar, & considerable excess of water is used, so that the sand ma 
be more thoroly incorporated with it and to give a better bond with the bricks. The fir 
setting of mortar is due to loss of the excess water, partly by eyaporation, ‘but mainly t 
its being absorbed by the pores of the bricks. ‘The carbon dioxide of the air alsq begin 
to change the outer layer into calcium, carbonate. This action proceeds more rapid 
as the mortar becomes drier and more porous, until finally only calcium carbonate and tl 
sand are left. ‘The mortar in’ very old buildings contains considerable calcium silica 
formed by the slow action between the calcium carbonate and the silica of the sand. 
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ss of recently ipsiened walls is largely due to the mies formed by the action 
lioxide on slaked lime (CaOzHe + CO2= CaCO; + H20). The burning of 
| charcoal i in such. Tooms hastens the drying, not so much by raising the temperature as 
| by furnishing carbon dioxide i in much larger amount than is normally present in the air. 
Plaster of Paris is made by heating natural. gypsum, a form of calcium 
| sulfate containing ‘“‘water of crystallization” (CaSO,), to about 125°C. 
|| until three-fourths of the water has been driyen off. The resultant plaster is 
chiefly CaSO, . % H.2O0, with some’ CaSO,. It sets very rapidly when 
mijxt with the proper amount of water. Wher gypsum is burnt at higher 
temperatures than 125° C., it loses more and more of its water and sets with 
increasing slowness. At 200°C., it loses all its water and becomes ‘‘dead- 
burnt,” having lost its power of setting. 


The setting process seems to be due to the solution of part of the CaSO4 . 1% HO, 
which then combines with water to re-form CaSO4 . 2 H2O,which is less soluble and erys- 
callizes out in the form of fine need.es. More of the CaSO, . 4 H2O then dissolves, 

sq. on, until the reaction is complete, each successive lot of crystals interlacing with 
those previously formed. The setting is accompanied by about one percent increase 
of volume, which accounts for the sharp outlines obtained in making plaster casts. ‘Theo- 
rétically, plaster should be mixt with a little more than 18.3 percent of its weight of 
water, but twice as much as this is at times used to increase its plasticity and to retard 
its setting. The hardness of plaster may be increased by mixing it with solutions of 
alum, borax, and so forth. 

Stucco is simply plaster mixt with a dilute solution of giue; it sets comparatively slowly. 
FLOOR PLASTER is made by heating gypsum to much higher temperatures than that at 
which plaster of Paris is made, it being changed first into ‘dead-burnt”’ plaster and then 
into another modification known as ‘“‘floor’’ or “‘estrich”’ plaster. The product formed 
is probably a basic sulfate of calcium or else a mixture of calcium sulfate and oxide, 
Tt requires seyeral days to set, which it does with no change of yolume, forming a mass 
considerably harder and stronger than ordinary plaster. 5 


Fi 4, Combustion and Fuels 


Carbon is the principal constituent of solid, liquid, and gaseous fuels, it 
_ being either free, as in charcoal and coke, or combined with hydrogen, 
| oxygen, or with both. In burning, the carbon and hydrogen combine with 
_ oxygen from the air, yielding, when combustion is complete, carbon dioxide 
_and water vapor. When insufficient air is admitted over the bed of fuel, 
P| or into the fire-box when liquid or gaseous fuels are used, much of the fuel 
P| may be lost, either as free carbon (smoke, soot) or in the form of unburned 
gases, especially carbon monoxide. It is almost impossible to attain complete 
“fi combustion of solid fuels by forcing air under the grate and thru the bed of 
' coals, because part of the carbon dioxide formed near the grate is teduced 
; a to carbon monoxide on passing thru the overlying layers of hot fuel. This 
3 monoxide, which has a high heating value, can he burned completely only 
when a plentiful supply of air is admitted over the bed of fuel. The blue 
flames seen when anthracite, coke, or charcoal is burned are due to carbon 
_ monoxide.* It is not economical to supply sufficient air by forced draft thru 
the fuel, because the excessive temperatures rapidly burn out the grate bars, 
and also because of the increased mechanical wear on the boiler tubes due 
to the greater number of fine particles of coal and ash driyen thru them. 
Wood consists mainly of lignin and cellulose, compounds of carbon with 
hydrogen and oxygen, together with varying amounts of water and mineral 
matter. The latter largely remains behind in the ash. 
Charcoal is made by piling wood into heaps which are covered with earth, 
leaving a few small openings to admit a limited amount of air and allow the 
products of combustion to escape when the wood is ignited. When sufficient 
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wood has burned to insure thoro charring (“destructive distillation”) | 
the remainder, the openings are closed and the pile allowed to cool completel 
By this method of making charcoal only a little tar is obtained and all fl 
volatile constituents are allowed to escape. When wood is heated in clos 
retorts, large amounts of tar, creosote, wood or methyl alcohol, acetone, ar 
pyroligneous (acetic) acid, etc., are obtained. ‘ The yield of charcoal is al 
nearly doubled. Charcoal consists of earbon and the mineral matter of t 
wood. Its value in metallurgy is due to its low content of phosphorus a1 
sulfur. The calorific value of charcoal is about 75 percent that of anthracil 

Peat is formed by the partial decay of mosses and other bog plants under wat 
Even-when comprest and dried it contains much water and its mineral content may 
high. Its calorific value is 3000 to 4000 cal per kg. 

Lignite, or brown coal, is a stage beyond peat in the formation of coal. It conta 
much moisture and ash and is often high in sulfur content. Its calorific value is 4000 
5500 cal per kg. Owing to its large amount of volatile matter, lignite burns with a loi 
smoky flame. 

Bituminous Coal is formed by the further transformation of lignite by he 
and pressure. It comprises many varieties, including gas, coking, steam, a 
cannel coals. ‘They differ principally in their content of volatile matter, 1 
“fat” coals having at times as high as 507% of compounds of carbon and hydi 
gen, which are readily driven off by heating. ‘The length of flame of burni 
bituminous coal depends on the percentage of volatile matter. 

‘Anthracite Coal. Produced by the further action of heat and press 
upon bituminous coal, whereby nearly all the volatile constituents are driy 
off, leaving mainly carbon and mineral matter. ‘These coals burn with li 
flame and smoke, and do not cake. Their calorific value may be gooo to 9: 

-cal per kg. : 

Coke. As charcoal is the residue left by heating wood in retorts or partiz 
burning it with a limited air supply, so coke is made by heating bitumin 
coals. In some types of coke ovens the gaseous and liquid products forn 
by the destructive distillation are allowed to escape into the air; with ot 
types of ovens this loss is not permitted and valuable by-products are obtain 
such as ammonia, fuel and illuminating gas, and coal tar. Coke is mai 
carbon, but! contains also the mineral constituents of the coal. It is low 
volatile matter and sulfur. Upon this and its infusibility and resistance 
crushing depends its value as a fuel in blast furnaces. Its calorific ve 
is about-go per cent that of the much more expensive anthracite. 

Chemical Examination of Coaland Coke. The heating value of any : 
can be ‘determined conveniently by means of one of the numerous form 
bomb calorimeters. But this leaves unanswered many questions which k 
a very practical bearing, for example the percentages of yolatile mat 
sulfur, and ash, and the amount of coke the coal will, yield. In gene 
the lower the percentage of ash the better the quality of the fuel. The 
mineral constituent that has any heating value is the sulfur ‘of pyr 
But as sulfur is injurious in practically all metallurgical operations and 
oxides of sulfur have a corroding effect upon boiler tubes, etc., a coal |} 
in either pyritic or organic sulfur is undesirable. | Gas coals and coal 
use in certain metallurgical operations requiring long reducing flames sh 
be high in yolatile matter. Coals that are to be worked economically 
coke may be low in volatile matter, but must possess the property of part 

_ fusing or caking together when heated in the ovens. 

In taking samples, for-calorimetric determinations or for chemical analysis, the ace 
method is to select a large number of pieces, representing as nearly as possible in 

etc., the wholeload. These must be chosen from all parts of the coal to be tested and 1 
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from the top and down thru the whole mass. These lumps should then be broken i into 
nearly uniform size, thoroly mixt together, and a smaller sample obtained by “quarter- 
ing.”? If this sample is still too large it should be further broken up and again quartered 
until a sample that can readily be enclosed in air-tight jars is obtained. In sampling 
_at the mine, the coal should be cut from a freshly exposed face, and the sample, after 
quartering to suitable size, should fairly represent not only the actual coal but also the 
interpenetrating veins of shale, etc., if these are regularly mined with the coal. Itis very 
important to prepare the sample, not only with great care but also as rapidly as possible, 
to minimize the inevitable loss of moisture in breaking up the lumps. This. explains 
the necessity. of placing the fuel sample in air-tight receptacles, such as fruit jars with 
rubber rings. The volatile matter in coal is highly explosive when mixt with air in the 
proper proportion, so that care should be taken to ensure thoro ventilation of all places 
where coal, especially bituminous, is stored. 


§. Liquid and Gaseous Fuels 


Crude Petroleum is the most important of the liquid fuels. It owes its 
importance not only to its comparative cheapness but also to the ease with 
which it is handled and its high efficiency, which is two or more times that of 
anthracite. It is usually burned in the form of a spray obtained by means 
of a blast of air or superheated steam. Petroleum residues and coal-tar 
residues are also burned to some extent. Their calorific value is not as 
great as that of crude petroleum, but may run as high as 16 000 cal. 


Gasoline is one of the lower-boiling distillates obtained from crude petroleum. 
It consists of a mixture of several hydrocarbons containing varying percentages 
of carbon and hydrogen. ts value as a fuel depends on its great volatility. 
When mixt with the proper amount of air the vapors form a mixture which 
is readily ignited and burns with explosive violence. If the vapor is largely 
in excess of the proportion needed for complete combustion the force of 
the explosion is weakened, so that, apart from the actual loss of unburned 
gases, the fuel is not used economically. There is a similar loss in power 
when too much air is present. For the complete combustion of one cubic 
foot of the vapor of the hydrocarbon hexane, C,H,,, 45.2 cubic feet of air 
are required, while the same volume of heptane (C,H,,) vapor requires 52.4 
cubic feet of air, or 16 percent more. 

Denatured Alcohol as a fuel for explosion engines is used to only a very limited extent 
at present. Whether or not it can ever compete successfully with gasoline will depend 

on its cost, relative efficiency, etc. Denatured alcohol is grain alcohol which has been 
rendered unfit for drinking by the addition of bone oil, wood alcohol, or other ill-smelling 
‘substances prescribed by law. 

Natural Ga3 is the most efficient as well as the cheapest of all fuels, tho 
its use is of course limited by the distancé to which it can be economically 
piped. It consists mainly of methane, CH,, with ro percent or less of hydro- 
gen and other gases. Methane is also known as marsh gas, from its abundant 
formation when vegetable matter decays under water. The name fire damp 
refers to its occurrence in coal mines, where it is one of the causes of explosions. 


Coal Gas, which is made by distilling bituminous coal in retorts, contains 
80 to 85 percent of a mixture of nearly equal parts of hydrogen and methane, 
with much smaller amounts of oxygen, nitrogen, carbon monoxide and dioxide, 
etc. It is used to some extent in gas engines, and as a fuel. 


Water Gas is formed by the action of superheated steam upon white-hot coal or coke. 
The steam gives up its oxygen to the carbon of the fuel, forming carbon monoxide, co, 
and leaving hydrogen, thus, C+H:20=CO+2H. The reaction is endothermic, that is, 
itrequires the addition of heat, so that it is necessary to cut off the steam every few minutes 
and reheat the fuel by an air blast. Water gas consists of about 45 percent each of 
hydrogen and carbon monoxide, with -me!] percentages of oxygen, nitrogen, carbon 
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; ‘ ‘ 
, dioxide, ett. The first two gases burn with very hot, non-luiihous flaites. For use a 

an illdminant it must be “enriched” with naphtha or other similat oil. 

' Producer Gas is made in much. the same way as water gas, except that only air and n 

‘steam is past thru the incandescent coal or coke. The carbon is burned to carbor 

nionoxide; which makes about. 25 percent of the gas. Small amounts of hydroger 
methane, and carbon dioxide are present. There is also nearly 65 percent of nitroge: 
from the air which is used. This is unavoidable, tho the presence of such a large arhoun 
of inert gas reduces the thermal efficiency, The reaction whereby carbon 1s bummed t 
éirbon monoxide is accompanied by, the evolution of about one-third the total heatin 
value of the fuel. It is evident that if the gas can be burned without allowing it to coo 
a great saving of heat can. be effected. This is not always feasible and it is He practis 
with some forms of producers, to pass some steam with the air, thus making a mb 
water-producer gas. The heat which wou!d otherwise be lost is used up in forming wat 
gas, and the resultant fuel gas has an increased fuel value. It is much more economic 
to convert the fuel into prodiicér g4s and use it in Explosion erlgines than to burn it und 
steam boilers. 


6: Explosives 


The Fundamental Property of an explosive is that when ignited or su 


jected to. a sudden shock it shall decompose; of ifs components rea 


suddenly yielding a relatively large volume of highly heated gas. Th 
d similar substance 


definition includes not only gunpowder, nitroglycerin, ani 
but mixtures of inflammable gases and vapors with air; or even coal dust, fi1 
sawdust, or flour suspended in the air, The last three have all beet the cau 
of disasters, the redson being that when sotié of thé particles ate igiit 
the flame is rapidly communicated to adjacent ones, yielding latgé volum 
of highly heated gaseous product§ of combiistion, {n addition to whith t 
surrounding air is also heated. ‘Thus; one gram, of anthracite, of speci 
gravity 1.5, occupies a volume equal to otily % cubic centimeter. If it co 
tains 95 percent of carbon, it will yield when burnt about 1762 Cc, or 5642 tin 
its own volume, of carbon dioxide reasured at o° C atid 760 mm press 
tf suspended as dust in a large voltime of air and burned in 4 fraction o} 
second, it ig evident that the large artiount of hot gases must expand w 
explosive violence. ee : 

Gunpowder is a mixture of 75 parts by weight of saltpeter, or potassil 
nitrate, 1s parts of charcoal, and to parts of sulfir, made by grinding 
ingredients together with enough water to moisten the mass. It is tt 
comprest into a cake and broken irito grains, which are glazed by revoly: 
with graphite and sorted-into sizes by sieves. The largef grains are used 
blasting; and the smaller ones for small arms. BLASTING POWDER is frequer 
made with the cheaper Chile saltpeter, ot sodium nitrate, which produce 
cheaper and less, powerful powder than that made from ordinary saltpe 
Chile saltpeter, however, has the disadvantage of absorbing moisture fr 
the air, and powder made from it cannot be kept too long or stored in a da’ 
place. The proportions used are 73 parts of Chile saltpeter, 16 parts 
charcoal, and 11 parts of sulfur. 


Guncotton, Nitrocellulose, typical of the second class of explosives, is a 
py the action of a mixture of nitric and sulfuric acids upon cotton. 
only moderately strong acids are allowed to act on the cotton for a sl 
time, the product, is pyroxylin, or soluble nitrocellulose, used for mal 
collodion and celluloid. By longer action with more concentrated ac 
guncotton is formed. It is then washt in a machihe of the kirid used 
making paper pulp to remove all traces of.acids that might cause spontan 
explosions: While still moist, it is comprest inito blocks or sticks. € 
cotton i8 usually stored and transported in d moist condition, and can be 
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ploded without drying. . It is comparatively safe to handle, as ordinary shocks 
domot explode.it readily... In the open, jt burns with extreme rapidity. 

» Nitroglycerip is made by‘ the cautious addition of glycerin toa well-stirred 
and cooled mixture of the strongest nitric and sulfuric acids. The oily . 
product i is washt to remove all traces of acids that might cause spontaneous 
explosion. Under the most favorable conditions, nitroglycerin, is not safe 
to| handle. The fact that it-is a liquid with consequent liability to leakage 
from containers greatly: increases the danger of transportation and. storage. 
For this reason, it-is commonly mixt with some absorbent or transfommaed 
into a gelatinous mass. 


Dynamite is a mixture of nitroglycerin with infusorial earth, powdered 
“rottenstone,” or similar porous material, known as “dope.” Instead of 
these inactive dopes,'that take, no, part in the explosion, explosive mixtures 
are often used to absorb the nitroglycerin. Gunpowder is one. of thes¢. 
Dynamite consisting of 40 percent nitroglycerin, 44 percent sodium nitrate, 
15 percent wood pulp, and x percent calcium carbonate,-is an example of 
dynamite with an active dope. 

Explosive gelatin i is a jelly-like mass made from a solution of soluble nitrocellulose in . 
nitroglycerin. © “T'oo' powerful for common work; it is used’ with success for very hard’ rock 
intunnels. Gelatin dynamite is a:mixture of explosive gelatin with a dope such as sodium 
nitraté and wood! pulp; it is not so ‘powerful ‘as| the straight gelatin. Smokeless powder 
is a géneral’term covering many modifications of explosive gelatin, and mixtures of nitro: 
cellulose with nitrobenzene, etc.; they are usually given fanciful names, as ballistite, 
cordite, indurite, and so forth. Nitroglycerin and mixtures containing it are all liable 
to freeze at moderately low temperatures: They-cannot ‘be used satisfactorily in that 
condition, and should not-be thawed by placing them near a fire or on steam pipes but 
by leaving ‘them in a warm chamber kept at a temperature not over go° F. 

_ Picric Acid, or trinitrophenol, is\made by the action of nitric and sulfuric 
acids upon, phenol (carbolic acid). It is a yellow, crystalline substance, 
formerly used. only as a dye for silks and so forth. For years it was not 
‘known as an'explosive, but it is now known that it will explode with great 
violence when detonated. If ignited, it usually burns without exploding and 
is not very susceptible toshock. Lyddite, melinite, and shimose are composed 
‘of picric acid. Some of the salts, or picrates, are exploded by slight blows. 


| Nitrocellulose, Nitroglycerin, and Nitrostarch, are true nitrates, as they all 
| contain the atomic group NO,. They are chemically quite different from the 
| true nitro-compounds, such as picric acid, which contain the atomic group 
“NO. Benzene, toluene, naphthalene, and other substances obtained from: 
“coal tar yield nitro-compounds when treated with nitric acid. The best known 
of these is trinitrotoluene, or ‘‘TNT,” which was used in such enormous quan- 
tities in the great war. These are all more or less unstable and are used as 
oe nih of explosives, mixt either with ammonium nitrate or other nitrates, 


r with chlorates, which are good oxidizing agents, or they may be used in 

namite because they lower the freezing point of the nitroglycerin. Rack-a- 

“tock, roburite, bellite, and securite are typical of the explosives made from these 
“Bitro- -compounds and oxidizing agents. 


_ A Detonator contains a high explosive, too powerful!and unstable to be 
mployed alone, which by its sudden disruptive force brings about the instan- 
neous explosion of a large amount of a more stable explosive. The ones 
mmonly in use consist of copper capsules containing a definite amount 
a mixture of chlorate of potash and mercury fulminate, which is exploded 
ither by a fuse or a wire heated electrically. The fulminate is made by mixing 
- solution of mercury in strong nitric acid with alcohol. The gray, crystalline 
ler whichis precipitated must be well washed to remove all acid. It is 
sitive to shock and may explode even when wet, 
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Explosives must be selected with reference to the character of the work. For quarryit 

building stone, those that act slowly, with little shattering effect, must be chosen. 

the stone is to be crushed after quarrying, or for breaking up rock so that it can be handl 
by a steam shovel, a quick shattering effect is desired. In all open work, the charact 

* of the gases arising from the explosion may be disregarded, but in tunnels or min 
especially if not well ventilated, this factor is of great importance. No explosive is abs 
lutely safe in this respect. Tn coal mines, where the presence of fire damp (methan 
js a menace, no explosive giving a long flame or a high heat of detonation should 
used. Bven in the absence of gas, there is danger of igniting the coal dust. 

Explosives should be stored in a dry place so that the sodium or ammonium nitra 
will not take up enough moisture to lessen their power. But if in too dry a place, tl 
may lose the moisture they naturally contain, which will change their speed of explos 
and thus modify the character of the results obtained. Explosives should not be stol 
for a longer time than absolutely necessary, on account of the possibility of chemi 
changes taking place in the nitro-compounds most of them contain. 


PHYSICS 
4. Physical Properties of Solids 


The properties of substances nominally the same differ so widely tha’ 
would be misleading to give more than, two or three significant figures 
most cases without such detailed specification of conditions as would mi 
the tables too voluminous. Lower and upper limits of values found 
different specimens are given when warranted by the data available. 


Physical Properties of Rocky Materials 


Spe * Coeffi- Spe- -| 
cific | cleat of Specific cifio | lent of 
gray- cubical | “heat grav- cubical |“ },. 
Substance ity aoe (Mean || Substaace ity scat (Mc 
or o- or o- 
den- ae too® C.) den- (Mean 100° 
ie 
{ ge 100° C.) ao Pies} 
Asphaltum.-------- ris Granite -.. { *3 : d es te os : 
incl aeas ae nee saa rea 0-20 lIGraphite... {| 2-9 
gualiineteet 0.24 2.3 | 0.23 | 0-! 
Brick. ....------*-- { aKa Greenstone { a8) 
2x3) 0-18 | 0-22 3-0 |-eeeece|ee- 
Limestone- { fel ae ci 
Retest loose sacah { aay Ail aps oe Lei 
ement,t 1 " alo WEEE Sih einai Marble - - - { 2.8 0.25 oO. 
Cement,t set ------- { nes { sis ie 
; 3-2 gg joosrmofest 
. I-4 2.2) 0.18 
Coal, anthracite... -- { icy { a ol ecaGalee 
Coal, bituminous... - { ie Serpentine - { a Ps 
Concrete..--------- { res oe Sate so. { $ ae “ 
2.4) 0-27 2.6 
Glass... ...----+-+- { ane ree Soapstone { as 
Glass (Quartz).-----  |----- 
Glass (Jena 16™)... |----- 
Geiss... .-ne002928 ae 


%* Divide each number in this column by 10. 900, Tt Portland: 
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* Mohs’s Scale of Hardness: 1. Talc, 2. Gypsum, 3. Calc spar, 4. Fluorspar, 5. Apa- 
tite, 6. Feldspar, 7. Quartz, 8. Topaz, 9. Sapphire, ro. Diamond. 

Density. The terms True Density and Apparent Density are used in describing certain 
porous bodies to distinguish between the density of the substance and the average density 
of the substance plus the pores. The terms Density and Specific Gravity are synonymous 
in engineering work. 

Thermal Conductivity. The value given in the tables is the number of gram- 
calories that will pass per second thru every square centimeter of a plane section within 
the substance when the temperature is uniform over the section and falls along the normal 
- toitat the rate of 1° C. per cm. 

I gm-cal per sec per sq cm for a temperature gradient of 1° C. percm= 360 kg-cal per 
hr per sq m for a temperature gradient of 1° C. per m=2.91 X 10% Btu per hr per sq ft for 
* atemperature gradient of 1° F. per in. 

Electrical Resistivity. Each value given in the table of metals and alloys is the 
resistance in microhms between the opposite faces of a cube 1 cm on each edge when 
at 18° C. (64.4°F.). This increases bR for every degree C., or % bR for every degree F., 
that the temperature of the substance exceeds 18° C. x microhm to the sq cm of cross-sec- 
tion per cm of length =6.o15 ohms to the circular mil of cross-section fer {t of length. 


z Physical Properties of Woods 


* Coefficient ‘ * Coefficient 
of linear 3 of linear 
expansion aie expansion 
2°—34° C. k 2°—34° C. 


Par- | Per- Par- | Per- 
allel |pendic- allel |pendic-| 
to jular to to | ular to} 
fibers} fibers fibers] fibers 


Lignum Vite- . 


Linden or lime 


Elm....-. Sycamore 


Blea e~| Teale 


10.037| 0.58 


* Numbers in these columns to be divided by 10 000, 
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al Properties of Metals and Alloys 


Physic: 
; Coeffi- Electrical 
* ei of i Ther- | resistivity a! 
Freez- | cubical Specific|mal con- 18°C. 
ee sae heat | ductiv- = 
Substance mess eink : 6H (Mean | ity a Ten 
Moh: % — M crohm: |perati 
den- (Mohs) (Centi- (Mean aus 5 c) aoe per coef 
sity grade) a ‘00° C:) | C2 cient 
roo° C.) ra of 
2.8 
Aluminum. .Al 2a a 658 0.70 | 0.22 0.48 { fee fo. 
Antimony. ..Sb a7 e's 630 pene 0.050| 0-042) 45 ° 
On ai 
Bismuth... .Bi 9:8) 2+ 270 {orale 0.030 | 0.018} 120. ° 
8.1 0.55 {0.15 6. 
Brass. ..-++++: { 8-7 Va goo \e§5 0.092 | 9.30 bs \ 
: 7-4 0.51 
Bronze....--+- { 8.9 V+ goo (58h GLOBE \elemiars <cll- ep mee 48s 
Cobalt.....- Co 8.6 |\6 1490 oO. 
Constantan..:. 
(“Advance”) FARE eeoaegl toc pete oll HO. 
8.5 
Won §.0 } 3 1083 ° 
’ ee \ 3+ rooo+| oO. 
itis oaks 19.3 3— 1063 °. 
7.9 4 1520 ie 
7.0 6 I100 oO. 
ah 8 1300 °. 
22.40) 00+ alm |» 23002E| 9- 
Toe ee 327 °. 
Manganin aha See iitda sb valle anes ° 
Mercury...-Hg | 13 yO ith doiseits =39 I 
) Molybdenum 8.4 | 
x BAL ioe] | O'. OF2) |’ 2 «s/s 
SSS aei rol aia 0.078 . 
Nichrome. -:- - : BeBe RS sig TSOOZE] see ee ere[peete reese eens | 96 
8.3 fue 
Nickel.....-Ni { bis Jat 1450 0.39 | 0-109 | 9-14 { ie 
Osmium... .Os 22.5 |s++++e > 2500 0.20 | 0.031 |.seeee 
| Palladium. . Pd | 12:0 [)..- 06h - 155 0.36 | 0-058 | 0-17 
Platinum. .. Pt { as hat 1755 0.27.| © 032 |..0.17 { 
Rhodium. Rh | 12.4 |eeeeres Igoo 6.26 | 0.058 | 0.30 
Silver, beeeeAB..| 20% fa 2 g6r 0.58 | 0.056 | 1-00 
Stoel feast a} soon 8-88 SY. 
‘Tantalum. ..Ta { "| “ tan | 0.036 |.-- = + is 
Tin, -tweread, . 
| Tungsten. . .W 
| Zine.....-.-Zn 


* Heavy type shows values suitable for standardizing pyrometers. 
+ Numbers in this column to'be divided by 10 000,” 
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Matetials for THernidl Insulation and Furnace Linings 


Specific gravity or Theraual condiie- 


» Substance density _, tivity (Mean) 


Apparent | Coefficient 


0.0003 
0. 0002 
0.0033 15o-1150° C, 
0.002 ©-100° 
0.003 100-1 100° 
0.003 
0.015 
0.004 100-800? 
0.006 100-1200 
©. 0001 
0.0004 
©.0002 aoe 
0.0014 0-500 
0.003 ©-1300 
0-004 200-1200 
0.004 100-1100 
0.025 300-700 
Infusorial earth brick DS 0.0018 * I00-900 
0.0062 O-1300 
Magnesia brick.. .. 0.003 50-1100 
J 0.007 19-100 
0. 00060 18-98 
0.0002 O-100 
_ 0.002 150-1000 
0.004 100-1000 
100-1100 


150-1200° 


8. Properties of Water and Gases 


_1 Standard Atmosphere is the pressure that will support a column of mercury 76 
m == 29.921 in high at o° C. at a place where g=go= 980.665 cm per sec per sec. 


Specific Heat of Water. (From Kohlrausch, 1910) 


0.9990 1.0033 
1.0000 1.0028 
I.0017 1.0023 
1.0034 1.0018 
T.005 T0014 
1.007 1.0010 
I.010 1.0007 
I.O17 I-0003 
1-025 I.0000 


cu cm ' cuém 


per gm per gm 


1.009 85 1.035 90 
I-O12 07 1.039 59 
1.014 48 1.042 65 
I.O17 05 1.043 43 
1.019 79 T.044 22 
I.022 70 1-045 OF 
1.025 76 1.051 
1.028 99 1.060 
1503237 | 1.069 
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Boiling Point of Water in Centigrade Degrees. (From Wiebe},1910) 


Height of mercurial barometer in mm 


| 680 | 690 | 700 | 720 | 720 730 | 740 | 750 760 | 770 | 780 790 
© | 96-92 | 7-32 | 7-71 8.11 | 8-49 | 8-88 | 9-26 | 9-63 | 100-00] 0-37 0.73 | I-09 
my 6.96 | 7-36 | 7-75 | 8-14 8.53 | 8-91 | 9-29 | 9-67 0.04| 0.40 | 0-76 | 1-12 
2 7:00 | 7-49| 7-79 8.18 | 8-57 | 8-95 | 9-33 | 9-79 . 0.07 | 0.44 | 0-80 1.16 
3 7.04 | 7-44 ( 7-83 | 8-22 8.61 |8-99|9-37|9-74| °-11| 0-48 9.84 | 1-1 
4. 7-08 | 7-48 | 7-87 8.26 | 8-65 | 9-93 | 9-41 9.78 0-15 | 0-51 | 0-87 | 1-2: 
5 7.12 | 7-52 | 7-91 | 8-30 8.69 | 9-07 | 9-44 | 9-82 6218| 0.55 | 0-91 | 1-2¢ 
6 4.16 | 7-56] 7-95 | 8-34 8.72 |9-10| 9-48 9-85 0.22,| 0-58 | 0-94 | 1-3 
7 4.20 | 7-60] 7-99 8.38 | 8.76 | 9-14 | 9-52 9-89 0.26 | 0.62 | 0.98 | 1-3 
8 47.24 | 7-63 | 8-03 8. 42 | 8-80 9-18 | 9-56 | 9-93 0.29 | 0-66 | I-02 | 1-3 
9 | 7-28) 7-67| 8-07 | 8:45 | 8-84 | 9-22 | 9-59 9-96} 0.33 | 0-69 | 2-05 | 2-4 
: Common Gases. (From Kohlrausch, 1910) \ 
re ae ie Water dissolves 
Specie! yporte Gr Melt- |. Boil- ee 
Gas gravity |jocular 200°C.)| &f | ing ing Syi 
or money (oO | point | point be 
density* stant | + Cc. C?.| | Ato C. |At20°C- 
pres- 
sure 
Air (free of COz)|1- 2928 28.98 | 0.2381. 40]>------ =193 29 19 |Ai 
Acetylene. - - - - 1.1759 |24-02 |------ 1.26|— 8r.5|— 83-6) 1730 1030 | |Cs 
Ammonia... --- 0.7708 |17-03 | 0-52 |r-32|— 78 ||— 33-5 (a2 10°)|(7x 10) |N 
Carbon dioxid..|1-9768 |44-9° 0.218|r-30| -'57 \|— 78-2 (1800) | (goo) |C' 
Carbon monoxid|1-2503 |28-00 | 0-243 1-41|—207  |—199-0] 35-4 “23.2 IC! 
Chlorine... .-- 3-2197 |70-92.| 0-21 |1-32] — 102.) 33.4| (4600) | (2300) IC 
Hydrogen ----- 0.08985|2-016 | 3-41 |1-41|— 259 —252.6|.) 21-1 | 18-1 
Nitrogen. ----- 1.2507 |28-02 | 0.244|f.41]—210-5 195-7} 23-5 | 15-4 4N 
Nitrous oxid...|1-9777 |44-02 | 0-225 1.28|—103 |= 90 1300 650. |N 
[Oxygen “ae as 1.4292 |32-09 | O-220|1-40 227) |—182-8] 48-9 gr-0 *|O 


* Numbers in this:column to be divided by 1000. t.These columns contain the r 
ber of cubic centimeters of gas that will be dissolved at a barometric pressure of 76 
meters in one liter of water. + This column gives the ratio of ‘the specific heat at con; 
pressure to that at constant Yolume. : 


Freezing Mixtures. (From Hiuitte) 


‘Temperature 
falls °C. 


Temperature 


fillse Cron 
by 


mass} From 


Mixture 


Sal ammoniac (NH4Cl) ------ 
Saltpeter (KNO3) 


Ammonium nitrate (NHiNOs) 
Water... ..--2-2-+ <2 - 2 oe 


Potassium hydroxide (KOH) - 
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9. Light and Illumination 


Speed of Light in a vacuum is approximately 300 000 kilometers per 
second. All kinds of light move with the same speed in a vacuum. 

; The waves of the easily visible portion of the spectrum vary in length from 0.0000 33. 
_ to 0.0000 77 centimeters. According to Rowland the length of a wave corresponding 
_ to Frauenhofer’s band A is between 0.000 7594 and 0.0000 7671 cm. 

When a ray of light strikes the plane surface of a transparent body, it is refracted 
toward the normal to that plane. The ratio of the sine of the angle between the original 
ray and the normal to the sine of the angle between the refracted ray and the normal is 

_ called the index of refraction, the value of which is 1.0003 for air, 1.33 for water, 1.51 
for soft crown glass and 1.55 for rock salt for sodium light entering from a vacuum. 

The ratio of the speed of ight in a vacuum to that in any substance is equal to the 
index of refraction of the substance. 

The ratio of the electromagnetic to the electrostatic units of electrical quantity and 
current is equal to the speed of light in a vacuum exprest in centimeters per second, 
that is, approximately 3 X 101°, 

' The International Candle is the unit an light employed since July 1, 1909, 
for all photometric standardization by the national standardizing laboratories 
of America, France, and Great Britain. By May 1, 1g10, it was in use by 
all the large manufacturers of electric lamps in the United States as the unit 
for rating lamps. This is 1.6% smaller than the unit previously employed 
in the United States, but the same as the former pentane candle of England 
_and the bougie décimale of France. The Hefner unit of Germany is %o of . 
the international candle. 

x International Candle =1 Pentane Candle=1 Bougie Décimale=1 American Candle= 
z.11 Hefner Unit=o.104 Carcel Unit. 

The Energy consumed by incandescent electric lamps producing a given 
illumination has been materially reduced by the introduction of graphitized 

_and especially of metallic filaments capable of standing higher temperatures 
than the: old-type carbon filament. The watts per mean horizontal candle 
power required on the average by the best makes of lamps are as follows 
for four kinds of filaments: 3.1 for standard carbon, 2.5 for metallized 
(graphitized) carbon, 2.0 for tantalum, and 1.25 for tungsten. 
| Lamps with Frosted Globes fall to 80% of their initial candle power 
| Gwhich marks the end of their useful life) in about 60% to 70% of the.time 
_ required for plain lamps to deteriorate to the same extent. Hyde has shown 
at most, if not all, of this effect can be accounted for by the diffusing 
“action of the frosting causing a much greater proportion of the light to pass 
‘several times thru the strongly absorbing film of carbon that is deposited on 
‘the inside surface of the bulb. (Bull. Bureau of Standards, 3, 341, 1907.) 


_ Standard Specifications for the purchase of incandescent electric lamps are pub. 
lished by the Bureau of a Washington, D.C. 


4 1 10. Microscopes and Telescopes 


' Magnification, increasing visibility of detail, is secured by. bringing the 

} eo of an object nearer to the eye, or by any other means of increasing the 

"visual angle which the object subtends. Vision with the unaided normal eye 

“is, however, most distinct at a distance of 25 to 30 cm, because the accommo- 
dating mechanism of the eye is unable to focus sharply on the retina points 

“nearer than this. A magnifying optical system produces i in effect the required 
crease in the visual angle while forming an image (real or virtual) farther 
m. the eye than the least distance of distinct vision. Often the arrange- 
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ment is such that the eye views a virtual image at an infinite distance, so 
the muscles of accommodation may be completely relaxed. . a eee 

The Simple Microscope (Fig. 1). A single converging lens if pl 
closer to an object than the principal focal length produces an enla 
virtual image, which is seen on looking thru the lens. The magnificz 
produced is 1 +d/f for an. eye whose least distance of distinct vision | 
A simple plano-convex lens, with. the plane side toward the eye, gives | 
images for magnification less than eight diameters, that is, with focal lex 


especially where 
mnagnification. is 
siderable, by the. 
special. .combinz 
of. lenses, design 
reduce spherical 
chromatic aber 
ximately free from dist 


so as to) give a fairly large field of view appro 
and. color. F 
The Ramsden, or Positiv, Eyepiece (Fig- 2) consists of two conyé 
lenses, usually plano-convex, with their convex surfaces facing each 
of equal focal length, 
and_ separated by 3% 
the focal length of 
either. A virtual image 
of the object or real 
image A is formed by 
the field-lens L, at A’. 
The eye-lens L, forms : 
an image of this at infinity. This eyepiece is fairly, but not quite, achrc 
The Huyghens, or Negativ, Eyepiece (Fig. 3). Two converging 
usually plano-convex, with the plane surfaces toward the eye, are so ar 
- as to divide equ 


tween them the de 
produced on. i 
light parallel to a1 
to the axis. Th 
lens L, has thre 
the focal length 
‘Tse eye-lens L,,and 
Fig. 3 Ty are separated — 
difference in the 


| The Compound Microscope (Fig. 4) inits simplest form consists of two ¢ 
lenses. ‘The objective Z, forms ‘within the tube a real, inverted, magnified 
of the object A. This image is viewed thru the eyepiece Le and further mag 
microscope is usually fitted with either a Huyghens or a Ramsden eyepiece, ac 
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the purpose for which it is to be used. The objective is also generally a combination of 
several lenses to overcome spherical and chromatic aberration while'admitting:as muc¢h 
light as possible. In microscopes of the highest power a drop of oil of cedar is placed be- 
tween the slide and the 
objective; this is known 
as ‘immersion,’ The 
smallest interval that 
can be optically resolved 
is. about’o.c0ces' mm, 
and the limit of resolu- 
tion. of the microscope is 
attained when the total 
magnification is about Fig. 4 A! 
L200. ri 

The Astronomical Refracting Telescope differs from the compound microscope in 
that the objective forms a redtced image of a distant object. The objective is gener- 
ally a compound lens consisting of a convex lens of crown and a concave lens of flint 
glass. A Huyghens or.a-Ramsden eyepiece is ordinarily used;-but the best instruments 
2 cons i ? i5 : f .» employ ;eyepieces em- 
bodying later improye- 
ments. 

The Terrestrial 
Telescope (Fig. 5) pro- 
duces an erect image 
by. an inverting system 

Fig. 5 between. the eyepiece 

: and the inverted image 

formed by the objective. One form of inverting system cons‘sts of two'converging lenses 

of equal focal length so placed that the inverted image A formed by ‘the objective is at 

the principal focus of the first lens. An erect image A’ is then formed atthe principal 
focus of the second lens, and is magnified by an eyepiece, 


Galileo’s Telescope 


- . UA 
(Fig. 6) consists of .a 5 eA 
convex, lens: Ly. for,ob- ba ge Aiea 
ga = 
jective and a. concave wl tines 


lens L2 for eyepiece. 
The light from Z; con- 
verging so’ that if un- 
hindered it would form 
at A’ a real, inverted 
image of. the distant 
object A, is intercepted 
by Ze and rendered ’ 
parallel or slightly divergent as if it came from A”, which is a virtual, erect image of A. 
The use of the diverging eye-lens limits considerably the angular field of view. Ordi. 
nary field-glasses and opera-glasses are Galilean telescopes. ; i 
' The Prism Binocular (Fig:'7) secures the wide’ field of view that accompanies the 
use of a converging eyepiece, while at the same time it avoids the inconvenient length 
ma of the ordinary ‘terrestrial telescope. ‘This'is accomplished 
by employing four total reflections within two: right-angled 
prisms to inyert;the image formed by the, objective. Other- 
wise the construction is the same as that. of the astronomical 
telescope. This prism construction permits a considerable 
Fig. 7 ‘ shortening of the telescope by separating the prisms, since 
the light traverses the distance between them three times. In 
addition the stereoscopic effect due to binocular vision may be greatly increased by placing 
the centers ofthe objectives. much farther apart than the pupils of the eye. . The increased 
field of view is obtained at a sacrifice of illumination, ems 
In Reflecting Telescopes the object lens is replaced by a concave mirror. Being 
strictly achromatic, reflecting telescopes, are valuable for certain classes, of astronomical 
work. Mirrors as large as six feet in aperture have been made, but the best work hag 
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been done by those about two feet in diameter. The mirror is of glass, upon wh 
thin film of silver has been deposited. 
41. Determination of Temperature 


The International Hydrogen Scale adopted in 1887 by the Internati 
Committee on Weights and Measures js the standard thruout the worl 
designating temperature. The temperature of melting ice is designate 
°° C. and that of the saturated vapor of distilled water boiling at stan 
atmospheric pressure is too° C. Other temperatures are defined as pr« 
tional to the increments of pressure exerted by any fixt mass of hydr 
confined at constant volume, the pressure when at 0° C. to be that due t 
weight of a column of mercury one meter high; so that when the gas € 
a pressure p, its temperature will be designated by,as many degrees ¢ 


grade as Yoo of the increase of pressure on warming from o° to Ic 


contained in the amount p exceeds algebraically the pressure when at o' 
drogen, as (ke latter © 


Between roc® and rs00° C. nitrogen is used instead of hy 
be employed at high temperatures because of its great chemical activity and the rea 
with which it permeates the walls of containing vessels. Temperatures beyor 
range of the nitrogen thermometer are specified by radiation methods. Within the 
es with Kelvin’s thermodynami 


for which it is adapted, each. of these scales agre 
as closely as it is possible to determine temperatures at the present time (1919), an 
be regarded as representing thermodynamic temperature within its own interval. 
Temperatures used in specifying scientific data are almost unive 
exprest in degrees of the International Centigrade Scale, except by 
English and American engineers, who use the designation of Fabre 
If the same temperature is designated by C.°. Centigrade (or Celsius 
Fahrenheit, and R.° Reamur, then 5 ; 
C/x00 = (F — 32) /180 =R /80 


The Absolute Zero, often used for convenience in making thermody 
>omputations, is about —27 3° C. or —459°.6 F. Temperatures specifiec 
chis zero are called Absolute Temperatures (C. or F.), and on the cent 
scale are sometimes indicated by the letter K following the number of de 

A Thermgmeter, or instrument to indicate the temperature of a b 
constricted by using any physical property whatever that varies | Wil 
temperature, provided that this property always has the same value 
same temperature, and, that there is not more than one temperature 
the range thru which the thermometer js to be employed at which this 
erty has any one particular value. Conyenience, sensitiveness, reliabi 
indications, and other considerations dictate the type of thermomete 
suited for a particular purpose. The graduations of a thermomet 
indicate degrees directly, or they may require translation by means of ¢ 
Instruments, even when: apparently alike, often differ considerably in 
dications when at'the same temperature. For all work where it is. im] 
to know temperatures accurately, an instrument should be employed #) 
been calibrated (better both before and after use) by the Bureau of Sta 
at Washington, or by one of the other national physical laboratories, a 

vided with a statement of the conditions to be observed in its use as 
with a certified table of corrections. ; 

Standard Temperatures of Reference for checking the accuracy ¢ 
mometers are generally the freezing or the boiling points of certain sub 
easily obtainable in the pure state, which have been accurately dete 
in degrees of the standard scale. Standard boiling points under pre: 
78.0 em mercury are as follows, the quantity following the + sign be 
increase for each cm of pressure: ca ; 
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Water rawaigisn TOONOVE sO 14° Benzophenone 305 .9° C. + 0.75° 
pee T8412 C) +045? Sulfur.......444.9°'C. + 0. 90° 
lige . 218 .0° C.+:0 46° Zine. ¢)./5 22) s).5g202 Ep 1 5° 


A Pyrometer is a thermometer intended for use near and above the temper- 
iture at which heated bodies begin to glow. Various devices for determining 
emperature are on the market or used in scientific investigations; but most 
sf those not enumerated below are either too crude and unreliable, or too 
omplicated in construction or manipulation, to be comparable with them 
or engineering and industrial purposes. 

An Ordinary Mercurial Thermometer is usable from about — 39° C. to about 300° C. 
The upper limit can be extended to 550° C. by filling’the capillary above the mercury with 
jitrogen or carbon dioxid under high pressure. For low temperatures alcohol (—70° C. 
10 +50° G,), toluene (—90° to +20°), pentane or petroleum ether (—200° to +20°), etc., 
ire used in place of mercury. Between o° and roo® the indications of the best mercurial 
hermometers should differ from those of the standard hydrogen thermometer. by less 
han 'o.1°, but the ordinary commercial instruments may be out several degrees. 

The Joly Meldometer determines the fusion points of solids very rapidly 
and very accurately. A minute specimen is placed on a slightly stretched 
strip of platinum gradually heated by a regulated electric current. ‘The length 
of the strip at the instant of melting indicates the temperature. The mel- 
dometer is also-useful for identifying substances of known melting points. 
Temperatures in the neighborhood of the fusion point of gold (1063° C.) are 
easily determined within a few degrees by means of this instrument; but great 
care is required to prevent injury to the platinum strip either thru melting, 
overstretching, or contamination with fused metals. The necessity of re- 
calibration every time a strip is injured is avoided by the method of Burgess 
(Bull. Bureau of Standards, vol. 3, p. 346, 1906), in which observing with an 
pptical pyrometer replaces measuring the length of the strip. 

In several commercial thermometers the difference in the expansions of two solids, or 
the expansion of air in a bulb, operates a pointer moving over a dial graduated in degrees. 
The upper limit ‘of these instruments is about 800° C. (1500° F.), and they deteriorate 
rapidly when used at the higher temperatures. 
' The Electrical Resistance of a coil of wire may be made a very sensitive 
and very reliable indicator of temperature. Platinum is usable from the 
west obtainable temperatures to 1000° C. Other metals, such as hickel, 
are suitable for lower temperatures. 


7 A Thermoelement indicates temperature by the e.m.f. set up in a closed 
lectrical circuit of two wires of different materials in series when the two 
nctions are at different temperatures. One junction is exposed to the temper- 
ture to be determined, while. the other is kept at constant temperature. The 
rticular combination of metals best adapted to any given case will depend 
the range of temperature to be indicated. An element composed of one 
Wire of pure platinum ard the other of platinum alloyed with 10 % of rhodium 
is best for temperatures above 300° C., and can be used up to 1600° C, Con- 
stantan with copper or iron is more suitable under 300°C. Other combi- 
Nations are’ found in commercial instruments. 


Radiation Pyrometers are the only ones usable at ibcitpetetree high enough 
melt or to change permanently any thermometric substance subjected to 
em, and in other cases where the hot body cannot be touched with the instru- 
ment. They dre merely pointed at the body from a distance. ‘They are 
ful from dull red to the highest temperatures obtainable, and are capable 
considerable precision (about 1%). OpticaAL PYROMETERS depend on 
e fact that the intensity of the light of any given color emitted by a hot. 
ly is a definite function of the temperature, They are essentially pho-- 
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tometers graduated to indicate temperatures instead of brightness of illur 
nation. Le Chatelier, Féry, Wanner, Holborn and:Kurlbaum, and Mo 
have devised very satisfactory instruments of this type. . The Féry THER 
ELECTRIC TELESCOPE represents a second class, and is based.on the f 
that the total energy of the radiation emitted per unit area of a body is a defir 
function of the temperature. In this instrument the radiation from a limi 
area of the hot body is focused by means of a concave mirror (or by a fluo: 
or glass lens) upon a small thermoelement in series with a portable gal 
nometer, whose scale is graduated to indicate temperatures directly. F 
has also devised a simpler instrument in which the thermoelement is repla 
by a thin coiled strip composed of two differently expanding metals 1 
causes a pointer to move over a graduated dial, ‘ pe ; 

The Color of Glowing Bodies affords a very crude means of estimating temperat 
Approximate values are 


First visible red..------------ 525°C. Dull orange ..-.---+- ose 
Dledet 5. -\- <= = 700 Bright orange- 


Turning’to cherry --- . | 800 Whites... 57. 
Cherry proper... - goo Brilliant white. ....- 
Bright cherry. -....+----+--++ 1000 Dazzling white 


Workmen can sonietimes guess to better than 25° C. up to 800° C.. At 1200° erre 
oyer 100° will be'made. : , 

Seger’s Pyrometric Cones are often used for indicating the maximum temperat 
reached in pottery kilns. ‘They are merely little pyramids /of clay whose pointed 
soften and-cutl over at fairly definite: temperatures: determined by’ their composi 
‘They are on the market with softening temperatures ranging by steps of about 2: 
from 590° to 1850° C. “ : 

The Calorimetric. Method of observing temperature determines, the 
given up to a mass of water whenia. piece of metal is suddenly transferre 
it after heating in the furnace or other region whose temperature is requ 
Tf a mass m, of water is warmed from 1,° to #,° by dropping into it a mas 
of metal with an initial temperature 1,° and a.mean specific heat ¢3 bet 
#,° and #,°, then #, may be found from the relation ¢)4\(t,— tg) =mts (ty 
Platinum and nickel are about the only metals suitable for high temperat 
iron, tho frequently used, js too readily changed by, oxidation. ‘The me 
is too crude and too time-consuming to be recommended except for eccas 
rough determinations. ; - ‘ ‘3 
_ Thermometers for Recording and Use at a Distance. All the thermo! 
described above except the optical and the {usion-point ones may be made to recore 
indications automatically, either autographically or photographically; but those | 
themselves most readily to this use are the electrical thermometets and the Féry tl 
electric telescope. | These have the further advantage that any number of thermo 
can’ be ‘connected’ by!a switchboard ‘with one recording or indicating instrument, 
may be placed at any convenient distance from the body whose temperature is 
indicated. 4 jy cpu Pot 


12. Quantities of Heat : 


The 15° Gram Calorie (gm-cal) is the unit: for measuring quantity of 
most frequently. used in scientific work, and is the heat necessary to rail 
temperature of 1 gm of water from.14.5° C. to 15.5° C.., Q-gm-cal is the qu 
of heat necessary to raise Q gm of water thru the same interval, not the 
tity necessary. to. raise 1.gm of water thru Q degrees. ‘The KiroGRAM Ca 
(kg-cal), or large calorie, is 1000 gm-cal, and is'the common unit for eng 
ing purposes in. countries where the metric system is in use. In these 
water, it happens that the quantity of heat necessary to raise a given 1 
is very nearly the same at all temperatures, between 0° and 100° C. 
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experiments of Barnes'in-1902 indicate that this isa minimum in the neigh- ~ 
borhood.of 37.5° C. and a maximum at 0°; but the extreme variation found 
amounted to scarcely.more than 1%. The British. THERMAL UNIT, often 
abbreviated Btu, is the heat required to raise 1 lb of water 1°? F,. The temper- 
ature does not need to be specified for the accuracy necessary in most engineer- 


ing computations,...1)Btu.o,252 kg-cal. KT 


Mechanical Equivalent of Heat. When heat ‘has to be compared quanti- 
tatively with energy in some other form, it is usually most convenient'to meas- 
ure all the quantities in. terms of some unit of-work.: A 15° gm-cal is very 
nearly equivalent to 4.19 joules or 0.427 mkg, and:a Btu is nearly equivalent 
to 778.4 ft-lb. . This mechanical: equivalent of heat is usually represented ‘by’ 
the symbol J: Gin honor of: Joule); so that if W units of work is rp to 
Q units of ;heat, then. W =JQ. 

Thermal Capacity and. Specific Heat. If AQ represents the a 
added to a body and AT’=T’—T the change in the body’s temperature, then 
AQ/AT is called the mean’ thermal capacity of the body between the tem= 
peratures T and 7”; while the limit that this approaches’as AT approaches 
zero is called the true thermal capacity of the body at the temperature 7. 

The Specific Heat of a homogeneous substance is its thermal capacity 


' per unit mass. This may have any value whatever from — co to +0 and is 


not determinate till it is specified how the volume of and pressure on the 
substance shall vary during the process of heating or cooling; because the 


“heat transferred to a body during any given temperature change will depend 


not only on the temperature interyal, but also on-how much work is done by 
or on the body at the same time. This specification is especially necessary 
in the case'ofa gas or a vapor, ‘where it usually suffices to distinguish between 
the specific heats cs; at constant pressure, and cz, at constant volume, tho it 
is Sometimes desirable to know the specific heat of a vapor maintained in the 


condition of saturation during change of teraperature. 


~ Because of the way in which the unit of heat has been defined, it follows that the thermal 

capacity of a body is often exprest by almost the same number as what is known as the 
WATER EQUIVALENT Of the body, that is, the mass of water whose temperature would be 
raised the same number of degrees by the addition ‘of the'same quantity of heat. Also, 
the mean specific heat of the body is often nearly the same as the ratio of the quantity 
of heat necessary to effect a given change i in the body’s temperature to the quantity of 
heat necessary to effect the same change in the temperature of an equal mass of water; 
but it may be far from this. 

The Specific ‘Heat of a solid or of a liquid is in nearly all cases practically independent 
of the manner in which heating takes place; because the external work involved in, its 
thermal change of volume is negligible. While the specific heat ‘of water is the same 
within about r% at all temperatures between o° and 100° C., that'of most solids and liquids “ 
increases slowly ‘with the temperature, ‘tho in some instances, such ‘as iron and diamond, 
the’change is rapid. A marked change in specific heat also accompanies change in state 
of aggregation. 

_ An Abnormal, Specific Heat occurs during the more or Jess rapid soften- 
ing that usually precedes the complete liquefaction of a solid:as it:is heated; 
and it becomes infinite when the ‘change in ‘state of aggregation occurs 


abruptly without change of temperature until the process| is completed, as 


during fusion of some chemically simple crystalline substances, such as ice, 


the transition is gradual, it is impossible to state.what part of the heat ab- 
sorbed is to be attributed to the change in state of aggregation and what 
merely to the accompanying change in temperature. The term Latent HEAT 
isin use to designate the number of, heat units absorbed or liberated per unit 
mass of the substance during any of those special changes of state that occur 


tin; zinc,.copper, silver, and gold, or during boiling and sublimation. When 
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without change in temperature, since the specific heat becomes unmanageak 
when it assumes an infinite value. Altho the term is usually restricted 
such very marked transitions as changes of state of aggregation, it is equal 
applicable to any isothermal change: for example, to the isothermal expansi 
of a gas against outside pressure. As special instances it is convenient 
distinguish heat of fusion, heat of vaporization, heat of sublimation, heat 
solution, heat of chemical reaction (with heat of combustion as a special casi 
heat of strain, and heat of recalescence. 

Cooling and Heating Curves are obtained by plotting as coordinates t 
time a body had Leen cooling or heating under uniform external conditio1 
and the instantaneous value of its temperature. They afford a convenie 
means of determining TRANSITION REGIONS, or temperature intervals with 
which internal physical or chemical changes take place, since the rapid absor 
tion of heat during rise, or liberation during fall, of temperature is indicat 
by a more or less sudden decrease in the angle. the curve makes with the ti 
axis, followed by a return to a greater slope when the change is complete 
Such transformations are very common in solids far below their melti 
points, occurring commonly in alloys, and patticularly in steels. ‘They < 
accompanied and made evident by changes in physical properties such 
hardness, density, resistivity, or permeability. ‘The recalescence point of ir 
is a familiar example. As such changes are generally slow, they may be « 
scured by being spread over too great a temperature interval if the cooli 
or heating is too rapid. : 


13. Transference of Heat 


Radiation. All bodies, whatever their temperatures may be, are cont 
ually radiating energy which is propagated thru space with the speed 
light. This energy appears to be transferred by some sort of periodic ¢ 
turbances, or wave-trains, of various frequencies. The greater the temp 
ature of a body the greater both the total quantity of this RADIANT ENE 
and the relative intensity of the waves of short period. Unless the body is 
least almost as hot as the sun, the most energetic of the waves that radi 
from it are of somewhat longer period than those that affect the eye with 
sensation of light. During the time that the body loses energy by transforr 
tion of some of its heat into the radiation it emits, its temperature must | 
crease unless the supply of heat is replenished either by energy transformatil 
going on within or by energy received from without. When radiant ene 
falls upon a body, that part which is neither reflected nor transmitted is 
sorbed by the body, and some-or all of it is transformed into heat. Thus 
effect, the process of radiation transfers heat almost instantaneously from \ 
body to another at a lower temperature not visibly connected with it, and e 
at a considerable distance: the warmer radiates more energy than it recei 
from the colder, and the colder receives more than it radiates to the hot 
When, in this way, radiant energy causes the transference of heat, it is v 
ally misnamed RADIANT HEAT; but it should be remembered that the ene 
while traveling from one body to the other is not in the form of heat at 
and does not heat the bodies into which it passes except in so far as t 
absorb and transform some of it into heat. The behavior of all these we 
is described by exactly the same general laws as those that describe the 
havior of that limited portion of them that has such periods as to be cap: 
not only of heating bodies but also of producing the sensation of light, o 
_ exciting chemical activity. 

The fraction of the radiant energy absorbed, the fraction transmitted, and the frac 
‘eflected by a given body will depend upon the periods of the incident waves, as 
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vs upon the nature, surface, thickness, temperature, etc., of the body, and the angle at 
which the radiation is incident. Bodies that either reflect or transmit readily are poor 
adiators; and vice versa, opaque bodies if good absorbers are good radiators. Emission, 
ibsorption, and transmission of radiation are always most intense in a direction perpen- 
licular to the radiating surface, while reflection increases with the obliquity of incidence; 
yut the influence of direction is less the greater the absorptivity of the body; and it has no 
nfluence whatever in the case of a perfect absorber, or theoretically black body, that is, 
me that completely absorbs all the waves incident upon it regardless of their periods. 
such a body is almost perfectly realized experimentally by a small hole leading into a 
elatively large cavity bounded by opaque walls of uniform temperature, no matter what 
heir nature may be, as practically none of the radiation entering the hole would eyer 
ucceed in getting out again. 

The transparency and also the reflectivity of a substance for those vibrations ordinarily 
alled light afford no criteria whateyer for predicting the behavior of the substance toward 
vaves of longer or of shorter period. Thus, hard rubber, while completely opaque to 
isible radiations even in extremely thin layers, is fairly transparent to the waves of longer 
eriod; colorless glass and water, on the other hand, absorb strongly most of the invisible 
1eating radiations; while rock-salt is very transparent to both visible and invisible. 
Polished metals are excellent reflectors of nearly all waves of longer period than those 
f the visible spectrum, and many of them, notably silver, have a high reflecting power in 
he visible as well. 

Convection usually plays the most important part in the transference of heat 
rom one portion of a fluid-to another and in equalizing the temperature of 
he whole. After the particles adjacent to the sources of heat become warmed, 
hey are carried away bodily by convection currents and distributed more or 
ess uniformly thruout the entire extent of the fluid. These currents may be 
-aused by changes in buoyancy following expansion or contraction, by the 
low process of diffusion, or by mechanical stirring. 


Conduction. All bodies transmit some heat from’ their warmer to their 
solder portions by what is called conduction. ‘The number of heat units 
hat will pass per unit time thru a plane section of area A within a substance 
when the temperature J is uniform over the section and falls along the nor- 
nal WN to it at the rate —dT'/dN is dO /dt =— kAdT /dN, where & is called 
he THERMAL ConpDuctTivity of the substance. The rate — dT /dN is called 
he TEMPERATURE GRADIENT normal to the section. The conductivity k isa 
unction of the temperature, but varies so little that in most problems it may 
ne treated as constant unless very large temperature intervals are involved. 


The thermal conductivities of different substances differ widely, being greatest in metals, 
sspecially silver. Non-metallic liquids, gases, and many solids are very poor conductors; 
put no substance is a complete insulator. The thermal conductivities of the different 
pure metals are to one another roughly as their electrical conductivities. (Law of Wiede- 
mann and Franz.) Alloys, however, show large deviations from this relation. Bodies 
haying finely porous structures such as powders, wood, wool, cloth, and paper areas arule 
poor conductors. (See tables of Physical Properties of Substances.) 


The Problem of Thermal Insulation is essentially the same whether it be desired 
lo keep a. hot body from losing heat or a cold body from gaining it. In the former case, 
however, the choice of insulating materials may be seriously limited by the temperatures 
they are capable of withstanding without troublesome deterioration. Whenever possible, 
msulating jackets should be enclosed between metallic walls highly polished on their 
outside surfaces to prevent radiation and absorption; the space between should be filled 
with a sufficiently thick layer of the poorest conducting substance that will stand the 
highest temperature to which it may be subjected; and this substance should be of a finely 
porous nature. The jacketing for a very highly heated body such as a furnace is best 
made in layers, some excellent insulator such as infusorial earth (diatomaceous earth, 
Kieselguhr) or light calcined magnesia being used for the outside and extending as far 
in as it can stand the temperature without shrinkage or fusion. Such heat-resisting 
materials as carborundum fire-sand or powdered charcoal may have to be used. for the 
most highly heated layers; but they should in general be avoided when the temperature 
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is low enough to permit the employment of better insulators. The corrosive action © 
furnace gases is often the most important factor in determining the selection of the linin 
exposed to them. ‘The best of all thermal insu'ation for low and moderate temperature 
is a very high vacuum ‘between thinly silvered walls, as illustrated’ by the avell-know 
Dewar vessels for containing liquid air, etc. In a good Dewar flask half a gallon 
liquid air will take a week to evaporate, altho separated from’ the atmosphere of the roor 
by only 4% to 84 in. * With rising temperature, however, radiation plays an increasing] 
important part, until at furnace heats and above it becomes the principal means'of effec 
ing heat-transfer; and radiation takes place most readily of all thru a vacuum. ‘A she 
of bright tin plate with free air circulation behind itis frequently a better protection to 
wooden wall than asbestos applied directly to the wood unless the asbestos is very thicl 
Tn engineering practice much heat is continually wasted because of insufficient attentic 
to thermal insulation. : ; 


14. Changes Due to Heating 


Heat and Expansion. Altho most substances expand as they are warmec 
or if hindered from expanding freely will exert pressure upon their container 
water between o°. and 4° C., quartz-glass below —84° C., and some other sul 
stances are exceptions to the general rule., When heating causes a body 1 
change its state of aggregation (melt, vaporize, etc.) there is also change 1 
yolume., This may be either an expansion or a contraction, and.may | 
accompanied by little or no change of temperature until after the process 
completed. \ ’ 4 

Thermal Hysteresis. When a solid has its temperature changed, e 
pecially by rapid: cooling, slow changes in its dimensions’ continue long aft 
it has attained the same temperature thruout its entire extent. These chang 
are often so minute as to require extremely delicate means for detection; b 
in such cases as glass they,are very marked. The gradual contraction 
thermometer bulbs has been observed to continue, for over a quarter of 
century, causing the zero, reading to rise. The zero point of even, a got 
thermometer may be shifted many degrees ina few minutes by heating. 
several hundred degrees. (Bul. Bureau Standards, yol. 2, 1906, p. 18¢ 
Most of thisafter-effect disappears in a few hours or days, and the process 
considerably accelerated by prolonged heating at a high temperature follow 
by slow annealing. ; 

Laws of Change. As long as a physically homogeneous body is x 
subjected to treatment.that causes more or less, permanent alterations in. 
structure, its yolume appears to be a definite function of its temperature a) 
pressure, when, these are uniform thruout its entire extent. The amou 
of-expansion under constant pressure caused by a given change of temperatu 
depends upon the material/of the body. Solids and liquids differ consid 
ably among themselves and follow no regular law: Gases, on’ the other hat 
show remarkable uniformity, all expanding about too /273 ="0-367 of thi 
volumes at o° C. when ‘warmed from this temperature to too® C.. (Law 
Gay-Lussac.) Besides, ‘all’ gases expand very nearly alike thruout gre 
ranges of temperature; and the particular pressure under which a gas 
warmed makes yery little difference. ae poate. 

Coefficients of Expansion... If the volume at (° is V and at-o® is) ] 
then’ the rate at-which unit volume changes under constant pressure w 
change’ of temperature is (dV /dt)/V, which is called: the true. coeflick 
pf cubical expansion at #; while (V —V,)/Vof=a is called the mean-ze 
‘coefficient from o° to #°. Similarly, if L represents the length of a solid, th 
(L— Lo)/Lot =,8 is the mean-zero, coefficient of linear expansion from 0° to’ 
These definitions give V + Vi)(z-+at) and L = Ly (1 +t), Usually a anc 

are so small thatione may assume a = 3 f. i é 


hut cel tas 


+4 
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_ Values of the coefficient of cubical expansion for solids are given above in Art. 7. The 
coefficient of linear expansion is one-third of the cubical. Art. 7 gives values for the 
Centigrade de To find coefficients of linear expansion for the Fahrenheit degree, 
multiply tabular values by 0.185. Thus, for steel; the table gives coefficients of cubical 
expansion ranging from‘ 0.000030 to 0.000041, hence coefficient of linear expansion for 


the Fahrenheit degree ranges from ° J6000055 tO 0,000076, while mean value giyen for - 


steel on p. 404 is 0.0000065. 


Dalton’s Law. In a mixture of several gases or vapors that do not react 
upon eachsother chemically the pressure exerted is approximately the same as 
if each constituent exerted the full pressure it would exert if it alone filled the 
entire volume; that is to say, if volumes Vi, V2, V4, . . . , of different gases 
and vapors, all under the ame pressure and at the sameitemperature, when 
mixt fill a volume V, then P=/,+/.+),+ .. ., approximately, where-pi= 
PVi1/V; f2=pV2/V;. etc. This relation is more, accurately fulfilled the 
farther all the vapors are from the conditions under which they liquefy and 
the less their liquids dissolve one another. | p,, p2, etc., aré spoken of as the 
partial pressures exerted by the different components. 


15. Sound 


_ Velocity of Sound in air at o° F is roso ft per sec, and it increases 1.1 ft 
per sec for each)1° F rise in temperature. A few values are 


TemperatureF, © —10° +10" 30° 50° +70° , +90° 
Velocity, ft persec, 1039 1061 1083 I105 1127 1149 


At o° C the velocity of sound in dry air is 331 meters per sec and it increases 0.609 meters 
per sec for arise ofeach degree of the Centigrade scale. At +-30°C the velocity; is about 
349 meters per sec. 

The velocity of sound in air is independent of the Percateteit pressure, and hence is 
the same on high mountains as at sea level, the temperature being.the same in both 
‘cases. It is said to be little influenced by fog or rain but materially altered. by-aqueous 
vapor and also by wind. 


A formula for velocity of sound in any solid or liquid is v=V/ Eg/w, Eg/w, where E= 
‘modulus of elasticity, w—=weight per cubic unit of the substance, and g=acceleration 
* gravity. Mean values of v are as follows in ft per sec: wd 


PMP rater. sxscd... Rite 4700  Coppers....... oso eetttiles LE FOO 
RrGale water... Mey... vee 4 765 Castiigoni iiss .sswile«sacisges 22/400 
TUMDER: ici 6 eee . 13 260 Wrought iron . +. T5 500 
SHYEE ie isvie ccc cciecccen See GSO Stcdllietiicn sive eNandcd 17 200 


TRESS is transmitted thru a solid with the same velocity as sound. 


The velocities of sound in different gases at the same pressure and temperature vary 
versely as the square roots of their densities. Thus, using densities of air and hydro-+ 
M as given on p.1526, the velocity in hydrogen at 0° F is 3980 ft, per sec. 
In open air the intensity of sound varies inversely as the square. of the distance of the 
‘source from the ear. For air in a pipe this law does not hold, but the intensity remains 
‘the Same for considerable distances, it being diminished only by internal frictional Te~ 


Ristinces The intensity also depends on the medium; the ticking of a watch is heard). 


2\% times as far under water as in air. It also depends on the yolume of sound pro~ 


‘duced by the sonorous body; the explosion of a volcano has been heard at a distance 


- 300 miles. 
gf When a sonorous body approaches the ear the tone perceived is higher than the true, 


and when it recedes the tone is lower... This is because high tones are produced by short 
“waves, and in the case of approach to the ear, the sound waves are! crowded coors or 
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METEOROLOGY 
16. Signals ef United States Weather Bureau 
Flag Signals for ordinary weather predictions are shown in Fig. 8. 


No. 1. No, 2. = NOs 35 No. 4. No. 5. Col 
Fair Rain or Local rain Tempera- Cold key 


weather. snow. or snow. ture. wave. 


i > [iw - a =a 


Fig. 8. Flags for Weather Predictions 


No. 1, alone, indicates fair weather, stationary temperature. 
No. 2, alone, indicates rain or snow, stationary temperature. 
No. 3, alone, indicates local rain or snow, stationary temperature. 
No. 1, with No. 4 above it, indicates fair weather, warmer. 
No. 1, with No. 4 below it, indicates fair weather, colder. 
No. 2, with No. 4 above it, indicates rain or snow, warmer. 
No. 2, with No. 4 below it, indicates rain or snow, colder. 
' No. 3, with No. 4 above it indicates local rain or snow, warmer. 
No. 3, with No. 4 below it, indicates local rain or snow, colder. 


Whistle Signals. A warning blast of from fifteen to twenty ‘seconds ¢ 
tion is sounded to attract attention. After this warning the longer 
(of from four to six seconds duration) refer to weather, and shorter blast 
from one to three seconds duration) refer to temperature; those for we: 
are sounded first. 


Blasts Indicate Blasts Indicate _ 
One"tong...3...,..0/. Fair weather. One short........ Lower tempera‘ 
Two long....... Rain or snow Two short........ Higher tempera 
Three long...... Local rain or snow Three short....... Cold wave. 


Storm and Hurricane Warnings are given by the flags in Fig. 9. 
N.E. Winds. S. E. Winds. N. W. Winds. S.W. Winds. Hurricane Color I 


Fig. 7. Storm and Hurricane Flags - 


A red flag with a black center indicates that a storm of marked violence is exp 
The pennants displayed with the flags indicate the direction of the wind; red, ez 
(from northeast to south); white, westerly (from southwest to north). The pennant 
the flag indicates that the wind is expected to blow from the northerly quadrants; 
from the southerly quadrants. By night a red light indicates easterly winds, and < 
light below a red light, westerly winds. 

Two red flags with black centers, displayed one above the other, indicate the ex 
approach of a tropical hurricane, or one of those extremely severe and dangerous 
which occasionally move across the Lakes and northern Atlantic coast. No nigl 
ricane warnings are displayed. 

Wind Pressure on Flags. Tests at the U. S. Navy Yard, Washington, D. C. 
the largest flags that could be handled in the wind tunnel, form the basis for an em 
formula for determining the pressure of wind on flags, for use in designing flagpoles. 
sizes of flags were used—one 3 X5 %% ft, and the other 214X414 ft—and velocities y 
from 20 to 60 miles per hour were applied. The following formula was found 0 re 
Se rh the constant varying but slightly with size of flags, being less for the large 


R=0.0003 AV1+9 
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| which R is the resistance in pounds, A is the area of flag in square feet, and V is the 
locity of wind in miles per hour. This formula is for steady wind pressure. It was 
ot found practicable to measure the forces produced by wind gusts. 


17. Local Weather Predictions { 


The wind and barometer indications for the United States are generally 
immarized in the following table (E. B. Garriott, U. S. Dept. Agriculture). 


Barometer reduced to sea level Character of weather indicated 


W. to NW.|30.10 to 30.20 and steady.-...-. Fair, with slight temperature changes, for 
: I to 2 days. 


W. to NW.|30.r0 to 30.20 and rising rapidly|Fair, followed. within 2 days by rain. 

}W. to NW.)30.10 to 30.20 and falling slowly |Warmer, with rain within 24 to 36 hours. 

SW. to NW.|30.10 to 30.20 and falling rapidly |Warmer, with rain within 18 to 24 hours. 

)W. to NW.|30.20 and above and stationary -|Continued fair, with no decided temper- 

i ature change. 
3W. to NW.)30.20and above and falling slowly|Slowly rising temperature and fair for 
2 days. 
3. to SE... .|30.10 to 30.20 and falling slowly |Rain within 24 hours. 
3. to SE... :|30.r0 to 30.20 and falling rapidly} Wind increasing in force, with rain within 
12 to 24 hours. 

3E. to NE..|30.10 to 30.20 and falling slowly|Rain in 12 to 18 hours. 

SE. to NE..|30.10 to 30.20 and falling rapidly|Increasing wind, and rain within 12 hours. 

3. to NE..-|30.10 and above and falling|In simmer, with light winds, rain may not! 

slowly. . fall for several days. In winter, rain 
within 24 hours. 

i. to"NE...|30.10 and above and falling\In summer, rain probable within 12 to 

: rapidly. 24 hours. In winter, rain or snow, 
with increasing winds, will often set in 
when the baromete> begins to’ fall and 

: the wind sets in frem the NE. 

SE. to NE..|30.00 or below and falling slowly] Rain will continue 1 to 2 days. 

3E. to NE..|30.00 or below and falling rapidly|Rain, with high winds, followed, within 

, 36 hours, by clearing, and in winter by 
colder. 

3. to SW. --|30.00 or below and rising slowly.|Clearing within a few hours, and fair for 

several days. 

Dan LO, Bea's nn 29.80 or below and falling rapidly|Severe storm imminent, followed, within 
24 hours, by clearing, and in winter by 
colder. 

Severe northeast gale and heavy precipi- 
tation; in winter, heavy snow, followed 
by a cold wave. 

Going to W.|29.80 or below and rising rapidly|Clearing and colder. 


E. to N.._..|29.80 or below and falling rapidly 


As a rule winds from the east quadrants and falling barometer indicate 
oul weather; and winds shifting to the west quadrants indicate clearing and 
air weather. The rapidity of the storm’s approach and its intensity are 
dicated by the rate and the amount in the fall of the barometer. 

The indications afforded by the wind and the barometer are the best guides 
or determining future weather conditions. As low barometer readings 
sually attend stormy weather, and high barometer readings are generally 
ssociated with clearing or fair weather, it follows that falling barometer 
adicates precipitation and wind, and rising barometer, fair weather or the 
pproach of fair weather. As atmospheric waves or crests (areas of high 
arometer) and troughs or depressions (areas of low barometer) are, by 
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natural laws, caused to assume circular or oval forms, the wind direc 
with reference to areas of low barometer are spirally and contraclocl 
inward toward the region of lowest atmospheric pressure, as indicate 
readings of the barometer. Areas of low barometric pressure are, in 
whirlwinds of greater or less’ magnitude and intensity, depending upo 
steepness of the barometric gradient. The atmospheric crests, or are 
high barometer, on the contrary, show winds flowing spirally clockwise 
ward from the region of highest barometric pressure. 

The wind directions thus. produced give rise to, and are responsible for, all local w 
signs; ‘The south winds bring warmth, the north winds cold, the east winds, in the: 
latitudes, indicate the approach from the westward of a low barometer, or storm 
and the west winds show that the storm area has past to the eastward. The indi 
of the barometer generally forerun the shifts of the wind. This much is shown b 
observations. fad 

During the colder months, when the land temperatures are below the water t 
atures of the ocean, precipitation will begin along the seaboards when the: winc 
and blows steadily from the water over the land without regard to the height of the | 
eter. In such cases the moisture in the warm ocean winds is condensed by the 
the continental area. During the summer months, on the contrary, the onshore 
are not necessarily rain winds. for the reason that they are cooler than the land s 
and their capacity for moisture is increased by the warmth that is communicated 1 
by the land surface. In such cases thunderstorms commonly occur when the ocea1 
are intercepted by mountain ranges or peaks. If, however, the easterly winds of s 
increase in force, with falling barometer, the approach of an area of low bar 
pressure from the west is indicated and rain will follow within a day or two. 

.. From the Mississippi and) Missouri valleys to the Atlantic coast, and on the 
coast, rain generally begins on a falling barometer, while in the Rocky Mount: 
Plateau districts, and on the eastern Rocky Mountain slope, precipitation seldom 
‘until the barometer begins to rise, after a fall. This is true as regards the eastern 
the country, however, only during the colder months, and in the presence of 

storms that may occur at other seasons. In the warmer months summer show 
thunderstorms usually come about the time the barometer turns from falling tc 
The fact that during practically the entire year precipitation on the great wester 
and in the mountain regions: that lie between the plains and’ the Pacific coast 
does not begin until the center of the low barometer area has past to the eastward o 
ward, and the wind has shifted to the north quadrants, with rising barometer, is 
portant one to note, 


18. Weather Observations 


Mean Temperature. When maximum and minimum readings of t 
ature are taken, the mean of the two is the mean temperature} of th 
The mean of all the daily means in a month is the mean temperature 
month. When a recording thermometer is used the area between thi 
and an axis of abscissas is to be divided by the length of that axis i 
to obtain the mean temperature for’ thé elapsed time. 

- Rainfall. The rain gage used by voluntary observers consists of < 
drical receiver 8 inches in diameter which has a funnel-shaped botte 
discharges into a ‘tube 2:53) inches in diameter. The cross section 
is one-tenth that of the receiver, and hence height of water in tube is te 
as great as actual rainfall.’ The depth in’ the tube is measured’ by 
which is so graduated, as to read the true rainfall in inches.: ‘The 
20 inches long so that a precipitation of 2 inches or less can be measure 
out-emptying it... ; : : 

~ Selé-registering rain gages catch the water and weight it, these being used at mait 
of U. S. Weather Bureau, ' Snowfall is caught,’ melted, and then measured; row 
inches of snow make one inch of water. A rain-gage at the top of a building gis 
rainfall than one on the ground,» . j i mn 

Voluntary observers of the Weather Bureau record maximum and minimum 
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» Temperature in the United States to Jan. 1,’ 1919 
Prepared by the Weather Bureau, U: S. Department of Agriculture 


States 
and Stations 
terri- 
tories 

Ala. { Piinghem 


Los Angeles. 
Sacramento. . 
San Diego: . 
SanFrancisco 


Cal, 


Denver. .... 
Col, / Grand Junc.. 
Pueblo., 
Conn. New Haven.. 
D.C.. Washington. . 
Jacksonville. . 
Key West... 
| Pensacola... . 


Savannah... 


Chicago...... 
Springfield... 
Ind. Indianapolis: . 
Des Moines... 
ke Dubuque... 
Keokuk... 


i | hiss. 


Kan, { Wichita...... 

Ky. Louisville. : 

La, { New Orleans. 
Shreveport. . 

Me. Portland...... 

Md. Baltimore. .... 


Mich., } Marquette. 
hina Port Huron 

. Duluth... . 
Minn. { St! Paul... 
Miss. . Vicksburg. . . 
> | Kansas City 


Dons {Marais 


Mo.. + St. Louis... 
} Springfield... 


Mont. Helena..;... 


Temperature F. 


Mean 
Jan. |July 
45 | 80 

80 
65 
go 
QI 
81 
81 
82 

53 | 67 
46 | 72 
54 | 67 
5° | 57 
29 | 72 
25 | 79 
29 | 74 
a 72 
33 | 77. 
54 | 81 
69 | 84 
52 | 81 
| 57 | 80 
42 | 78 
46 | 80 
50 | 80 
29 | 73 
35. | 79- 
24 |.72 
26 | 76 
28 | 76 
20 | 76 
18 | 75 
24.) 77 
27.) 78 
30.| 79 
34 | 79 
53 | 82 
46 | 82 
22 | 68 
33.|.77 
rbialby eg! 
24 | 72 
16 | 65 
22 | 69 
to | 66 
I2.| 72 
47 | 80 
26 | 78 
BE 0%9 
31 | 76 
20 | 67 


Extremes 
High-|Low- 
est’ | est 
104 |—10 
oz |— I 
93 |—22 
11g T2 
120 | 22 
118 | ~15 
106) | —12 
rI5 17 
109 28. 
tio | 19 
110 | 25 
Ior 29 
105 |—29 
104 |—19 
104 |—27 
Ioo |—14 
106 |—15 
tog | 10 
100 41 
103 if 
98 | 19 
too |— 8 
105 3 
105 8 
¥2E |—28 
106 |=16 
103. |—23 
107 |—24 
106) |=25 
Irmo | +30 
106 |—32 
108 |=27 
108 |=26 
107 |—22 
107 |—20 
102 7 
T1o |—-5 
103 |21 
LOS) =e 
Io4 |=—14 
104 | =24) 
108) | +27 
104 |—25 
99 |—41 
104 |—4T 
ror |— tr 
10k |—22 
107 |=22 
106 |—29 


States 
and 
terri- 
tories 


Stations 


Kalispell... . 
Miles City. . 
N. Platte... 
Neb: { Omaha..... 
Nev. . Winnemucca. . 
i Charlotte. . 
N. C..4 Hatteras.. 
{ Wilmington. 
N.D... Bismarck... 
N.H..Concord.....: 
Atlantic City 
NJ... { Cape May . 
N.Mex. .Sante Fe... 
Albany..... 


ae 


N.Y.. 4 Buffalo..... 


jOkla.. 
Oreg.. 
Eried... 3s. 
re | Philget.c: 
Pittsburg... 


I... .Block Island. . 
GC... Charleston... . 
D 


( Chattanooga 
Memphis. . . 
Nashville. . . 


San Antonio. 
. Salt Lake- C pr 
.., Burlington... 
eae : Lynchburg, 

Norfolk.. 

Seattle... 
Sbotaners 
Walla Walla. 


Wis... 
Wyo.. 


Cheyenne... 


Temperature F. 


Mean. | Extremes 
Jan. July High-|Low- 

; Py eat: est 
20) 64 | ‘97 |~34 
14 | 73 | 411% |—a9 
2I | 74 | 107 |—-35 
20 | 76-| 110 | —32 
29 | 72 | tog |—28) 
40 | 79 | 162 |— 5 
46 | 79 | ‘93 8 
46 | 79 | 103 | °§ 
7) 70) 107 |=45 
aI | 69 |. 102 | —23) 
32 | 72 | 104 |— 7 
34] 73 | 98 |— 7 
28 | 69 | 97 |_13 
22 | 72 | 104 |_24 
23 | 70 | 99 |—26 
as'| 70 | 95 |=14 
30 | 74 | 102 |—13 
24 | 70 | too |—23 
32 | 78 | 105 |—17 
29 | 75 | 104 |—20 
26 | 74 | 103 |—16 
335.| 80 | 108 |—17 
39 | 66 | 102 |-- 2 
26 | 72) 96 |—16 
32 | 76 | = — 6 
31 | 73 | 103 |—20 
31 | 68 | ‘92 |— 6 
49 | 81 | 104 or) 
to | 72 | 108 '—43 
16 | 75 | 107 |—36 
4z | 78 | tot |—10 
40 | 81 | 104 |— 9 
38 | 79 | 104 |—13 
43 | 82 | tro |= 6 
34 | 76 | 106 |—16 
44 | 80 | 113 }— 5 
53 | 83 | 99 8 
5 | 82 | 108 4 
29 | 76 | 162 | —20 
16 | 68 | 106 |—27 
26 | 77 | 105 |— 7 
40 | 78 | 105 2 
39 | 64 | “96 | ar 
27 | 69 | to4 |=30) 
33°] 74 | 1%3 |—17 
29 | 70 | ‘99 |~28 
3 | 76 | 106 |—-27 
15 | 73 | 104 |—43 
20 | 70 
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ature, precipitation, wind direction, general ‘character ‘of day, and miscellaneous phe- 
nomena suchas halos, dates of frost, hail, sleet, auroras, and tornadoes. The general char- 
acter of the day is recorded “clear” when the sky is 3/10 or less obscured, “partly cloudy” 
when from 4/19 to 7/19 is obscured, and “cloudy”? when more than 7/0 is obscured. 


19. Rainfall and Evaporation — 


Mean Annual and Monthly rainfall at many stations are given in Sect. 9, 
Art. 40. The term Rainfall includes both rain and melted snow. 


Measurements of Evaporation are made by placing water-tight pans 
_ at the level of the ground and noting daily the variations in depth, together 
with the rainfall. On a water surface similar measurements may be made 
by floating boxes. It is found that the evaporation from water surfaces is 
greater-than that from land, that it is greater in dry and desert regions than 
in cultivated ones, that it is less in low lands than on mountains, that it de- 
creases as the humidity of the air increases, and that it increases with the 
temperature of the air and the velocity of the wind. In the North Atlantic 
states the annual evaporation from land surfaces is, on the average, about 
40 percent, while that from water surfaces is about 60 percent of the annual 
rainfall. In low and level localities these percentages are decreased, while 
for high regions and steep slopes they are increased. In some arid localities’ 
west of the Rocky Mountains nearly all the rainfall evaporates from land 
surfaces, while the evaporation from: water surfaces may be several times as 
great as the rainfall. : 

Experiments made in 1909-10 by the U. S. Department of Agriculture 
gave the following figures for the annual evaporation at twenty places in the 
United States, the evaporating pan being at or very near the surface of the 
ground or water. y i 


Annual 


evapo- 
of pan, ration, 


‘ inches 


o 
Ma 
5 
B 
@ 
& 
& 
a 


Place Position of pan 


ny 
o 
o 
o 


164-50 


Salton Sea, Cal....----+--- 1500 ft inlands.,......-- sQ-5 % 
Salton Sea, Cal..... 500 ft at sea... . 108.65 
Salton Sea, Cal..... bsoollt atjséa .2s2. teat 2-0 106. 45 


Indioy Cally .e\- ee aaecice, zs miles from Salton Sea . - TIQ-33 

Mecca, Cal.-.--.--------+ 1 mile from Salton Sea. .- 107.81 

Brawley, Cale ees 20 miles from Salton Sea - . 103-55 

Mammoth, Cal..... 40 miles from Salton Sea . - 125-53 

N. Yakima, Wash, ..-..+-- ¥% mile west of city-...--+ 67.96 

| Hermiston, Ore..\..... eA { On raft in reservoir... - 68.05 
Qn ground......----..- 97-29 © 

Granite Reef, Ariz. ...... { } Floating in Salt River-. 97-74 

On ground ..2.+.- 2/1. - 115-18 


“California, O,.... 
Birmingham, Ala. - 


Floating in reservoir -- 
Floating in reservoir .~- - - 


45-99 
St-74 


LALLA ERAWEHRAAEHLHWAH AaanrerN 


Dutch Flats, Neb... --- A. few miles from Mitchell: --..-- 65.67 
“Deer Plat, Td.) 20.2214 On raft near water edge. ----.-- 77-43 
On ground of embankment -.. -- 79-00 
Ady Ores ao) ong clan «iste, 2 «| Floating in borrow pit ..-.----- 53-45 
Fallon, Nev. s-- =~. -« Floating in canal... -.....---.-- 55.45 
Lake Tahoe, Cal...... +.¢4./!2 ft above water... - 42.21 
Elephant Butte, N. Mex. .-.| Near Rio Grande River...-. poe 86.95 — 
Carlsbad, N. Mex. ..... , { Inithe city......-.- Bie. Cac 107.25 
In an alfalfa field....... jo a 94-35 
A few miles from Carlsbad. ..... 


Lake Avalon, N. Mex ..... 


94-51 
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The evaporation from a pan 2 feet in diameter is about 75 percent, that from a pan 


4 feet in diameter is about 50 per cent, an 
30 percent greater than the evaporation from a large pond or lake. 


that froma pan 6 feet in diameter is about 
The above figures 


may be roughly corrected by using these percentages; thus, at Birmingham, Ala., the 
true annual evaporation is 34.50 inches. 


The U. S. Weather Bureau maintains at selected locations hook gallge measurements 
of evaporation losses from cylindrical pans 10 in deep and 4 ft diameter, exposed on wood 
frames, bottom of pans 1 in above the ground, generally on level ground, and in full 
sunshine. Detailed description published in Monthly Weather Review, December, 1916, 
or in Circular L, Instrument Division, Weather Bureau No. 559. From comparisons 
available, it appears that losses from bodies of water of considerable area are 50 to 60 


percent as great as from pans exposed as above. 


the reports issued by the state section directors of the U. S. Weather Bureau. 


Station 
utes, 


Bismarck, N. D.: 


9-00 
St. Paul, Minn...| 8.40 
New Orleans, La.} 3.16 
Milwaukee, Wis..] 7.80 
Kansas City, Mo-]} 7.80 
Washington, D.C.) 7-50 
Jacksonville, Fla-| ‘7-44 
Detroit, Mich. .-.] 720 


New York City... 
Boston, Mass. - . . 
Savannah, Ga.... 
' | Indianapolis, Ind. 
Memphis, Tenn.. 


Inches per hour for 
5 min-| ro min- 


inches 


Maximum Intensity of Rainfall 


utes, 


60 min- Station 5 min- 
utes, 


Tnches per hour for al 


The records are published in detail in 


60 min- 
utes, 
inches 


6.00 
6.00 
4-86 


6.00 
3-90 
4-80 


Duluth, Minn..- 


| 2.00, }|Chicago, Ill... .. 6:60 
1:30, |/Galveston, Tex..| 6-48 
2.18 |{Omaha, Neb..--| 6.00 


4-20 1.25 ||Dodge City,Ilowa] 6.00 
6.60 | 2-40 ||Norfolk, Va..... 5-76 
5-10 1-78 ||Cleveland, O...-] 5.64 
7.08 | 2.20 |/Atlanta, Ga.....] 5.46 


6.00 2.15 ||Key West, Fla..-| 5-40 
4-92 1.60 ||Philadelphia, Pa.) 5.40 
4-98 1.68 |)St.. Louis, Mo..-|. 4.80 


2.21 |/Cincinnati, O...:) 4-56 
I-60 ||Denver, Colo...-.| 3-60 
3-60, 


I-60 
2-55 
I-55 
I-34 
1-55 
Tana 
I-50 
2.25 
I-50 
2.25 
1.70 
1.18 
I-35 


This table has been compiled from all the available records at stations of the U.S. 
Weather Bureau which are equipped with self-registering rain gages. 


; 20. Speed of Winds in the United States 


U. S.. Weather Bureau Records of the average speed of wind in miles ‘per 
hr at selected stations, and the highest speeds ever reported for a period of © 


five minutes. 


Station 


Abilene, Texas.... 


Albany, N. Y... 
Alpena, Mich... 
Atlanta, Ga..... 


Bismarck, N. D... 


Boise, Idaho.... 
Boston, Mass... 
Bufialo, N. Y... 


Charlotte, N.C... 
Chattanooga ;Tenn. 


Chicago, Ill..... 
Cincinnati, O. . 


Cleveland, 0...... 


Aver. | High- Station 

age est 

Ir 66 Denver, Colo..... 

aa 6 7° Detroit, Mich.,... 

te 9 72 Dodge City, Kan.. 

RW 9 66 Dubuque, Iowa: . . 

8 TA Duluth, Minn..... 

ae 4 55 Eastport, Me..... 

ivl fh 72 El Paso, Tex...,.. 

we Iss g2 Fort Smith, Ark... 

5 72 Galveston, Texas. . 

6 66 Havre, Mont...... 

an 9 84 Helena, Mont..... 

7 59 HuronySs Diciccces 

ms 9 73 Jacksonville, Fla... 


Aver- 
age 


” 


RONUNONRKHHON 


4 


” 
oa 


6 


High- 
est 
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Aver- | High- Station Aver- | High- 


Station 
7 age est age est 


14 Pittsburgh, Pa.....+ 
60 Portland, Me......- 
84 Red Bluff, Cal..... 
74 Rochester, N. Y... 
63 || St. Louis, Mo..... 
75 St. Paul, Minn.... 
62 Salt Lake Cy. Utah 
54 San Diego, Cal.... 
75 San Francisco, Cal. 
75 Sante Fe, N. M.... 
86 Savannah, Ga..... 
/ Spokane, Wash... . 
96 Toledo, Ohio...... 
66 Vicksburg, Miss. .. 
60. Washington, D. C.. 
Wilmington, N. C.. 


Kansas City, Mo .. 
Keokuk, Iowa. .... 
Knoxville, Tenn... 
Louisville, Ky.,..- 
Lynchburg, Va.... 
Memphis, Tenn... . 
Miles City, Mont.. 
Montgomery, Ala.. 
Moorehead, Minn.. 
Nashville, Tenn.... 
New Orleans, La... 
New York, N. ¥... 
Nor. Platte, Neb... 
Omaha, Neb...... 
Palestine, Tex..... 
Philadelphia, Pa... 


HoH 


Aarrun ow” 

IAN ADOPN HOON WH AAD 
a 
> 


il 


wmowwon Anh 
wo 
a 


4 

fo} 
x 
un 
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The Beaufort Scale is used by seamen. In following table the correspond- 
ing velocity per hour in statute miles and in| nautical miles is added. 


Velocity 


Intensity or force of wind. 
Beaufort’s scale 


Statute miles | Nautical miles 


per hour per hour 
o. Carm. Full-rigged ship, all sail set, no headwayjo to 3 o to 2.6 
1. Licht Arr. ‘ Justsufficient to give steerageway- - 8 6.9 
2. LicHt BREEZE. Speed of r or 2 knots, “full and 
byes geet RACE ABABA AB ect: DOO Sito: en 13 TE- 
3. GENTLE BREEZE. Speed of 3 or 4 knots, “full 
rE hee Se ete pce sake reste 18 15-6 
4. MODERATE BREEZE, Speed of 5 or 6 knots, “full 
and by” ..... RECSR HOO Sates we icicivie stolet aie aie 23 20.0 
5. Fresu Breeze. All plain sail, “full and by”... 28 24-3 
6. Srronc BREEZE. Topgallant sails over single- | 
reefed topsails .. 02. 220202. eee 22 34 29-5 
7. Moprrate Gate. Double-reefed topsails-...-. 4° bo g4ez 
8. FresH GALE. Treble-reefed topsails (or reefed 
upper topsails and courses). ..--.----------- 48 41.6 
9. Srronc Gate. Close-reefed topsails and courses 
_ (or lower topsails and courses)...+.--------- 56 48.6 
ro. Wxorr Garr. Close-reefed main topsail and 
reefed foresail (or lower main topsail and reefed 
foresail)... . Meee Se SeeB ago. Soe Soc oes 65 VARESE 
rz. Srorm., Storm staysails.....------.+--------- wee 65-1 
12. Hurricane. Under bare poles ....-.-------- go and over 78-1 and over 


The words “intensity” and “force,” used in connection with this scale, have no direc 
relation to pressure, but refer to speed or velocity. : 

The Pressure exerted by the wind against a plane area normal to its direc 
tion varies closely with the square of the velocity; thus, p =av*, When vi 
in meters per second and #, isin kilograms per square meter, @ = 0.075 
when v is in statute miles:per hour and ? is. in pounds per square foot,@=0.00; 
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21. Barometric Observations 


Whenever pressure i§ specified in terms of the height of a column of mercury, 
it is always tacitly understood that it is the height ‘the column’ balancing the 
pressure would have under “‘standard conditions,” that is, at o° C. and where 
g has the standard value g,= 980.665 cm ‘per sec per sec adopted: by the 
International Committee of Weights and Measures. In all cases where the 
mercury column (if of average barometric-height and at ordinary atmospheric 
temperatures) is to be read closer than 2 or 3 mm (0.1 in) one or more of the 

corrections described below must be made or the accuracy of the reading 
will be imaginary. 

Corrections. Let 7 be the height of the mercury column as read at #° C. 
with a scale correctsat 1° C. Whose: coefficient: of Jinéar expansion is 2. Let 
¢ be the latitude.and ‘the elevation, in meters, above sea level. 

(x) Temperature of the Mercury, =:Subtract 0:000182'I. 

(2) Temperature of the Measuring Scale. .Add #(¢-‘o)1. For brass 8 =0,000019; 
for glass 8 =0.009028. If, as is usual, the scale is correct at:o° C., the complete correction, 
(1) and (2), for the expansion of both the mercury and the scale may be made by subtract+ 
ing from the observed reading (0.000182 —f)/t,, which gives 

0.000163 /é for a brass scale, and 
0.0001 74.4 for a glass scale. 
Under ordinary conditions the correction may amount to as much as 4 mm, 

(3) Capillary Depression in a Cistern Samomabtce Add to. the reading of the ‘top of 
the meniscus the amount given in the table below corresponding to the internal diameter 
of the tube and the height of the meniscus. This somewhat uncertain correction can be 
ayoided by using a tube at least 25 mm in diameter. 


Capillary Depression of open 
(After Mendeléeff and Gutkowsky. Kohlrausch, 1910) 


Height of the meniscus in mm ‘ 5 


hon 

(4) Hreagnce of the eleva apbret This c causes a slight Besiresioig at high senaered 5 
atures, but is less than o.or mm under 4o?:C.!: : 

(s) Variation of Weight with Latitude and Elevation. ‘Multiply by g/go =(1 =0.0026 
cos 2 6—0,000 000 2 H), the local height obtained by applying'the above corrections’ to 
the reading. The correction for elevation is only o.r mm at 700 m, but the correction for 
Jatitude may amount to as much as 2mm, 9 
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Mean Barometer-Height 6 at an Elevation of H Meters above Sea Level 
(Kohlrausch) 


Air at 10° C. (s0° F.) bop = 760 mm. 


300 
733 


1300 
650 


‘The international meteorological formula for reducing height b of mercurial barqmeter 
at (°C. and latitude ¢ to height bp at o° C. and latitude 45° is 


H(x— 8% €/b) 
by =log.b + — 
logeby =loke (18 429 + 67.5 £ + 0.003 H) (1 + 0.0026 cos 2 $) 


22. Laws of Flight of an‘ Aeroplane 
Abstract from The Present! Status of Military Aeronautics, 
by General Geo. O. Squier, Signal Corps, U.S. A. 

Support. In this class of flying machines, since the buoyancy is practically 
insignificant, support must be obtained from the dynamic reaction of the atmos- 
phere itself. In its simplest form, an aeroplane may be considered as a single 
plane surface moving thru the air. The law of pressure on such a surface may 


be exprest by L=2kébAV? sing (1) 


in which L is'the lift (vertical force) acting’upon'the plane, & is the lift:coefii- 
cient involving also the effect of aspect ratio (i.e., the ratio of length of plane to 
breadth), 6 the density of the air, A the area of the plane, V the relative velocity 
of translation of the plane with respect to the air, and a the angle of attack; 
that is, the angle made by the plane with the direction of flight or translation. 


This is the form taken by Duechemin’s formula for small angles of attack such as are 
usually employed in practise, , The equation shows that the upward pressure on the plane 
varies directly with the area of the plane, with the sine of the angle of attack, with the 
density of the air, and also with the square of the relative velocity of translation. 

It is evident that the total upward force developed must be at least equal to the weight 
of the plane and its load, in order to support the system. If L is greater than the weight 
the machine will ascend; if less, it will descend. 

The constant k depends upon the shape and aspect of the plane and should be deter- 
mined by experiment. It approximates a constant value for small values of a; for exam- 
ple, with a plane x ft’ square kd =0.00167 as determined by Langley, when L is exprest 
in pounds per square foot and V in feet per second. 

Equation (1) may be written: AV2=L/2k6 sin 


‘If L and a@ are kept constant, then the equation has the form 
AV?=constant. 


An interpretation of (2) shows that the supporting area varies inversely as the square 
of the velocity. In the Wright aeroplane, the supporting area at 40 miles per hour 
is 500 sq ft, while-if the speed is increased to 60 miles per hour this area need be only 
500/ 2.25 =222 sq ft, or less than one-half of its present size. At 80 miles per hour the area 
would be reduced to x25 sq ft, and at 100 miles per hour only 80 sq ft of supporting area 
is required. It thus appears that if the angle of attack be kept constant while'the speed 
is increased to one hundred milés per hour, the total supporting/area may be reduced to 
80 sq ft, or two surfaces each measuring about 2.5 by 16 ft, or 4 by ro ft if preferred. 

In the case of a bird’s flight, its wing surface is “reefed” as its velocity is increased, which 
action serves to reduce its head. resistance and skin-frictional area, and the consequent 
power required for a particular speed. ‘ 


Determination of & for Arched Surfaces. Since arched surfaces are 
commonly used in aeroplane construction, and as the above equation (r) applies 
to plane surfaces only, it is important to determine experimentally the value 
of the coefficient of figure &, for each type of arched surface employed, especially 
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as k is shown in some cases to vary with the angle of attack, that is, with the 
inclination of the chord of the surface to the line of translation. 

Assuming e constant, the lift of any particular arched surface with a plane surface of 
the same projected plan and angle of attack may be compared. To illustrate, i in the case 
of the Wright aeroplane, assume L=1000 lb=total weight=W, A=soo 8q ft, V=40 
miles per hour=6o ft per second, and a = 7° approximately. Whence 

ppm seeders 2 FOO a 

2AV2sin a 2X500X60?X% 
Comparing this value of & with Langley’s value 0.004 for a plane surface, V being in miles 
per hour, the lift for the arched surface is 25 per cent greater than for a plane surface of 
‘the same projected plan. That is, the arched surface is dynamically equivalent to a plane 
surface of 25 per cent greater than the projected plan. Such a plane surface may be 
defined as the “equivalent plane.” 
Resistance and Propulsion. The resistance of the air to the motion of an 
aeroplane is composed of two parts: (@) the resistance due to the framing and 
load; (5) the necessary resistance of the sustaining surfaces, that is, the drag, 
or horizontal component of pressure, and the unavoidable skin friction’ Dis- 
regarding the frame, and considering the aeroplane asa simple plane surface, we 
may express the resistance by the equation 
R=W tana+afA (3) 
in which R is the total resistance, W the gross weight sustained, a the angle of 
attack, f the friction per square unit of area of the plane, A the area of the plane. 
The first term of:the second member gives ‘the drag, the second term the skin 
friction. The power required to propel the aeroplane is H =RV, in which 'H is 
the power, V the velocity. Now W varies as the second power of the velocity, 
as shown by equation (1), and f varies. as the power 1.85, as will be shown later. 
Hence the total resistance R of the air to the aeroplane varies approximately as 
the square of its speed, and the propulsive power practically as the cube of speed. 

Most Advantageous Speed and Angle of Attack. Again regarding W and A 
as constant, a may, by equation (1), be computed for various values of V, and f 
be found for those velocities from the skin-friction table given on page 1548. 
Thus 6, R and H may be found for various velocities of flight, and their mag- 
nitudes compared. In this way, the values in the following were computed 
for a soaring plane x foot square weighing t lb, assuming k6 = 0.004, which is ~ 

_ approximately Langley’s value when V is in miles per hour. 


Computed Power Required to Tow a Plane One Foot Square, Weighing One 
Pound, Horizontally thru the Air 


=0.0022 (V=ft per sec) =0.005 (V =mi per hr). 


Melocity Aoslect Computed resistance in pounds Tow-line ae 
miles attack power {t-lb Horse! 
per hour degrees Drag Friction Total per see | power, Ib 
30 8.25 0.145 0.0170 0.162 7.13 77 i 
35 5.94 0.104 0.0226 0.1266 6.51 84.3 
40 4.52 0.0790 ©,0289 0.1079 6.32 86.7 
45 3.55 0.0621 0.0360 0.0981 6.39 86.1 
50 2.88 0.0500 0.0439 0.0939 6.89 80.2 
60 2.03 0.0354 0.0614 0.0968 8.50 64.7 
7° 1.47 0.0257+ 0, 0814 Q.1071 II.00 50.0 
80 1.12 0.0195 0, 1045 0.1240 14.56 35.8 
go 0.88 00,0154 ©.1300 0.1454 19.17 28.7 
100 0.71 0,0124 0.1584 0.1708 25.00 22.0 


2. | ee 
Column two, giving values of @ for various speeds, is computed from equation (a). 
Thus, at 30 miles per hour, 


I 
2kdAV? 2X 0.004 Xx X30? 


sina = 
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whence a=8°.25. Column three is computed from the term W tan @ in equation (3), 
- thus, Drag=W tan a= Xtan,8°.25 =0.145- Column. four is computed from the, term 
2fA in equation (3), f being taken from the skin-friction table given below. se ae 
_ The table shows that if a thin plane 1 ft square, weighing x lb, be towed thru the air so 
as just to float horizontally at various velocities and angles of attack, the total resistance 
becomes a minimum at an angle of slightly less than 3°, and at a velocity of about, 50 miles 
per hour; also that the skin friction approximately equals the drag at this angle. The 
table also shows that the propulsive. power for the given plane is a minimum at a speed of 
between 4o and 45 miles per hour. the angle of attack then being approximately 4.5°. 
The last column of the table shows that the maximum weight carried per horse-power is 
Jess than.go Ib. , This horse-power may be increased by changing the foot-square plane to 
arectangular plane and towing it long-side loremost; also by lightening the load, and let- 
ting the plane glide at a lower speed; but,,best of all, perhaps, by arching it like a vulture’s 
wing and also towing it long-side foremost, as in the prevailing practise with aeroplanes. 


Skin Friction in Air.’ Even as late as Langley’s experiments, skin friction 
in air was-regarded as a negligible; quantity, but the extensive and reliable 
experiments: of Zahm.in,air showed that it -was appreciable..,.As;a result. of 
his research on atmospheric friction the following equations are deduced: 


f40,00000778 1-% %7p1-85:(y = ft per sec) 

f =0,0000158)—°97p!85(9 = mi per hr) 
in which fis the average skin friction per square foot and / the length of surface. 
From this equation the accompanying table of frictions was computed. 


? Friction per Square Foot for Various Speeds and Lengths of Surface 


-- Average friction im pounds per square foot 


1-ft plane | 2-ft plane | 4-ft plane | 8-ft plane 16-ft plane|32-ft plane 


5 0.000303 | 0-000289 | 0.000275 0.000262 | 0.000250 | 0.900238 
19 | 0.00112 Q.Q0105 OQ. OOLOT 0.000967 | 0.q00922 | 0.000878 
15, 0.00237 0.00226 0.00215 0.00208 ©.00195 0.00186 
20 | 0.00402 0.00384 0.00365 0.00349 0.00332 0.00317 
25. 0.00606 0.00579 0.00551 0.00527 0. 0050T 0.00478 


30 0.00850 9. 00810 0.00772 0.00736 ©. 00701 0.00668 


35 0.01130 0.0108 0.0103 0.0098 0.00932 0.00888 
4o | 0.0145 0.0138 0.0132 0.0125 0.0125 O-0114 
50 | 0.0219 0.0209 0.0199 6/0190 0-o18r 0.0172 
60 | 0.0307 0.0293, 0.0279 9.0265 0.0253 0.0242 
yo | 0.0407 0.0390 90-0370 0.0353 0.0337 0.032I 
80 0.0522 @.0500 0.0474 0.0452 0.0431 0. 041T 


go. | 0.0650 0.0621 
Ioo | 0.0792 0.0755 


0.0590 0.0563 0.0536 0.0511 
0.0719 0.0685 0.0652 0.0622 


The numbers within the rules, represent data coming within the range of observation. 
These observations show that, ‘‘ the frictional resistance is at least as great for air as water, 
in proportion te their densities. In aeronautics it is one of the chief elements of resistance 
both. to hull-shaped bodies and to aero-surfaces gliding at small angles of flight. ut | 


WEIGHTS AND MEASURES 
23. The Metric System 


The Unit of Length in the metric system is the meter, a length very nearly 
equal to the one ten-millionth of the distance between the equator and the 
pole. The original metér was a platinum bar constructed and deposited in 
the Archives of the French Republic in r799._ At the same time a platinum 
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weight was constructed which was made as nearly as possible equal to the mags 
of a cube of pure water at 4° C., the sides of the cube being’one tenth the length 
of the meter, This weight, which is equal to one thousand units in the metric 
system, is called the kilogram. 


The use of the meter as the basis of geodetic surveys had become so general thru- 
out Europe that a conference was called in Paris, France, in 1870, for the purpose of 
establishing a central bureau where the ‘standards of’ the different countries could be 
infercompared. As a result'of this.conference an International Bureau of Weights and 
Measures was: established near Paris, France, in 1875; by the concurrent action of the 
principal nations of the world... One of.the first tasks undertaken by the Bureau was the 
construction of exact copies of the meter and kilogram deposited in the Archives... Thirty- 
one standard meters of iridio-platinum and forty kilograms of the same alloy were con- 
structed and carefully compared with thé standards of the Archives and with one another. 
This great work was completed in 1889, and the meter and kilogram which agreed most 
nearly with the original standards were called international prototypes, and were depos- 
ited at the International Bureau, where they are maintained to-day subject to the authority 
of the International Committee on Weights and Measures. The remaining meters and 
kilograms were distributed by lot to the different nations which contributed to the sup- 
port of the Bureau. The United States secured two copies of the meter and two copies of 
the kilogram, which are in the custody of the Bureau of Standards’ at Washington. One 
of the meters, known as No. 27, and one kilogram, No. 20, were selected as the United ~ 
States standards, while the other meter and kilogram are used as working standards. It 
was the declared intention of the International Committee that the various national 
prototypes should be returned to the International Bureau at regular intervals for the 
purpose of recomparing them with the international standards and with one another. 
Tn this way all measurements based upon metric standards thruout the world are ulti- 
mately referred to the international meter and kilogram. 


The Unit of Capacity in thé metric system is the liter, which is defined as 
the volume of one kilogram of pure water at the temperature of maximum 
density (4° C.) under.a pressure of 76 cm of mercury. For all practical. pur- 
poses the cubic decimeter and the kilogram of water may be regarded as iden- 
tical, the difference between them being less than three parts in one hunetied 
thousand, the kilogram of water having the larger volume. ’ 


24. The English System 


Units of Length and Mass. While it is the common impression that the 
customary system of weights and measures in use in the United States is 
identical with the system in everyday use in Great Britain, there are important 
differences in some of the units, For all practical purposes)the units of length 
and mass are, the same, altho the fundamental standards are quite different 
in the two countries. In Great Britain the standard yard is a, bronze bar 
in the custody of the Board of Trade and preserved in the Standards Office, 
Westminster. In terms of the International meter, in England, one yard 
equals 36/39.370113 meters. In the United States the yard is defined as 
3600 13937 meters. The difference amounts to only a little more than one 
part in 400000 which is about the difference found in ‘comparing’ the _ 
perial yard’ with its authentic copies at different ‘periods. 

It is therefore doubtful whether there is a real difference between the English and United 
States yards. The difference is merely one of standards, the standard of Great Britain 
‘being the bronze bar previously referrred to, while in the United States the fundamental 

- standard is the International meter, of which the U. 5. yard is a certain definite fraction, 
easily measured with the proper-apparatus. A similar condition exists. with respect to 
the avoirdupois pound; in England a certain. platinum cylinder deposited in the Standards 
Office is regarded as the standard pound, while in the United States the pound is defined 
as 453.5024277 grams of which the International kilogram contains tooo, ‘This is, the 
same as the legal value in Great Britain, so that the only difference between the British 
system in the two countries is one of fundamental standards. 

The Capacity Measures of the two countries are, however, quite different. 
The United States: gallon of 231 cubic inches and the Winchester bushel of 


* 
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2150.42 cubié inches have not been legal measures in Great Britain since 
1825, having been superseded by the present Imperial gallon, which is defined 
as the volume of ro lbs of pure water at 62° Fahrenheit, weighed against 
brass weights in air at the same temperature as the water, and with the 
barometer at 39 in. The Imperial bushel is defined as the volume of 80 Ibs 
of water weighed under the same conditions as the gallon. The bushel of 
Great Britain is, therefore, exactly equal to eight gallons. The volume of 
the Imperial gallon, according to the most reliable data available at this time, 
is 277,420 cubic inches and the bushel 2219.36 cubic inches, the first being 
larger than the United States gallon by approximately 20% and the latter 
larger than the United States bushel by 3.2%. 


25. Chinese Measures 
The following gives the new system of weights and measures adopted by 
China in pursuance of the imperial rescript of August 28, 1908. 


Measures or LENGTH MEASURES OF SURFACE 

Chinese Metric Chinese Metric 
1 Hao equals 0.0032 Centimeter 1 Hao equals 0.006144 Are 
1 Li pA 0,032 7 1 Li g 0.06144 ** 
1 Fen we 0.32 sf 1 Fen ae 0.6144 “ 
Ty TS ion 3.2 Centimeters 1 Fang pu ot 0.0256 ~ ‘* 
BeChhih i 0.32 Meter 1 Mu 4 6.144 Ares 
1 Pu on 1.6 Meters 1 Ch’ing bY 614.4 M4 
1 Chang. ‘‘ 3.2 iD 
r Li fa 576. is 

MEasvREs OF CAPACITY MEASURES OF WEIGHT 
Chinese Metric Chinese Metric 
1 Shao equals 0.0104 Liter 1 Hao equals 0,.0037301 Gram 
1 Ko os 0.1035 ‘* 1 Li nt 0.037301 ** 
1 Sheng re 1.0355 Liters 1 Fen ae 0.37301 bes 
1 Tou ey Miro taiss t= 7s rt Ch’ien ms 3.7301 Grams 
i Hu en 51.7734 | “* 1 Liang esi 37-301 i 
1 Tan or Picul § “r03'§469 + “ 1 Chinorcatty‘' 596.816 As 


26. Japanese Measures 

The Kwan, equal to 3.75 kg or 8.267 pounds avoirdupois, is the unit of 
mass. It is divided into 1000 mommes, the momme into 1o funs and the fun 
into 10 rins, the rin into 10 mos, and the mo into to shis. 

The Shaku is the unit of length, equal to 1/33 (0.30303) meter, or 0.994 
U.S. ft. The shaku is decimally divided into sun, bu, tir, mo, shi. Multi- 
ples of the shaku are the ken, equal to 6 shaku; the cho equal to 60 ken, and 
the ri, equal to 36 cho, or 12 960 shaku, 

The shaku (land measure) is equal to 0.00033 are, or 0.9884 sq ft, ten shaku equal 
one go and ten gos equal one bu or tsubo, thirty bu equal one sé, ten sé one i anc 
ten tan one cho. 

The shaku (capacity measure) equals 0.01804 liter, or 0.0187 U. S. liquid quart, ter 
shakus equal one go, ten gos one sho, ten shos one to, and ten tos one koku. The metric 
weights and measures are recognized as legal in accordance with the above: equivalents 

27. Russian Measures 

The Funt, equal to 0.4095 kilogram, or 0.9028 lb avoirdupois, is the basis 0! 
Russian weights. The funt is divided into 96 zolotniks or 32 loths, and th 
zolotnik is divided into 96 dolias; 40 funts equal one pood. 

The Archine, equal to 28 inches or 0.71120 meter, is the basis'of the length 
measure. The archine contains 16 verskops; three archines equal one sagent 
and 500 sagenes equal one verst. 

The dessiatine, equal to 2400 square saganes or 2.6997 acres, is the unit for land measure 

The tchetvert, equal to 2.099 hectoliters, or 5.9567 U. S. bushels, is the unit for dr 
measure. The tchetvert is divided into 8 tchetveriks, and the tchetverik into 8 garnetz 
Twelve tchetverts equal one last. 

The vedro, equal to 12.2993 liters, or 3.2491 U, S. gallons, is used for liquids, 


r 
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28. Special Commercial Units 

For Logs the Doyle rule, known in some sections as the Connecticut River Rule, the 
St. Croix Rule, the Thurber Rule, the Moore and Beeman Rule, and the Scribner Rule, 
is more generally employed than any other: Deduct 4 inches from the diameter of the log, 
as an allowance for slab; square one-quarter of the remainder and multiply the result 
by the length of the login feet. It is the usual custom to measure the diameter inside 
the bark at the small end. 

The Miner’s Inch is defined as the quantity of water that will pass thru an orifice - 
one square inch in cross-section under a given head. The head has been fixt in various 
‘localities as from four to six and one-half inches to the center of the orifice. 

Bushel (dry measure)=4 pecks=8 gallons=32 quarts, 1 struck bushel=1.24445 
cu ft=2150.4 cu in. 

‘Barrel. The crude oil barrel is/42 gallons, while the refined product is bought and 
sold on the basis of 50 gallons to the barrel. The large lime barrel contains 280 Ib; the 
small one 180 lb. Legal net weight of a barrel of flour=196 Ibs. For natural cement 
barrels contain 282 lb, for portland cement 376 lb. 

A legal standard barrel for fruits, vegetables and other dry commodities, except 
cranberries, contains 7056 cu in. Its outside dimensions are: Length of stave, 2814 
in; distance between heads, 26 in; diameter of head, 174 in; circumference of bulge, 64 
in; outside measurement and thickness of staves not greater than 0.4 in. For cranberries 
the corresponding dimensions of the barrel are 28 14 in, 2514 in, 164 in, 58 % in. 

Firewood is mostly sold by the cord of 128 cu ft. i 

Old Foreign Units, still sometimes used, with their U. S. equivalents, are as follows: 

Central America: libra = 1.014 |b, arroba = 25.36 lb, quintal’= ro1.41 Ib, vara = 
32.87, 32.99, and 33 in. j 

Cuba: libra = 1.016 lb, arroba = 25.37 lb, vara = 33.38 in. 

Danish West Indies: pund = 1.023 Ib, fod = 1,029 ft, tonde = 3.948 bu, pot = 

~ 0.2552 gal, mil = 4.68 miles. 

Mexico: libra = 1.015 lb, arroba = 25.366 lb, vara = 32.992 in, frasco = 2.5 qt. 

South Africa: leaguer=153-64 gal, muid=3.095 bu, morgen=2.116 acres. 

South America: libra=1.014 lb, arroba=25.36 and 25.40 lb, quintal=1o00 and ror.42 
Ib, vara=32.91 and 33.38 in. 

Spain: libra=r.0143 Ib, arroba=25.36 and 25.40 lb, vara =32.913 in, butt=140 gal. 

Texas and States on Mexican border: vara=33 4 in=2.778 ft, 5645.376 sq varas= 
1 acre, labor=1 000.000 sq varas=177.136 acres, league=25 000 000 sq varas=4428.4 
acres. : 

Turkey: oke=2.819 lb, kilé=1.1 bu, pic=about 27 in. 


29. Equivalents of Units 
In the following tables the quantities in the same line are equivalents. For 
example, 1 kilogram equals 2.20462 pounds or 0.980665 megadynes. 
Numbers in boldface type are exact values by definition. The notation 
o.(%)x259 indicates that the (*) is to be replaced by three ciphers. 


Density : ; Force 


Short ton 
per cu yd 


Megadynes|Kilograms| Pounds 


0.84278 
I.92572* 
0.0135 


2.20462* 2.13033* 


1.18655 I 
0.0742 8* 


0.11983 ©. 10099 -1 Megadyne = 10° dynes. 
| f.07855* T.00428* * Logarithm of the number imme- 


* Logarithm of the number immediately above. diately above, 
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I Stet zo decimeters=zoo centimeters=xo00 millimeters= r0° microns =0.1 x deka 
meter =o.o1 hectometer =0.001 kilometer =0.coor, myriameter. 
1 U. S. yard =3600/3937 meters (by definition); log =1.9611371. 


Rods, | Chains,’ 
Meters | Inches | Feet Yards | Links | poles, or} q; H 
unter’s| 
perches Vyas 
I 39-37 |3-2808 | 1-0936 | 4.971 |o-1988 _o-04971 e-(8) Gara) 0.(3)5; 396] 
1.59517*|0. 51508*|0.03886*|0.69644"|£- 29850*|2.69644*|4-79335* |4-7320 07" 
lo. 02554 I 0.08333 [0.02778 | 0O- 1263 0.005051 |o-001263|0-(4)1578|o.(4) 1371 
2.40483* 3..92082*|3. 44370" |T-10127° *)3_40333*|3-10127*|5 -19818* |5.13690 
0. 3048 12 1 0.3333 | 1-518 |o-06062 |o.or515). }o-(3)1894 o.(3)1645 
I. 48402*|1-07918* .52288*|o. 18046*|3-78252*|2. 18046*|4.27787* |4-20608" | 
09-9144 36 3 I 4.545 |o-1818 '|o.04545 |o-()5682|0-@)4934 
i. 96114*|r-55630%|o. 47712* 0.65758*|£-25964*|2-65758*|4-75449* |4.69320° 
0. 2012 7.92 0.66 0.22 ba 0.04 0.01 |0.(3)1250\0.(3)1086 
7. 30356*|0. 89873" |T-81954*|1-34242* 3.60206*|3. 00000*|4.09691* |4.03564 
198 16.5 5-5 25 x 0-25 Jo-(2)3125|o.(2)2724 
2.29667*|1.21748*|0-74036"|1. 39794" %-39794*|3-49485*|3- 43357" 
792 * 66 22 100 I 0.0125 |o-01086 
2.89873*|1-81954*|1.34242*|2.00000% 0.60206* 2.09691*|2.03564* 
63360 5280' | 1760 8000 320 80 r 0.8684 
4.80182*|3.72263*|3-24551* 3. 90309*|2- 50515*|1-90309*) T-93872 
42962 | 6080.2 | 2026.73| 9212 368-5 92.12 |r.1516 rt 
[4-86 86310*|3- 78392"|3- 30680%)3-¢ 3. 96437*|2- 56643* 1.96437 |0.06128% ; ' . 


1 natitical mile of! the British admiralty = 6080 ft. 1 furlong=46 ade 660 i 


1 league =3 miles=24 furlongs. 


x fathom =2 yards= Cie 


* Logarithm of the number immediately above. 


Area 
x hectare = 100 ares = 10 000 centares or square meters, 


Square Square Square 
meters inches feet 
I 1550 "10.764 
\3219033*: |\r-03007*7 
o.(3)6452 I 0.006944 
4-80967* 3-84164* 
0.09290 144 I 
%.96803* |2. 15836* 
0.8361 1296 9 
¥.92227*|3.11260* |o.95424* 
25-29) 39204 Zhan 
1.40300* |4.5933* 2.43497" 
404.69 | 627264 4356 
a.60712* |5.79745* |3.63900% 
4046.9 | 6272640 | 43560 
3-60712* |6.79745* |4-63000* 
2589908 27878400 


6. 41330* 


plqase7* 


* ‘Logarithm of the number immediately above. 


“4 


Square Square ava 
yards -| rods ‘chains miles oF 
sections 
1. 1960 ° 042)a471 | 08)247 4] o4 (6)386r 
0.07773* |2-59700*|3.39288% |4-39288" | 7. 38670" 
jo.(8)7746 }o ()255x | 0-(5)x594) 9-(0) 1594) O- (9)249t 
5.88740% |$-40667*|6-20255* | 7-20255* | 10.39637* 
o-r111 * |0.(2)3673 | 0.(3)2296| 0-(4)2296] 0. (7)3587 
{.04576* |3.56503*|q-3609r” | §.36091*|8- 55473 
I 0.03306 |.0.(2)2066] 0 9-G)2066 °. (6)3228 
2.519247*|3-31515* |4-31515° | 7- 50898* 
30.25 I 0.0625 | 0.00625 | 0. (6)9766 
1.48072" 2. 79588*| 3. 79588"! 6. 98970* 
484 16 I 0.x | |o. @)rs62 
2.68484* |r. 20412* T.00000*| 7. 19382* 
4840 160 10 I 0.001562 
3.68484* | 2. 20412*| 1. o0000* > 13. 19382* 
3097600 | 102400 | 6400! 640 © ee! 
6.49102* | 5.o1030*| 3.80618*| 2.80618* ist 


* Art, 29° 


Equivalents of Units 
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Mass (Physicists’ system) or Force (Engineers’ system) 


x kilogram’=r1ooo"grams=0.001 metric ton: 


1 gm=1o decigrams=100 centigrams= 


rooo milligrams=o.r dekagram =o:or1 hectogram=o.0or kilogram =o-ooor myriagram. 
x U.S. Avoirdupois pound =0.4535924277 kg = (by definition) 7000/5760 troy pounds. 


Ounces 


Pounds 


apoth. 


Troy and|Troy and 
apoth, 


Tons 


= 


Avoir. Short, 


2000 |b 


Long; 
2240 Ib 


Metric, 
tooo kg 


32-151 

1.50719" 

0.002083 

3-31876* 

0.91146 

T.95074* 
I 


35-274 
1-54745* 


'0.(2)2286 
3-35902* 
fr 


1-097 
lo. 04o26* 
13-166 
1.11944* 
16 
r-20412* 
32000 
4.505i5* 
35840 
4-55437* 
35274 
4.54745* 


12 
1.07918* 
14-583 
1. 16386* 
29167. 
4.46489* 

32667 
4.51410* 

32151 
4-50719* 


2.6792 

6. 42801* 
o.(3)r736) 
4.23958" 
0-075955 
3. 88056*}: 


0.083333 
2.92082* 


1.2153 
0. 08468* 
2430-6 
3-38570* 
27222 
3-43492* 
2679-2 
3-42801* 


2.20461 
0- 34333* 


I 


2000 
3- 30103" 
2240 
3- 35025* 
2204.6 
3- 34333" 


thes HI 


BS 


I.12 


I-1023 


0.001102 
3-04230* 


0.(4)3125) 
5-49485* 
o. (4)3429 
5-53511* 
o. (3)4114 
4-61429* 
0.0005 
4-69897* 


0.04922* 


0.04230% 


0.(3)9842 
4-99300* 


0.oor 
3. 00000* 


o.(4)2835 
5-45255* 
o.(4)3110 
5.49281 
0.(3)3732 
9.57199" 
0.(3)4536 
4-65667* 
0.90718 
T.95770* 
T.o160 
0. 00691* 
I 


o.(4)2790 
5=44563* 
0.(8)3061 
4-56508* 
0.(3)3673 
9-56508* 
0.3) 4464 
4-64975* 
0.89286 
T.95078* 
I 


lo. 98421 
T.99309* 


I quarter=28 Ib 


_ avoir. = 437-5 gr. 


112 pounds. 


avoir. 
I stone=14 pounds. 


I pennyweight=24 gr=o0.0§ oz tfoy. 


r cental=1oo pounds. 


* Logarithm of the number immediately above. . 


Kilowatts vapeur 


1: 3600 


0.13342 
r 


I-333 


I-0139 


0.01333 
2.12493 


0.00184 


5-604 


1.435 


0.02340* 


0.12493" 


0.00598* 


3. 26562* 
©. 75542* 


0. 156827 


Power 


1 kilowatt = 1000 watts = 1000 joules per. second. 
x horse-power = 550 foot-pounds per second. 


Horse- 


Poncelet power 


Ftlb 
per sec 


M-kg 
per sec 


I oz avoir.=16 drams 
rt hundredweight= 


t apothecaries’ ounce =8 apoth. drams= 24 scruples = 480 grains, 


i ? r cheval-vaneur=75 kilogram-meters per second. 
Cheyal- 


Keg cal 
per sec 


Btu 
per sec 


I.0197 
0. 00848* 


0.75 
1.87506* 


I 


T-341 
0+12743* 


0.9863 
T.99402* 
1.3151 
o. 11896* 


I 


* 


0.7604 
T. 88104* 
0.01 
2. 00000* 


0.01315 


* 2. 11896* 


0.00138 
3- 14068* 
4.271 
9.63049* | 0. 74945* 
1.076 I.415 
0.03188* | 0. 15084* 


3 
3-25964* 
5.616 


0.001818 |' 


101.97 | 737-5 | 0.2388 | 0.9475 
2.00848* | 2.86780* | 1.37803" | I.97660* 
"5 542-5 | 0.1756 | 0.6069 
1. 87506* | 2.73438" | I-24456* | 7.84318 
100 423.3 0.2342 
2. 00000* | 2.85932*| I.36951* 
76.04 550 0.1780 
1.88104* | 2. 74036*| T.25055* 
I 4-233 | 0.002342 
0. 85932*| 3. 36951* 
0.1383 I 0.0003237 
T.14068* 4.51016* 
427.1 3089 I 
2.63049* | 3. 48984* 
107.62 478.4 


2-03188* | 2. 89120* 
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Speed and Velocity 


Knots 


° 0.02237 0.01942 

3.55630* | 2.sxs98* | 0-29413* | 2.34965 3. 28825* 

27.7778 I ° 0.62137 0.53960 
r. 2 


1-44370* gsg68* | r-73783* | 7.79335" | ¥-73207* 
30-4801 1.0973 b 60 0.68182 0.59209 
1.48402* | 0.04032* ’ 1-77815* | 1-83367* | T- 497238* 
0.5080 0.01829 0-01667 I 0.01136 ©-009868 
T.70586* | 2.26217* 3.22185* 2.05553* | 3-99423* 
44.7041 1.6093 1.46667 88 I 0.86839 ‘ 
1.65035* | 0-20670* | 0.16633" 1.94448* T.93872* 


% 


1.8532 1.68894 IOl-337 I-15155 


51-4972 
0.26793* | 0-22761* 200577* | 0.06128* 


r.71178* 


zy knot =z nautical mile per hour. 
* Logarithm of the number immediately above. 


Volume and Capacity 


z liter=1 cubic decimeter=1000 cubic centimeters=1o deciliters=1oo centiliters = 
zooo milliliters=o.1 dekaliter=o.or hectoliter =o.o1 kiloliter=o.oor cubic meters o1 


steres. 


Gallons 


U.S. ts 
hia Bushels | Titers 


Cubic | Cubic | Cubic 
i. Ss 


inches feet yards 


Liquid | Dry eee a 


x |o.@)57870l0-/)2143]0.017316|0-014881|0-004329]0-003720 0.(3)4650]0- 01638 
Z-76246* |§- 33109 |2.23845*|2-17263*|3-63630* 3.57057*|4-66748*|2. 21450 
oO. 
i 


1728 I 037037|29-922 |25-714 7.4805 |6-4285 0.80356 |28.317 

3-23754* 56864*|r-47599%|t-41017*|o-87393* 0. 808rr*|T- 90502*|1- 45205 

46656 27 I 807.90  |604-.28 |201-97 {173-57 21.696 |764.56 

4-66891*|1- 43136" 2..90736*|2-84153* 2. 30530*|2-23048* 1. 33638*}2- 88341 


57-75 |0-033420 0.001238 I 0.85937 0.25 |o.21484 |o-026855 0.94636 
1.76155*|2.52401* |3-09026* T.93418*|T-39794*|I- 33212* 2- 42903*|1-97606 
67.201 |0.038889 Jo-001440 p. 1637 cf 0.29091 0.25 |0.03125 |1- 1012 
1.82737*|2-58983* |3-15847*|0-06582* T. 46376" |T-39794*|2- 49485* |o- 04188 

231% 0.13368 jo-oo4951) 4 3-4375 I 0.85937 |o-i0742 |3-7854 
2. 36361*|T-12607* |3-69471*|0.60206* o. §3624* T.93418*|T.03109* |o- 57812 
268-80 0.15556 |o-0057€2|4.6546 4 1.1637 I 0.125 |4-4049 
2.42943*|E-19180* |3- 76073*|o-66788* 0. 60201*|o..06582* T-o9691*|0-64394 
21go-4 1.2445  |0-046092|37-237 32 = |9-3092 8 I 35-239 
3.33253 |0-09498* |2.66362*|1-57097*|1-50515* 0. 96891*|o-90309* | |t-54703 
61-023 |o-035315 |o-001308)1-0567 0-90808 Jo. 26417 |o-22702 |0.028377 I 

#1 + 15 * ain tz + |F «15. * 
[278550 3.54795" |3-11659*|0-02394 T-95812 ‘F-42188 T. 35606*|2. 45297 


x U.S. liquid quart=2 pints=8 gills=32 fluid ounces=256 fluid drams=768 flui 
scruples. 1 bushel=4 pecks. 

x Imperial gallon = 1.201 U. S. gallons = 0.1605 cu ft = 4.5460 liters. 

x U.S. gallon = 0.8327 Imperial gallons. 1 cubic foot = 6.229 Imperial gallons. 

x British bushel = 1.2837 cubic feet. 

Shipping Measure: 1 register ton = roo cu ft. 1 U.S.shipping ton = 40 cu ft 
x British shipping ton = 42 cu ft. 

* Logarithm of the number immediately above, 


Art. 30° Convetsion Tables © 1555 


Pressure 


Columns of 


Pounds Bile: mercury $ Columis of water 
Per Per pheres 4 
iT he Meters | Inches | Meters} Feet 
14-223 2048.2 0.96781 |o.73553 |28-958 |10.009 |32-837 


I-15300*}3. 31137*|0.01034*|T.98579*|1-86660*|x1- 46177*|1-00038*|1- 51636* 
144 0.072 |0.06804 Jo.051713|2-0359 |o.70368 |2.3087 
2.15836" |2 2.83279*|2.71360* |o- 30876*|T.84738*|0. 36336* 
0.006944 a 0. 0005 Jo. (3) 4725 |o.,(83)3591/0-014138|0.004887]0- 016032 
3-84164* q 4-67442* 14. 55524*|2- 15040*|3- 68g901*|2. 20500* 
13-889 2000 9-94504 |o.71823 |28-277 |9-7734 |32-065 
1.14267*|3. 30103* T.97545*|T-85627*|1.45143*|0-99004*| 1- 50603* 
14.697 2016.3, |, I 0.76 |29-92r |10.342 |33-929 
2~16722*|3. 32558" T-88081*|1..47598*|r-01459*|1-53058* 
19-338 |2784-6 |1- 1.3158 I 39-37 |13-607 |44-644 
1.28640*|3- 44476*|0.14373*|0.11919* 1-59517*|1-13378*|1-64976* 
lo. 49118 |70.729 |0-035365|0.033421]0.025400 I 0.34563 |1-1340 
T.69124*|1.84960*|2_54857*|2-52402*|2. 4o484* T.-53861*|0.05460* 
I-4211 |204-64 |0.10232 |0.096697|0-073489]2-8933 I 3-2808 
9. 15262*|2. 31099*|T-.00996*|2. 98541*|2.86622*|0. 46139* 0. 51598* 
62.374 |0-031187]0.029473|0.022399|0.88187 |o.30480 I 
I. 79500*|2- 49397*|2- 46942*|2. 35024*|T.94540*|T- 48402* 


* Logarithm of the number immediately above. tAt31s°C.andg=go. ftAto°C. 


Energy 


Cheval- Horse- British 
vapeur- power- | thermal 
hours hours units 


0:73756 | 0.(8)27778] 0.(6)37767| 2- (6)37251| 9 -(3)0475 
I-86780* | 7.44370 | 7.57711* | 7-57113* |4-97660% 


Meter- 
kilograms 


Kilowatt- 


Foot-pounds Roary 


0.10197 
T.00848* 


9.80665 I 71-2330 0.(5)27241|'0.(5)37937| 0-(5)36530} 0.009292 
_| 0-9915207* é 0-85932* | 6-43522* | §-56863* | 6-55265* |3.96812* 
1.3558 0.13826 I 0-(6)37662 | o.(6)51206] 0-(8)50505| 0.001285 
0.13220* T.14068* 7-57590% | 7.70932* | 7-70333* | 3-10880* 


6 
3-6 X10° 3.6710 X10"| 2.6552 X10 I 1.3596 I-3410 341I- 
5.55630% | 5-56478* | 6.42410* 0.13342" | 0.12743* | 3.53290" 

-}2.6478X10°| 270000 | 1.9529 X10"| 0.73550 I 0.98631 | 2509. 
6.42288* 5-43136* 6.29068* | T.86658* F-g9401* | 3.39948" 
2.6845 X10°| 2.7375 X10°| 1.98 x10° | 0.74571 | t-0139 I 2544- 

| 6.42887* | 5.43735* | 6-29667* | £.87257* | o.o0598* 3-40547 

| 1055. 107.6 778-4 0.022932 | 0.033986 | 0.03393 as 
3-02340* 2.03188* | 2.S9120* | 4.46710* | ¥-G0051* | 4- 59453* 


* Logarithm of the number immediately above. 


30. Conversion Tables 


The following tables give multiples for transferring English to metric 
measures or metric to English measures. For example, to reduce 39.37 
inches to centimeters, take. two numbers from the table at foot of page 1560 
and add them together, thus 39 in = 99.06 cm, and 0.37 in = 0.94 cm; then 
39-37 inches = 99.06 + 0. 94 = = 100,00 centimeters. 
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Art. 30 - Conversion Tables 1557 
Cubic Feet to U.S. Liquid Gallons 
Wi i ie re: ( 
Ft “ 
7.4805 |14.96r |22.442 |29.922 |37.403 |44.883 | 52.364 | 59.844 | 67.325 
Io | 74.805 |82.286 |89.766 |97.247 |104.73 |112.21 |119.69 | 127.17 | 134.65 | 142.13 
20 | 149.61 |157.09 |164.57 |172.05 |179.53 |187.0r 194.49 | 201.97 | 209.45 | 216.94 
30 | 224.42 |231.90 | 239.38 246.86 |254.34 |261.82 | 269.30 | 276.78 | 284.26 | 291.74 
40 | 299.22 /306.70 | 314.18 |321.66 }329.14 1336.62 344.10 | 351.58 | 359.06 | 366.55 
| 50 | 374.03 |381.51 |388.99 |396.47 |403.95 |4r1.43 '418.9r | 426.39 | 433-87 | 441.35 
60 | 448.83 |456.31 | 463.79 471.27 |478.75 |486,23 493-71 | 501-19 508.68 | 516.16 
70 | 523.64 |531-12 | 538.60 |546.08 (553.56 |561.04 |568.52 | 576.00 | 583.48 | 590.96 
80 | 598.44 |605.92 |613.40 |620.88 628.36 |635.84 \643.32 | 650.81 | 658.29 | 665.77 
[9° 673.25 |680.73 088.21 695.69 |703.17 |710.65 {718.13 | 725.61 | 733.09 | 749.57 
U.S. Liquid Gallons to Cubic Feet 
CS 1 
ae ° I 2 6 8 
Gal. 3 4 5 7 9 
0.1337 |0.2674 |0.4010 |0.5347 |0.6684 |0.802r | 0.9358 | 1.0694 | 1.2031 
ro | 2.3368 |1.4705 |1.6042 |1.7378 |1.8715 |2.0052 |2.1389 | 2.2726 | 2.4063 | 2.5399 
20 | 2.6736 |2.8073 |2.9410 |3.0747 |3-2083 |3.3420 |3-4757 | 3.6094 | 3.7432 | 3.8767 
30 | 4.0004 |4.144T |4.2778 |4.4115 |4.5451 |4.6788 |4.8125 | 4.9462 | 5.0799 | 5.2735 
40 | 5-3472 |5.4809 |5-6146 |5.7483 |5.8819 |6.0156 6.1493 | 6.2830 | 6.4167 | 6.5503 
50 | 6.6840 |6.8177 |6:9514 |7.085x |7-2188 |7.3524'|7.4861 | 7.6198 | 7-7535 | 7.8872 
Go | 8.0208 |8.1545 |8.2882 |8.4219 |8.5556 |8.6892./8.8229 | 8.9566 | 9.0903 | 9.2240 | 
70. | 9-3576 |9.4913 |9:6250 |9:7587 |9.8924 |10.026 |10.160 | 10.293 | 10.427 | 10.561 
. 50.694 |10.828 |10.962 |r1.095 |11.229 |11.363 \1I.497 | 11.630 | 11.764 | 11.898 
12,031 |12.165 |12.299 |12.532 |12.566 |12.700 |12.833 | 12.967 | 13.10L | 13.234 
Imperial Gailons to U.S. Liquid Gallons 
‘Imp. 9 I 2 3 4 5 6 7 8 9 
Gali 
I.2010 |2.4019 |3.6029 |4.8038 |6.0048 |7.2057 | 8.4067 | 9.6076 | 10.809 
to | 12.00 |13.2T0 |14.411 |15.612 |16.813 |18.014 |19.215 | 20.416 | 21.617 | 22.818 
| 20 | 24.019 |25.220 |26.421 |27.622 '28.823 |30.024 |31.225 | 32.426 | 33.627 | 34.828 
| 30 | 35-029 |37.230 |38.430 |39-632 |40.832 [42.033 |43-234 | 44.435 | 45-636 | 46.837 
40 | 48.038 |49.239 |50.440 |51.641 |52.842 |54.043 [55.244 | 56.445 | 57-646 | 58.847 
‘50 | 60.048 |61.249 |62.450 |63.650 |64.851 |66.052 |67.253 | 68.454 | 69.655 | 70.856 
60 | 72.057 |73-258 |74-459 |75-660 |76.861 |78.062 |79.263 | 80.464 | 81.665 | 82.866 
zo | 84.067 |85.268 |86.469 |87.669 |88.870 |90,071 [91.272 | 92.473 | 93-674 | 94.875 
“B80 | 96.076 |97.277 |98.478 |99.679 |100.88 |102.08 |103.28 | 104.48 | 105.68 | 106.88 
go 110.49 [111.69 |r11z.89 |114.09 |115.29 | 116.49 | 117.69 | 118.89 


| 108.09 |109.29 


U.S. Liquid Gallons to Imperial Gallons 


6 


4 5 


10.8327 
8.3267 |9.1594 
16.653 |17.486 
24.980 |25.813 
“| 33-307 [34-140 


41.634 |42.466 
49.960 |50.793 
58.287 |59.120 
66.614 |67.446 
74-942 \75-773 


4.1634 14.9960 
12.490 13.323 
20.817 21.649 
29.144 |29.976 
37-477 |38.303 


45-797 |46.630 
54.124 |54.956 
62.450 63.283 
70.777 \71.610 
79-104 79.937 


3.3307 
11.657 
19.984 
28.311 
36.638 


44.964 
53.291 
61.618 
69.944 
78.271 


1558 


Weights and Measures 


Kilograms to Pounds Avoirdupois 


3 


4 


5 


6 


7 


Sect, 


22-05 
44-09 
66-14 
88-18 


L10-23 
132-28 
154-32 
176-37 
198-42 


6.61 
28.66 
50-71 
72-75 
94-80 

116-84 
138-89 
160-94 
182.98 
205-03 


1 
I 
I 
I 
2 


3 


8-82 
30-86 
52-91 
74-96 
97-09 
19-05 
41-10 
63-14 
85-19 
07-23 


4 


121-25 
143-30 
165-35 
187-39 


II-02 
33-07 
55-12 
77-16 
99-21 


5 


101-41 
123-46 
145-51 
167-55 
189-60 


209-44| 211-64 | 213-85 
229A ELST lb 2 Se oe eee 


13-23 
35-27 
51-32: 
79-37 


6 


15-43 
37-48 
59-52 
81-57 
103-62 


125-66 
147-71 
169-76 
191-80 


7 


4-990 
9-525 
14-061 
18-597 
23-133 
247-669 
32-205 
36-741 


0- 4536 


0-907 
5-443 
9-979 

14-515 

19-051 


23-587 
28-123 
32-659 
37-195 
41-73% 


2) 1-361 
5-897 
TO=433 
14-969 
19-504 
24-040 
28-576 
33-112 
37-648 
42-184 


1-814 
6.350 
to. 886 
15-422 
19-958 
24-494 
29-030 
33-566 
38-102 
42-638 


2.268 
6-804 
Ir-i340 
15-876 
20-412 


24-948 
29-484 
34-019 
38-555 
43-095 


2-722 
7-257 
TI-793 
16-329 
20-865 


25-401 
29-937 
34-473 
39-009 
43-545 


3-175 

7-731 
12-247 
16-783 
21-319 


25-855 
30-391 
34-927 
39-463 
43-998 


Metric Tons to Short Tons (2000 Pounds) 


4 


3-629] 4- 
8.165} 8. 
I2-7OL |13. 
17-237 |17 
21-772 |22 
26. 308 |26 
30-844 |31 
35-380|35 
39-916 | 40 
44-452 144 


4-277 


2.205 
13-228 
24-251 
35-274 
46-297 


57-320 
68-343 
79-366 
go- 399 
IOI-41 


I 
2! 
3 
4 


G 


7 
8 


9 
I 


4-409 
5-432 
6-455 
7-479 
8.502 


9-525 
0-548 
I-571 
2-594 
03-62 


51-710] 52-627 
60. 78x | 61-689 
69.853 | 70-760 
78-925 | 79-832 


eek ae, ee i 3 SS od, 


Conversion Tables / 


Metric Tons to Long Tons (2240 Pounds) 


7 


1559 


9 


3-937] 4-921 


4 5 


6.889 
16.732 
26-574 
36-416 
46.258 
56.100 
65.942 
75-784 
85-626 
95.468 


Ka 


8.858 
18.700 
28.542 
38-384 
48.226 
58.068 
67-910 
77-752 
87-594 
97-436 


4-064] 5-080 
14-225 {15-241 
24.385 |25-401 
34-546 135-562 
44-706 |45-722 
54.867 |55- 833 
65.027 |66.043 
75-187 |76.204 
85-348 |86- 364 
95-508 96.524 


16ths}32nds 


7-112 
17-273 
27-433 
37-594 
47-754 
57-915 
68.075 
78.236 
88. 396 
98-557 


Milli- 
meters 


17-859 
18.256 
18.653 
19-050 


19-447 
19-844 
204241 
20.638 


21-034 


21-431 
21.828 


22.225 


22.622 
23-019 
23.416 
23-813 
24-209 
24.606 
25-003 
25.400 
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| Millimeters to Decimals of an Inch 


Milli- 0 I 2 Pe 5 6 a 
meters 


-0394| -0787 -1r81| .1575| -1968 -2362| -2756 
ro |o.3937| -4331| -4724| 5418] -5512] +5905] -6299 -6693 
20 |0.7874| -8268 .8661| .9055| .9449| -9842 1.0236 | 1-0630 
30 |x-1811|1-2205 1.2598 |1- 2092 |1- 3356 1.3780] I-4173 1.4567 
40 |1.5748|1-6142 1.6534 |1-6929 |1-7323 1.7716 | 1-8110| 1-8504 


50 |1-9685|2.0079 |2-0472 2.0866 |2.1260]2. 1654 | 2- 2047 | 2-2441 
60 |2.3622 |2- 4016 |2- 4409 |2- 4803 |2- 5197 |2-559°| 2.5984) 2-6378 
70 |2.7559|2-7953 |2-8346 |2-8740 |2-9134 2.9528] 2-9921 | 3-0315 
B80 |3-1496|3-1890 |3- 2283 |3- 2677 |3- 3071 3. 3464 | 3- 3858 | 3-4252 

go |3.5433|3-5827 |3- 6220 |3-6614 |3- 7008 |3- 7402 | 3-795 3-8189 


Hundredths of an Inch to Millimeters 


rooths of o I 2 3 4 5 6 a 8 9 
aninch, 


0-254| 0.508| 0.762] t-016| 1-270) 1-524 1.778 | 2-032] 2-286 
ro | 2.540| 2-794| 3-048| 3-302) 3-556) 3-810 4.064) 4.318| 4-572] 4-826 
20 5-080| 5-334) 5-588 5-842| 6-096| 6.350 6.604| 6.858) 7-212 7-366 
30 4-620} 7-874| 8-128 8.382| 8-636] 8-890] 9-144 9-398| 9-652 9-906 
40 |10-160|10-414 10.668 |10.922 |12-176 |11-430 11.684) 11-938 | 12-192 12-446 


50 |12-700|12-954 13.208 |13- 462 13-716 |13-970 |T4-224 14-478 | 14-732 14-986 
Go |15.240|15-494 |15- 748 |16-002 16, 256 |x6. 510 |16.764| 17-048 | 17-272 17526 
yo |17.780)18.034 18.288 |18- 542 |18- 796 |19-050 |19- 304 19-558 | 19-822 20.066 
Bo |20.320|20-574 |20-828 21.082 |21- 336 |21.590 |21-844 22.098 | 22-352 22.606 
go |22.860|23-114 |23-368 23.622 |\23-876 |24-130 24-384 24-638 | 24-892 25.146 


ll 


Centimeters to Inches 


Centi- 0 I 2 3 4 5 6 7 8 9 
meters 


0-394| 0-787) 1-181] 1-575 1.969| 2.362 
ro | 3.937| 4-331| 4-724| 5-118] 5-512|/5-906| 6.299 
20 7-874| 8-268] 8.661] 9.055|,9-449 9-843 | 10-236 
go |r11-821r |12-205 12.598 |12.992 |13- 386 |13- 780 | 14-173 
40 |15-748 |16-142 |16-535 |16-929 |t7-323 |17-727 18.110 
20.472 |20.866 |21. 260 
24.409 |24.803 |25-197 
28.346 28.740 |29-134 
32-677 |33-071 
36.614 


21.654 | 22-047 
25.591 | 25-984 
29-528 | 29.921 
33-465 | 33-858 
37-795 


Inches to Centimeters 


Inches 0 I 2 3 


2.54| 5-08| 7-62 
ro | 25-40| 27-94| 30-48| 33-02 
20 | 50.80] 53-34] 55-88] 58-42 
30 46,20| 78.74| 81-28] 83-82 
40 |101.G0|104.14 106.68 | 109-22 


50 |127-00|129-54|132-08 |134-62 
Go |152.40|154-94|157-48 |160.02 
70 |177-80|180. 34|182-88 |185-42 
80 |203.20|205. 74 |208- 28 |210-82 
Qo |228.60|231- 14 |233-68 |236.22 


Art. 30 ; Conversion Tables — 1561 


Meters to Feet 


6.56 
39-37 
72-18 

104-99 
137-80 
170.60 
|203-41 
1236. 22 
1269-03 
gor-84 


2 


0:305|| 0:610]| 0-914} 2-219} 1-524} 2-829) 2.134] 2-438] 2-743 
3-353 | 3-658] 3-962] 4-267] 4-572] 4-877| 5-182] 5-486] 5-791 
6.401} 6.706 | 7-010} 7-315.) 7-620] 7-925| 8-230] 8.534] 8-839 
9-449| 9-754 |L0-058 | 10-363 |10- 668 |10.973 | 11-278] 11-582] 11-887 
12.497 |12- 802 |13- 106 | 13-411 |13-716 |n4-02 | 14. 326| r4.630! 14-935 


15-545 |15-850]16-154|16- 459 16-764 |17-069 | t7-374| 17-678 | 17-983 
182593 |18- 895 | 19- 202 |109- 507 |19-812 |20- 117 | 20.422 | 20.726] 21-031 
2.64% |21-946 22-250 |22-555||22. 860 |23- 165 | 23.470 | 23-774.| 24-079 
24.689 |24-994|25-2098'|25-60g |25- 908 |26.213 | 26.518 | 26.822 | 27-127 
27-737 |28-042 |28.346 |28-651 |28.956 29-870 


2 8 


0.6245} 1-243] £.864| 2.485.) 3-107| 3-728 4-971 
6.204) 6.835'| 7-456 | 8.078 8.699} 9-321 | 9-042 TL.185 
12-427 | 03-049 |13-670 |14-292 16.156 17.398) 
18.641 (19-262 | 19.884 |20..505 22.369 23-612 
24-855 |25-476 |26.098'|26- 719 28-583 29-826 


Igt.068) 31. 690)/32- 391 132-923 34-797 36.039 
137-282 |37- 904 |38-525'|39- 146 42-070 42-253 
43-496 144-127 |44-739!|45~360 47-224 48. 467 
49-720 |50-33 |50- 952 |5 1-574) 53-438 54-68% 
55.923 |56- 5455 7- 166 |57- 787 59-652 60.894 


5 


8.05 14.48 || 
24o04 30.58] 
40-23 
56.33 62.76! 
72.42 78.86 | 


88.51 94-95], 
‘104-61 ITY.04 
'|120. 70 | 127.54 
136279 143-23]. 
152.89 ‘T59- 33], 


Weights and Measures Sect. 1: 


1562 
; Square Centimeters to Square Inches 

Sqcm 0 I 2 5 4 5 6 7 8 9 

0-155] 0-310] 0-465| 0-620] 0-775| 9-930 1.085| 1-240 1.395 
ro 1.550| 1-705| 1-860] 2-015] 2-170) 2-325: 2.480| 2.635] 2-799] 2-945 
20. | 3-100| 3-255] 3-410] 3-565| 3-720) 3-875| 4-030] 4-185] 4-340| 4-495 
30 | 4.650] 4-805| 4-960] 5-115] 5-270| 5-425] 5-580] 5-735 5-890| 6.045 
40 | 6.200| 6-355| 6-510| 6.665) 6-820 6.975| 7-130] 7-285] 7-449] 7-595 
50 | 7-780| 7-905| 8-060] 8-215] 8370) 8-525 8.680| 8-835| 8-990] 9-145 
60 9-300] 9-455] 9-610 9-765 | 9-920]10.075 |10-230 10.385 | 10-540 | 10.695 
70 |10.850|11I-005 11.160 |11- 315 |11-470|13.625 r1. 780 |11-935 | 12-090] 12-245 
Bo |12.400]12-555 |12- 710 |12-865 |=3-020 |13-175 |13-330 13-795 
Qo |13-950|14-105 |14-260|14-415 |14-579 14-880 15-345 


I 2 3 4 5 6 


6.45] 12-90] 19-35] 25-81}: 32.26| 38-71 
40-97| 77-42| 83-87] 90-32] 96-77 | 103-23 
135-48|141-94 |148- 39 |154- 84 |161-29 167-74 
200. 00|206..45 |212-90 |219. 36 225.81 | 232-26 
264.52|270-97 |277-42 |283- 87 |290- 32 | 296-77 


329-03|335- 48 |342-94 |348-39 ]354-84 | 361-29 
303-§5|400- 00 |406- 45 |412-90 |419- 36 425-81 
458-07|464- 52 |470-97 |477-42 |483-87 | 490-32 
522.58|529-03 |535-48|541-94 |548- 39 | 554-84 
587-10|593-55 |600-00 606.45 |612-90| 619. 36 


Square Meters to Square Feet 


3 4 5 6 7 8 9 


‘ 10.76| 21-53| 32-29] 43-06] 53-82) 64-58] 75-35 
107-64'|118-40|129-17 |139-93 150.69 |161. 46 |172-22|182-99 |193-75 
215-28 |226-04 236.81 |247-57 258-33 |269-10 279-86 |290-62 |301- 39 
322.92 |333-68 |344-44 |355-21|365-97 376-74 |387-50|398-26 |4o9.03 
430-55 [441-32 [452-08 [462-85 [473-61 |484- 37 |495-14|505-90 516.67 


538-19 |548-96 |559-72 |570-48 |58x-25 |592-0T 602.78 |613- 54 |624-30 
645-83 |656-60.|667- 36 678.12 |688.89 |699-65 |7 10-42 721.18 |731-94 
753-47 |764-23 [775-00 |785- 76 |796- 53 |807- 291818. 05 828.82 |839-58 
861.11 |871- 87 |882-64 |893- 40 904.16 |914-93 |925-69 936-46 
968-75 [979-52 990-28 1001-0 |1011-8 1022.6 1033-3 ]1044-1 


Square Feet to Square Meters 


I 2 3 4 


0.0929 |o- 1858 Jo- 2787 |o- 3716 0.7432 
1.0219 |1- 1148 |1- 2077 1.3006 1-6723 
1.9510 |2-0439 |2- 1368 |2- 2297 2.6013 
2.8800 |2.9729 |3-0658 |3- 1587 3-5303 
3.8090 |3- 90719 |3-9948 |4-0878 4-4594 


4.7381 |4-8310 |4-9239 |5-0168 5- 3884 
5.6671 |5-7600|5.8529 |5-9458 6.3174 
6.5961 |6-6890 |6- 7819 16-8749 77-2465 | 
7-5252|7-6181 |7- 7120 |7- 8039 8.1755 
8.4542 |8- 5471 |8-6400 |8. 7329 9- 1045 


7 a — 


Art, 30 ove Conversion Tables. 1563 


Square Meters to Square Yards 
5 6 7 8 


1.196| 2.392 5-980| 7-176| 8.372] 9.568 

13-156 |14.352 17-940 |19.136 |20. 332 |21-528 
; 26.312 |27- 29.900 |31-096 |32- 292 |33- 488 

38.272 41-859 |43-055 |44-251 |45-447 

50.231 é 53-819 |55-015 |56. 211 |57. 407 


62.191 65.779 |66.975 |68.17% |69. 367 
74-151 77-739 |78-935 |80.131 |81-327 
86.111 89. 699 |90. 895 |92-091 193. 287 
98-071 101.66 |102285 |1o4.05 |105.25 
110-03 113.62 {1144-81 |1 16.0% j117-21 


6 


5-017 
13-378 
21-739 
30.101 
38.462 


46-823 
55-185 
63-546 
71-907 
80. 269 


4 6 


0.772| 1.158) 1.544 2.317| 2-703| 3-089 
4-633| 5-019] 5.405 6.178| 6.564| 6-950 
8.494] 8.880] 9.266 10.039 |to..425 |10- 811 
12.355 |12. 741 |13-127 13-900 |14. 286 |14.672 
16. 216 |16. 602 /16.988 17-761 |18.147 |18-533 


20.077 |20. 463 |20-849 21.622 |22.008}22- 394 
23-938 |24.324|24.710 25-483 |25- 869 |26. 255 
27.799 |28. 185 |28.571 29-344 |29-730|30- 116 
31-660 |32.046 )32- 432 33-205 |33-S9% |33-977 
35-521 35-907 |36- 293 37-066 |37-452 |37-838 


Square Miles to Square Kilometers 


2 3 4 5 6 


5-18} 7.77] 10.36] 12-95| 15-54. 

31-08} 33-67) 36-26] 38-85] 41-44 
56.98] 59-57] 62.16) 64-75 | 67-34. 
82.88| 85.47) 88.06] 90.65] 93-24 
108. 78 |r11. 37 | 113-96 |116.55 | 119-14. 
134-68 |137.27 |139-86 |142-45 |145-04 
160.58 |163.17 | 165.76 |168. 35 |170-94 
186.48 | 189.07 | 191-66 |194. 25 |196.84 
212.38 |214.97 |217-56 |220.15 |222.74 
246.05 


Be) 
20 
30 
40 
50 
60 
70 
80 
90 
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Hectares to Acres 


F 


9-88 12.36) 14.83| 17-30} 19-77 
24.71| 27-18| 29-65) 32-12) 34-59] 37-07) 39-54) 42-01 44-48| 46. 
49.42} 51-89 36| 56.83| 59-31| 61-78| 64.25] 66.72] 69-19) 7E- 
74-13| 76-60| 79-07| 81-54| 84-02] 86-49} 88-96} 91-43| 93-90 96. 


| 


“<75) Gat 108.73 | 111-20 }113-67 |116.14 


123.55 |126-02|128.49 130-97 |133-44|135-91 138.38 |140.85 
148.26 |150-73\153-21 |155-68 158.15 |160.62 |163-09 |165-56 
172-97 |175-44 (177-92 |180-39 182.86 |185.33 |187-80 |190-27 
197-68 |200-15 |202.63 205-10 207-57 |210-04|212-51 214.98 
224.86 227-34 |229-8r 232-28 1234-75 |237-22 |239-69 


SS3ss S50 


z Acres to Hectares 


° I 2 3 4 5 6 7 ¢ 

| 0.405 | 0-809) r.214| 3.619} 2-023 Pee 2.833 mul 

to | 4.047| 4-452|_ 4-856 5-265 | 5-666| 6-070) 6.474 6.880 qs 
20 | 8.094| 8-498} 8-903| 9-308} 9-712 10/317 |10.522 |10-927 Ils 
go. |r2-14r| 12-545 |12-950|13-355 |13-759 |14-164)14-569 14-973 15+ 
40 |16..187 |16-592 16.997 |£7-402 \17-806 |18-211 18.616 |19.020 19 
50 Dee altesasal =-098 21.448 \21-853 |22-258 |22-662 23-067 23- 
60 |24.28% 24.636 25-091 |25-495 25.900 |26-305 |26.709 |27-114 27s 
zo 28.328 |28-733 |29-137 \29-542 |29-947 |30- 352 |30- 756 3rs161 3s 
80 |s2- 375 |32-780 |33-284|33-589 |33-994 |34~398 (34-805 [35-208 36: 
go |36.422 |36.827 |37-231 37-636|38-04 38.445 |38-850|39-255 40+ 


Cubic Meters to Cubic Feet 


Cum oo I 2 3 4 5 6 7 8 4 


35-3| 70-6| 105-9 x4t-3| 176-6) 211-9) 247-2 
zo | 353-1| 388-5| 423-8] 459-1| 494-4| 529-7| 565-0} 600.3 
20 | 706-3) 741-6| 776-9| 812-2| 347-5| 882-9) 918-2) 953-5 
30. |1059-4 |1094-7 }1130-1 |2165-4 |1Z00-7 1236.0 |1271- 3) 1306.6 
40 {1412.6 1447-9 |1483-2 1518.5 1553-8 |1589.2|1624.5 | 1659-8 
50. 


1836-4 Ea | ONG 1942-3(1977-6| 2012-9 


i 


4765-7 |1801r-0 
60 [2118.9 |2154-2|2189-5 |2224-8 
70. |\2472-0 2507-3 |2542-6|2578-0 2613-3 |2648-6|2683-9 | 2719-2 
|2825.2 |2860-5 |2895-8 |2931- 1 |2966- 4 | 3001-7 |3037-0)| 3072-4 
|3r78-3 |3213-6 |3248-9 |3284.2 |3319-6 | 3354-9 |3390-2 | 3425-5 


2260. 1\2295.4|2330-8 | 2366-1 


Cubic Feet to Cubic Meters. 


0.3115 |0-3398|0- 3681 |0- 3964 |o- 42480. 4531 
0.5947 |0-6230\0.6543 |0-6796 |o. 7079 |0. 7362 


0.2332 
0.5663 


1.4159 |1.4442|1-4725 |r-5008|r-620% |1-5574|1-5858 
1.6990 \1- 7273 |1-7557 |t- 7840 |1- 8123 |t- 8406 |1- 8689 
1.9822 |2. 0105 |2.0388 |2-0671 |2-0955 2.1238 \2. 1521 
2.2654 |2-2937 \2-3220|2-3503 |2- 3786 |2-4069 |2-4353 
2.5485 \2. 5768 \2-6052 |2.6335 2.6618 |2.6901% |2. 7184 | 2- 


SSIS BS 


Conversion Tables” 


Liters to U. S. Liquid Gallons 


1565 


0.5283 |0.7925 
3-1700 |3.4342 
5.8118 |6.0759 
8.4535 |8.7176 
IT.095 |£1.359 


13-737 |14.001 
16.379 |16.643 
19.020 |19.284 
21.662 |21.926 
24.304 |24.568 


1.0567 
13-6984 
6.3402 
8.9818 
11.624 


14.265 
16.907 
19.549 
22.190 
24.832 


1.3209 
3.9626 
6.6043 
9.2460 
12,888 


14.528 
17.171 
19.813 
22.454 
|25.096 


1.5850 
4.2267 
6.8684 
9.510 
12.152 


14.794 
17.435 
20.077 
22.719 


25.360 


U.S. Liquid Gallons to Liters 


11.356 
49.211 
87.065 
124.92 
162.77 


200.63 
238.48 
276.34 
314.19 
352.04 


2.84 
31.22: 
59-59 
87-97 

116.35 


144.72 
173-10 
201-48 
229.86 


258.23 


17.972 |18. 324 118.677 
21.144 |21.406 |21.848 |22. 201 
24.667 |25.020 |25+372 (25-725 |26.077126.429 
28.544 128.896 |29.249 |29.601 |29.953 
32.068 |32- 420 |32.773 33-125 |33-477 


8.51 
36.89 
65.27 
93.65 

122.02 


150.40 
178.78 
207.16 
235.53 
263.91 


II-35 
39-73 
68.14 
96.48 
124.86 
153.24 
181.62 
209.99 
238.37 
267-75 


14.19 
42-57 
70-94 
99-32 
127.70 
156.08 
184.45 
212.83 
240-21 


269.59 


17.03 

45-40 

73-78 
102.16 
130-54 
158.91 
187.29 
215.67 
244-05 
272.42 


Bushels to Hectoliters 


19.86 

48-24 

46.62 
105-00 
133-37 
161.75 
190-13 
218.51 
246.88 
275-26 


22.70 
51-08 
79-46 
107-83 
136.21 


164-59 
192-97 
221634 
249-72 
278.10 
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Centimeters pér Second to Feet per Minute 


I 2 3 4 5 6 7 


1.97| 3-94| s-ot| 7-87] 9-84] 1z-8t| 13-78] 15-75 
21.65| 23.62| 25.59] 27-56] 29-52] 31-50] 33-46] 35-43 
41-34] 43-32] 45-28] 47-24] 49-20| 51-18] 53-15] 55-12 
61.02| 62.99| 64.96| 66.93| 68-90] 70.87| 72-83 74-80 
80.71] 82.68] 84.65 | 86.61] 88.58] 90.55] 92-52] 94-49 


100,39 |102.36| 104-33 |106- 30 108. 27 |110.24 |112.20| 114.17 
120.08 |122.05 |124.02 |t25-98|127-95 |129-92 131-89 | 133-86 
139-76 141-73 |143- 70 |145-67 |147-64| 149-61 |151-57 | 153-54 
159.45 |161-42 |163- 39 |165-35 167.32 |169- 29 |171- 26 | 173-23. 


179-13 |t8r-10|183-07 |185~04 |187- 01 |188.98 |190- 192-91 
79-13) 181-10 |153 pal 5 = O4 | 107 188.95 |19 94} 92-9 


Feet per Minute to Centimeters per Second 


E 2 3 4 5 6-7 


0.508| 1-016} 1-524] 2-032] 2-540 3-048 | 3-556 
5.588) 6:096| 6-604] 7-112| 7-620 8.128] 8.636 
10.668 rc1.176|11.684 | 12. 192 |12- 700 |13-208 |13- 716 
15-748 |16. 256 |16. 764 | 17-272 |17- 780 18. 288 |18. 796 
20.828 21-336 |21.844 |22-352 |22- 860 |23- 368 23.876 


25.908 |26. 416 |26. 924 |27-432|27-940 28.448 |28.956 
30-988 |31- 496 |32-004 |32- 512 |33-9020 33-528 /34.036 
36.068 |36..576 |37-084 |37- 592 |38- 100 |38- 608 39-116 
41-148 |41.656|42- 164 |42-672 | 43-180 43-688 |44-196 
46. 228 |46. 736 |47=244 |47-752 |48- 260 48. 768 |49-276 


Feet per Second to Miles per Hour 


Feet [) I 2 3 4 5 6 7 8 9 


per sec Fi 
0.682| 1.364] 2:045| 22727| 3-499] 4-091] 4-773] 5-455] 6-136 

ro 6.818] 7-500] 8.182] 8.864] 9-545 |10. 227 |10.909 |1T- 591 | 12-273 12.946 
20 |13-636|14-318|15.000|15.682 )16- 364 |17-045 |17-727 £8. 409] 19-091 | 19-773 
30 |20.455 |21-136 |21-818 |22.500 23-182 24.864 |24.545 |25-227 | 25-909 26.591 
40 |27.273|27-955 |26-636 |29. 318|30.000 30-682 |31- 364 |32-045 | 32-727 | 33-409 


50 {34.091 134.773 /35-455 |36-136 |36-818 | 37-500 |38- 182 |38-864] 39-545 | 40-227 
Go |40.909|4r. 501 |42-273 [42-955 |43-636 |44-318 |45-000|45.682 46. 364 | 47-045 
70 |47-727 [48.409 |49-091 [49-773 |50-455 |5T-136 [51-818 |52-500 | 53-182 53-864 
80 |54.545|55-227|55-909 |56-591|57-273 |57-955 |58-636 |59-318 | 60-000 60.682 
61-364 62.045 |62-727 |63- 409 |64. 091 64.773 |65-455 |66-136 | 66.818 67.500 


Miles per Hour to Feet per Second 


7 


10.27 
24-93 
39-60 
54-27 
68.93 
83-60 
98.27 
104213}105.60 IL2-93 
118. 80)120.27 127-60 
133-47 |134-93 142.27 


Art. 30° Conversion Tables "156% 


\ Radians per Second to Revolutions per Minute 


Radians o I 2 3 4 5 6 7 8 9 


19-10] 28.65] 38.20] 47-75| 57-30] 66.85] 76-39] 85-94 
114.59 |124.14|133-69 143-24 |152-79 |162.34| 171-89 | 181.44 
210.08 |219. 63 |229- 18 |238-. 73 |248- 28 |257-83 | 267-38] 276.93 
305- 58 |315-13 |324- 68) 334-23 1343-77 |353-32| 362.87| 372-42 
402-07 |410.62)420.17| 429.72 |439-27|448-82| 458.37 | 467.92 


496. 56506. 11|515-66|525- 21 1534-76 |544-31 | 553-86] 563-41 
592-06 |601. 61 |611- 15 |620. 70 |630. 25 |639.80| 649-35 | 658.99 
687-55 |697- 10} 706.65 |716. 20/725. 75 |735-30| 744-85 | 754-39 
783-04|792-59 |802. 14/811. 69 |821- 24 |830- 79) 840.34 
878-54 |888.08 897-63 |907- 18 |916- 73/926. 28 | 935-83 


Revolutions per Minute to Radians per Second 


Rey per o I ae 3 4 5 6 7 8 9 
min 


lO. 1047 |O- 2094 |0- 3142 |0. 4189 |0. 5236 |0- 6283 |o. 7330 | 0-8378 | 0.9425 
IO }1.0472]1.1519 |1- 2566 |1- 3614 |r. 4661 |t-5708|1-6755 |1- 7802} 1.8850] 1.9807 
20 |2.0944|2. 1991 |2- 3038 |2- 4086 |2_ 5133 |2-6189|2.7227|2.8274| 2.9322 | 3.0369 
30 |3-1416 |3- 2463 )3-3510|3- 4558 |3. 5605 | 3-6652|3- 7699 |3-8746| 3-9794 | 4-0841 
40 |4-1888/4. 2035 |4-3982 |4.5029|4-6077|4-7124|4-8171 |4-9218] 5.0265 5-1313 
50 |5-2360]5-3407 |5- 4454 |5- 5501 |5-6549 |5-.7596 |5- 8643 |5- 9690 | 6.0737 | 6.1785 
60 |6.2832|6-3879|6- 4926 |6- 5973 |6- 7021 |6- 80686-9115 |7-0162] 7-1209| 7.2257 
7O |7-3304|7-4351|7-5398 |7-6445 |7- 7493 |7-8540|7-9587 |8- 0634 | 8. 168z | 8.2729 
80 |8.3776|8- 4823 |8- 5870 |8- 6917 |8- 7965 |8- 9012 |9- 0059 |9- 1106| 9- 2153 | 9. 3201 
90 |9-4248|9-5295 |9.6342119- 7389 |9.8437 |9-9484 |10-053|10- 158] ro. 263] 10. 367 


Kilograms per Square Centimeter to Pounds per Square Inch 


r 
Kg per o I 2 3 4 5 6 7 8 
sq.cm. 


14-2| 28.4] 42.7| 56-9] 71-1] 85-3] 99-6} 113-8 
ro 142.2] 156.5) 170-7| 184.9| 1t99-1| 213-4| 227-6] 241.8] 256.0 
20 | 284.5] 298-7] 312-9| 327-1] 341-4] 355-6] 369-8) 384.0] 308.3 
30 | 426.7] 440-9] 455-1] 469-4] 483-6] 497-8] 512-0] 526.3] 540-5 
40 568.9| 583.2] 597-4| 611-6] 625.8] 640.1] 654.3] 668.5] 682.7 


50 4tr.2| 725-4| 739-6] 753-8| 768-1| 782-3| 796-5| 810.7] 825.0 
60 853-4] 867-6] 881-9] 896.1] 910-3] 924-5] 938-7! 953-0] 967.2 
70 | 995-6|1009.9}1024.1 |1038. 3 | 1052-5 | 1066-8 | 1081.0 ]1095.2| 1109-4 
Bo | 1137-9]1152-1/1166- 3 |1180- 5 |1194.8|1209.0|1223-2|1237-4|1251-7 
90 |1280.1} 1294-3 |1308-6 |1322.8|1337-0|1351-2 |1365.4 |1379-7|1393-9 


° 4 2 3 4 5 6 7 8 9 


0.4218 
1.0546] £- 1249 |2. 1952 |1-2655 
1.7577 |1-8280 |1.8983 | 1.9686 
2.5310|2.6014 
3-2341 


3-9372 
426402 |4. 7105 
5-3433|5-4136 
6.0464 /6.1167 
6.7494|6.8197|6.8901 


0.0703 |9- 1406 |o. 2109 
0.7734 |9- 8437 
1.4764 |1-5467 
2.1795 |2-2498 
2.8826 |2.9529 


3-5856|3-6559 
4.2887 |4. 3590 
4-9918|5. 0621 
5-765. 
6. 4682 |6.5385 |6. 6088 |6.6791 


0.6328 
1-3358 
2.0389 
2.7420 
3- 4450 j 
4.1481 
4.8512 
5-5542 
6.2573 
6.9604 


4- 4996 |4- 5699 
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Kilograms per Square Meter to Pounds per Square Foot 


Kg per o I 2 3 4 = 6 7 8 9 ; 
sq m | 


} 0.205] 0.410] 0.614] 0-819} 1.024] 1-229| 1-434] 1-639] 1-843]' 
IO |} 2,048} 2.253| 2-458| 2-663] 2-867] 3-072] 3-277| 3-482] 3-687 3-892 
20 | 4.096) 4.301] 4.506] 4.711| 4-916] 5-120] 5:325| 5-530] 5-735 |, 5-940 
30 | 6.145] 6.349] 6.554] 6-759| 6-964] 7-160] 7-373) 7-578) 7-783) 7-988 
40 | 8.193| 8.397| 8.602] 8-807] 9-012], 9-217] 9-422] 9-626] 9.831 | 10-036 


50 |10.241|10. 44610. 650|10.855 |11-060.| 11-265 |11-470|11-675 | 11-879 | 12-084 
60 |12.289|12.494|12-699,|12-903,|13-108| 13-313 |13-518|13-723| 13-928 | 14-132 
470 |14.337|14-542|14- 747 |14-952|15-156|15- 361 |15-566 |15-771 | 15-976] 16.185 
Bo |16.385 |16.590|16. 795 |17-000|17-205,|17-409|17-614|17- 81g | 18-024 | 18.229 
Qo |18. 434 |18.638|18.843|19-048 | 19. 253, |19-458)19- 662 |19-867 | 20-072 | 20.277 


Pounds per Square Foot to Kilograms per Square Meter 


Lb per o I 2 3 4 5 6 7 8 Ce 


4-88] 9-76] 14.65.| 19-53] 24-41] 29-29] 34-18] 39-06) 43-94 
Io | 48.82] 53-71| 58-59] 63.47] 68-35,| 73-24] 78.12] 83-00] 87.88] 92.77 
20 97-65 |102.53 |107-41 |112-30)117-18 |122.06| 126.94 |131.83| 136.71 141-59 
30 |146.47| 151.35 |156-24| 161. 42) 166-00|170.88 |175-77|180.65 | 185-53] 190-41 
40 |195.30]200.18 |205.06|209.94|214-83|219-71 |224-59|229-47| 234-36] 239.24 


50 |244.12|249.00|253-89|258- 77 |263- 65 |268.53|273-41|278.30| 283-18 | 288.06 
60 |292.94 |207-83 |302- 71 |307-59|312-47 |317-36 |322-24|327- 12 | 332-00] 336-89 
70 |341-77|346-65 |351-53|356-42|361-30|366- 18]371-06|375-95 | 380-83 | 385-72 
80 |390-59|305-48 |400. 36 |405- 24 | 410.12 |415-00|419-89|424-77| 429-65 | 434-53 
90 |439-42|444-30|449-18 |454-06 |458.95 | 463-83 |468-71/473-59| 478-48 | 483-36 


Kilograms per Square Centimeter to Short Tons, per Square Inch 


leiruer ° I 2 3 4 5 6 7 8 
sq cm 


-00711|.01422|.02134|-02845 |-03556|-04267 |-04978] -05689 
10 |.07112|-07823 |-08534|-09245 |-09956|-10668|.11379 |. 12090| - 12801 
20 |.14223).14935|-15646|- 16357 |-17008|.17779|-18490|- 19202 -19913) 
30 |.21335|-22046 |. 22757 |.23469|-24180|.24891|-25602 |. 26313] 27024 
40 |.28447].2915%|- 29869 | - 30580]. 31291 |-32003|-32714|-33425 | -34136 


50 |-35558|-36270|- 36081]. 37692-38403 |-39114|-39826 |-40537| -41248 
60 |. 42670]. 43381 |- 44093 |- 44804|.45515,|-46226 |. 46937 |-47648| . 48360 
70 |.49782|-50493|-51204|-51915|- 52627 |-53338|-54049 |-54760| -55471 
80 |.56894]|.57605 |. 58316}. 59027|-59738 |-60449|-61161|.61872| .62583 
-90 |.64005|.64716|.65428 | . 66139 |- 66850 |. 67561 | 68272 |- 68983 | - 69695 


Short Tons per Square Inch to Metric Tons ner Square Centimeter 


Short 
Piece O a me 3 a 5 6 7 8 


sq in 


0.1406 |o. 2812 |o. 4218 |o. 5625 |o. 7032 |o. 8437 |o- 9843 | 2.1249 | 1.2655 
Io |r. 4061 |1_ 5467 |r. 6874 | 1.8280 | 1.96862. 1092 |2.2498|2.3904| 2.5310| 2-6727 
20 |2.8123|2.9529|3-0935 |3- 234% |3-3747 |3-5453 |3-6559 |3- 7966 | 3-9372| 4-0778 
30 |4-2184|4-3590|4,4996|4.6402 |4. 7809 |4. 9215 |5.0621|5. 2027 | 5- 3433 | 5- 4839 
40 |5.6245 |5. 7652 |5.9058|6-0464 |6.1870|6. 3276 |6- 4682 |6. 6088) 6.7494 | 6-8g0r | 


50 |7.0307|7- 4713 |7,3129|7- 4525 |7- 593% |7- 7337 |7-9743 |8- 0150 | 8. 1556) 8. 2962 | 
60 |8.4368 {8-5774 |8- 7180}8. 8586 |8. 9993 |9- 1390 9- 2805 |9. 4211 | 9- 5617 |,.9- 7023 | 
7a |9.8429 |9.9835 |10. 124 |10- 265 |10. 405 |10. 546 |10. 687|10..827| 10-968 | 11-108 
80. |11.249|11.,390 |r1-530\11-671 |11-812|1T-952|12.093|12-233| 12-374 | 12-525 
90 |21.655|12..796 13-218|13-358 |13-499 |13.639 
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iL Meter-kilograms to Foot-pounds 


M-kg ay } 2 3 4 5 6 7 8 9 


7-23| 14-47| 21-70| 28.93| 36.16| 43-40] 50.63] 57-86| 65.10 
92-33| 79-55| 86.80) 94.03|101. 26) 108. 49/115. 73 |122-96|130-19 | 137.43 
144-66,|151-89/159. 13 | 166.36 173-59.|180.82|188..06 |195.29)202.52| 209.76 
216.99 | 224-22 |231- 46 |238.69 |245-92 |253.15 |260. 39 |267-62 |274.85 | 282.09 
289. 32296. 55 |303-79 |341-02|318. 25 |325,48|332-72 1339-95 |347-18 | 354-42 


10 
20 
30 
40 
50 |36x. 65/368. 88/376. 12 |383- 35 |390-58|397-81 |405-05 [412-28 419.5%] 426.75 
60 |433-98|441-21|448- 45 |455- 68 }462-91 |470.141477-38|484.6r |491-84 | 499.08 
7O |506.31/513.54|520- 78 |528.01 1535-24 |542-47 1549-73 |556-94|564.17 1571-41 
80 |578.64|585-87|593- 11 |600- 34 |607- 57/614. 80 |622.04 |629. 27 636.50} 643.74 
90 |650.97|658-20)665. 44 |672-67|679-90)687-13 |694.37}701-60) 708.83 | 716-07 


Foot-pounds to Meter-kilograms 


i 2 3 4 5 6 7 8 9 


0,138] 0.277] 0.415] 0.553|.0-601| ©.830| 0.968] 1-106| 1-244 
10 1.383) 1.521) 1-659] 1-797] 1-936]. 2-074| 2-212] 2.350] 2.489] 2.627. 
20 | 2-765} 2.903] 3-042| 3-180] 3-318] 3-456] 3-595] 3-733] 3-871] 4-009 
30 | 4-148) 4-286] 4-424] 4-562) 4-701] 4-839] 4-977| 5-115| 5-254| 5.392 
40 | 5-530} 5-668] 5.807] 5-945] 6.083] 6.221 6.360 6.498] 6.636] 6.775 


| 50 | 6.913| 7.951] 7-189| 7-328] 7-466] 7-604] 7.742) 7-881] 8-019] 8.457 
- 60 | 8.295) 8.434] 8.572| 8.710] 8.848] 8.987] 9-125] 9-263] 9.401] 9.540 
70. | 9.678| 9.816) 9-954 |10.093 | 10- 231 | 10-369 | 10. 507 | 10-646] 10.784] 10.922 
80 |11-060}11. 199 |11-337 |x1-475 |L1-613 |11- 752 |11-890|12.028 | 12.166] 12.305 
12-443 |12-581 | 12-719 |12.858 | 12-996 | 13-134 |13-273 |13-411 | 13-549 | 13.687 


Gram-calories to Joules 


3. 4 


12.56| 16.75 
54.44] 58.63 
96. 32 |100, 51 
138. 20]142-39 
180. 08 |184- 27 


226.2 
268.0 
309.9 
351-8 
393-7 


9.239] 0.478} o.716| 0.955} 1-194 | x.67%| 1-910 
2.627| 2.865} 3-104]. 3,343} 3-582 | 4-059| 4.298 
| 5-014] 5-253] 5-492] 5-731] 5-969 6.447] 6.686 


7-402). 7-641) 7.880} 8.118] 8.357 | 8.835} 9.074 
9-790 |To. 029 | 10. 267 | 10. 506 | 10. 745 L1..223 11.461 


12.178 |12. 416 |42.655 |12. 894 }13- 133 |13.372|13~610| 13-349] 
14-565 |14. 804 |15.043 |15-282|15.521 }15-759|15-.908 | 16.237 
16..953|7-192 17-431 |17-670}17- 908 |18.147)18. 386 | 18. 625, 
19,- 341 |19- 580 |19..819 |20-057 |20. 206 |20. 535}20.7.74 | 21-912 
321.729 |21.468 |22. 206 }22. 445 |22.684 |22.923/23-161 | 23.400 


1570 Weights and Measures Sect, 18 


Kilogram-calories to Meter-kilograms 


2 Be 5 6 7 


854 | 1281 | 1708 | 2135 | 2562] 2 989 

s 125 | 5552) 5979 | 6406) 6833 | 7 260 
9 305 | 9 822 |10 249 | 10 676 | 11 103 | Ir 53 
13 666 |14 093 |14 520 | 14 947 | 15 374 | 15 801 
17 936 |18 363 |18 79x | 19 218 | 19 645 | 20072 


22 297 |22 634 |23 061 | 23 488 | 23 915 | 24 342 
26 478 |26 905 |27 332 | 27 759 | 28 186 28 613 
30 748 |31 175 |31 602 | 32 029 | 32 456 | 32 883 
35 019 135 446 |35 873 | 36 300 | 36.727 | 37 154 
39 289 |39 716 |40 143 | 40 570 | 40 997 | 41 425 


Meter-kilograms to Kilogram-calories 


I 2 3 4 5 


-00234|.00468 | .00702 |-00937 |-OTT71 
-02576|.02810].03044 -03278|-03512 
.04917 |-0§152|-05386]|.05620 05854 
07259 |-07493|-07727 |-07961|- 08196 
.0960r |,.09835 | - 10069 | - 10303 |- 10537 


-11942|.12176|-12411|-12645 -12879 
.14284|-14518|-14752|-14986|.15220 
-16625 |_ 16860 !.17094|-17328|-17562 
-18967|- 19201 |-19435 - 19669 |. 19904 


+21309 |-21543 2217477). 22011 |.22245 
as! Pee 


British Thermal Units to Foot-pounds 


I 2 3 4 5 6 7 


778| 3 557| 2335) 3114| 3802] 4670) 5 449 

8 562 9 341 | 10 119 | ro 897 | rr 676 | 12 454 | 13 233 
16 346 | 77 125 | 17 903 | 18 681 | 19 460 | 20 238 | 21 or7 
24 130 | 24 g09 | 25 687 | 26 465 | 27 244 | 28 022 | 28 80> 
31 914 | 32 6g2 | 33 471 | 34 249 | 35 028 | 35 806 | 36 584 


39 698 | 4o 476 | 41 255 | 42 033 | 42 81x] 43 590] 44 368 
47 482 | 48 260 | 49 039 | 49 817 | 50 595 | 51 374 | 52 152 
55 266 | 56.044 | 56 823/57 601 | 58 379 | 59 158] 59 936 
63 050] 63 828 | 64 606 | 65 385 | 66 163 | 66 942 | 67 720 
70 834 | 71 6x2 | 72 390| 73 169 | 73 947 | 74 726 | 75 504 


Se 


Foot-pounds to British Thermal Units 


4 5 6 


.00257 | .00385 |.00514 | -00642|.00771|-00899 
-01542|-01670|.01799]-01927 .02056).02184 
02955 |-03083 |-03212|-03340|-03469 
- 04240 |-04368] 04496 | 04625 |-04753 
-05524|-05653|-05781|-05910|.06038 


2 3 


IO |o0.01285|-01413 
20 |0.02569|-02698 
30 |0.03854|-03983 
40 |0.05139|-05267 


50 |0.06424|.06552 
60 |0.07708|-047837 
70 |0.08993 |- 09121 
Bo jo. 10278|,10406 
0.11562 


-06809 |. 06937 |-07066 | -07194 |-07323 
|.08094|.08222 | 08351 |-08479 |. 08608 
09378 | 09507 |-09635 | 09764 |.09892 
-10920|.11048|.11177 
- 12205 |.12333 - 12716 


“Art. 30 Conversion 


< Cy aa hae See 


Tables 


ne 


Kilowatts to Horse-power 


4 5 


1.341} 2.682] 4.023) 5.364| 6.705 
13 .410/14.751/16.092|17.433|18.774| 20.115 
26 .820}28 .161/29.502/30.843/32.184] 33.525 
40. 231/402572|42.913|44. 254/45 .595| 46.936 


53-641|54-932|56.323]57-664|/59.005| 60.346 
67 .051|68.392|69.733|71.074|72. 415] 73.756 
80. 461 /8r . 802/83 .143|84.484|85.825| 87.166 
93 .872|95.212|96.553/97 .894|99. 235|100.58 
107.28] 108 .62}109 96/111 .30|/112.65|113.99 
120.69|122.03|123.37|124.71|126.06|/127.40 


6 


8.046 
21.456 
34.866 
48.277 
61.687 


75-097 

88.507 
IOI.92 
115.33 
128.74 


Horse-power to Kilowatts 


©.746| 1.491| 2.237} 2.983] 3.729 
7-457) 8.203] 8.948] 9.694/10. 440] 11.186 
14.914|t5.660/16.405|17.151]17.897} 18.643 
22.37%|23.117|23 .862|24,608)25.354| 26.100 
29 .828130.574/31.319|32.065|32.811| 33.557 


37-285|38. 031138. 776|39.522]40. 268] 41.014 
44.742|45 .488|46 .233|46.979|47.725) 48.471 
§2.199|52.945|53.691|54.436|55.182) 55.928 
59 .656|60. 402/61. 148/61 .893|62.639| 63.385 
68 . 605/69 .350|70.096| 70,842 


4-474 
II.931 
19.388 
26.845 
34-302 
41.759 
49.216 
56.673 
64.130 
72.587 


Cheval-vapeur to Horse-power 


4 


0.986] 1-973] 2-959] 3-945| 4-932] 5-918 
9.863 | 10. 849 |11-836 | 12-822 |13- 808 |14-.795 |r5- 781 
19.726 |20. 723 |21- 699 |22-685 |23-672 |24.658 |25.644 
29-590 }30.576 |31- 562 |34-548|33-535 |34-521|35-507 
39-453 |40-439 |41-425 |42-412| 43-398 |44-384 |45-371 


49-316 |50. 302 |51- 289 |52.275 |53- 261 |54-247 |55-234 
59-179 |60- 165 |61- 152 |52. 138 |63. 124 |64. 111 |65-097 
69.042 | 70.029 |71-015 |72- 001 |72-988|73-974 |74-960 
78.905 | 79-892 |80.878 |81- 864 |82. 851 |83.837 |84.823 
88.769 |89-755 |90- 741 |91- 728 |92- 714 |93- 700 |94-687 


Horse-power to Cheval-vapeur 


2 3 4 5 


1.014] 2-028]. 3.042] 4-055] 5-069 
Io.139| 11.153 \12-166 |1g.180|14.194 |15.208 
20.277 |21.291 |22- 305 |23+319 |24-333 |25-347 
30-416 |31-430 |32- 444.|33-458 |34-472 |35-486 
40-555 |41-569 |42.583 |43-596|44-610 |45.624 


50.694 |5x-707 [52-721 |53-735 |54-749}55- 763 
60.832 |61.846 |62. 860 |63.874 |64.888 |65.902 


70-971 |71-985 |72-999 |74-013 |75-027 |76.040 
81. 110/82. 124 |83.137 |84-151 |85- 165 |86.179 
91.248 |92. 262 |93. 276 194-290 95.304 |96. 318 


6 


6.083 
16.222 
26.361 
36.499 
46.638 


56.777 
66.916 
77-054 
87.1903 
97-332 


7 


9.387 
22.797 
36.208 
49.618 
63.028: 


76.438 

89.848 
103.26 
116.67 
130.08 


5.220 
12.677 
20.134 
27-591 
35.048 


42.505 
49.962 
57-419 
64.876 
72.333 


7 


6.904 
16.767 
26.631 
36.494 
46-357 
56.220 
66.083 


75-940 
85.810 
95-673 


10,728 
24.138 
37-549 
50.959 
64.369 
77-779 
g1.189 


.1571 


9 


12.069 
25.479 
38.890 
52.300 
65.710 


79.120 
92.530 


104.60 |105.94 
118.01 |119.35 
131.42 |132.76 


5.966) 6.711 


13-423 
20 .880) 
28.337 
35-794 
43.251 
50.708 
58.165 
65 .622 
73-979 


8 


7.891 
17-754 
27.617 
37-480 
47-343 
57-206 
67.070 
76.933 
86.796 


96.659 


8 


8.111 
18.250 
28.388 
38.527. 
48.666 
58.805 
68.943 
79.082 
89.221 


4.168. 
21.625 
29 .082 
36.539 


43.996 
52-453 
58.910 
66.367 
73.824 


9. 


8.877 
18-440 
28.603 
38. 466 
48.330 
58.193 
68.056 
77-919 
87.782 
97-645 


99-359 | 100. 373 
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31. Values of Foreign Coins 


The following equivalents in terms of the U. S. gold dollar were established 
by the Secretary of the Treasury on April 1, 1919, for use im esumaung the 
value of all foreign merchandise exported to the United States and exprest ir 
such metallic currencies, ~ 


Value Value 
3 in 
Country - Monétary unit ac Country Moe term: 
tek of U.S 
money 
mone: 
Argentine Republic. |Peso....--.+.++++ $o,9648||Ecuador....... SUCTED circa $. 486 
Krone.... .2026|\Egypt........- Pound (100 
Beers ie toseuandis IFAWCs clon aielatioteisalfeetE0SO piasters)... 
.|Boliviano......-5- .3893||Finland........ Markka 
Milreis.........-- .§462||France......-. PranCessietat 
British Colonies in German Empire.|Mark....... 
Australasia and Af- Great Britain. ..|Pound 
rica. 2s sR olerce Pound sterling. ...| 4.8665 ‘ ling... 74.04 
Ganada | fafeien stem a) etld Dollar. oc. eeeees r.oooo}Greece...... ...|Drachma.... 
Central Amer. States ell Haitiz..tiveses Gourde.. .... 
Costa, Rica. . i... Colon ceed wack s .4653||India (British). |Rupee....-. 
British Honduras|Dollar.........-+ 1,6000||Indo-China.,..|Piaster®.....] .781 
Nicaragua....... Cordoba.......+--+ r_odoo||Italy......---- yorteergey es Se .19; 
Guatemala.... (FADATL St): 06 oe b's I [iT 
Honduras. .’... + |Peso*.......--5+- -7234||Liberia.....-.. Dollar. ..... 1.00 
Salvador...... : Mexico? .....-. PeSO'. binsiantland . 493 
Chie. a vtsise 61.0 oe o16|| CSO eatserricon copped 3650||Netherlands.. . .|Guilder 
Amoy 1.1859, (Florin)... .|_.40 
Canton 1.1823||N-.-foundland..|Dollar. ..... I.00 
Cheefoo...| 1+1342||Norway...-.+.|Krone.-..++. . 26! 
Chin Kiang] 1.1585||Panama......-|Balboa....., I.00 
Fuchau....| £.0970||Paraguay....-+ Peso (Argen- 
Haikwan. .| 1.2066 tine). .....| 7.96 
(customs) . Achrefi,..... oO 
Hankow...| 1,1096 AES seoctens { Kran™ yesh: ne 
Tael* 1 Kiaochow..| 1.1492||Peru...,.....- Libra......-]4 86 
Nankin....|.1.1735||Philippine Isl’ds.|Peso.......- .§0 
(Sule Bes eAgances Niuchwang| 1.1121||Portugal....... Escudo.....-. 1.08 
Ningpo....| 1.1402||Roumania LEW) eos 19 
Peking....| 1.156r||Russia.......-. Rublem. os ear 
Shanghai. .| 1.0832||Santo Domingo|Dollar...... 1.00 
Swatow...| 1.0955||Servia......... Dinarie ences .19 
Takaw.......| 2 .1934||Siam....24-..+. Ticaloane +37 
Tientsin....| 1.1492||Spain..........|Peseta.. 16 
Yuan.....|  .7771||Straits Settlem’t|Dollar. .. 56 
Dol- Hongkong. -7800||Sweden........ Krongz7. nem «26 
lar* British. ...| | .7800||Switzerland..../Franc......- .1¢ 
Mexican... .7857||/Turkey..... 0.5 Piaster...... £08 
Colombia.....+++++ Uruguay......- Pests! ciate 1.0: 
Cuba.wi.yesiecke d.! Venezuela......'Bolivar......|1-9; 
Denmark.......++: | 


* Silver standard; other countries have the gold standard, 
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SECTION 14 


STEAM AND ELECTRIC 
ENGINEERING 


The following outlines of fundamental principles and facts have been pre- 
pared, not for mechanical and electrical engineers, but for civil engineers 
whose knowledge of the subjects is limited —Ep1tTor-1n-CHIEF. 


THERMODYNAMICS 


BY 
GEORGE A. GOODENOUGH 


PROFESSOR OF THERMODYNAMICS IN UNIVERSITY OF ILLINOIS 


“ELECTRICITY 


BY 
F. MALCOLM FARMER . 


CHIEF ENGINEER, ELECTRICAL TESTING LABORATORIES, NEW YORK CITY 
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THERMODYNAMICS 
1. Preliminary Statements and Definitions 


Heat Energy. The mechanical theory of heat asserts that heat is a form 
of energy due to the motion or configuration of the molecules of a body. Like 
mechanical energy, heat energy may be of the kinetic or of the potential form. 
The summation D 1/4 mz” extended to the moving molecules of a system gives the 
thermal kinetic energy of the system. Considerations derived from, the kinetic 
theory of gases show that the temperature of a body is a measure of its thermal 
kinetic energy: When the temperature rises, it is inferred that the thermal 
kinetic energy is increased, and vice versa. Thermal potential energy is due to 
the position or configuration of the molecules of a body. ‘Thus when the volume 
of the body is increased, work is required to separate the molecules against 
their mutual attractions, and this work is stored as potential energy. Again, 
when the state of aggregation is changed, ‘as in fusion or vaporization, work is 
required to break down the molecular structure, and this work is stored in the 
system as potential energy. In the case of gases, like air and nitrogen, the 
attractive forces between the molecules are so small that the thermal potential 
energy is practically zero. The internal energy of a gas is therefore assumed to 
be wholly of the kinetic form. 

Units of Energy. The conventional units used in this chapter are () for 
mechanical energy, the foot-pound and the horsepower-hour (h p-hr), which is 
equal to 1980 000 ft-lb; (2) for heat energy,.the British thermal unit (B tu), 
which is defined as the heat required to raise the temperature of one pound of 
water from 63° to 64° F. 

Mechanical Equivalent of Heat. The numerical relation between the unit 
of heat and the unit of work has been determined very accurately from experi- 
ments. The accepted relations are 

rBtu = 777.64 ft-lb thp-hr = 2546.2 Btu 


In ordinary calculations the integral values 778 and 2546 are sufficiently accu- 
rate. The mechanical equivalent is denoted by the symbol J, and the reciprocal 
of it by A; thus, J = 778, and A = 1/J = 1/778. 

State of a System. A thermodynamic system is defined as a body or. 
group of bodies capable of receiving and giving out heat or other forms of energy. 
Examples of such systems are the media used in heat engines, as water vapor, 
air, ammonia, etc. In order that a system may receive or give up energy, its 
state must change; hence the magnitudes that determine the state must change. 
It ig assumed ordinarily that the system is homogeneous and of uniform density 
and temperature thruout; also that it is subjected to uniform pressure. Then 
the magnitudes that describe the state of a unit mass are: the pressure #, the 
temperature #, and the volume 0. In the case of a homogeneous mixture of 
vapor and liquid, as wet steam, a fourth variable is required; this is the ratio x 
of the weight of vapor to the weight of the mixture. These magnitudes, #, 2, 4, 
and x, are called the coordinates of the system. ‘ 7 

Absolute Temperature. Many of the equations of thermodynamics are simplified by 
taking the temperatures from absolute zero instead of from the zero of the F. or C. 
scale. The position of the absolute zero, as determined by experiments on actual gases, 
is about 273.1° below o C., or 459.6° below o F. Hence, denoting ordinary temperatures 
by # and absolute temperatures by T, 

T =t + 273.1 for the C. scale, 
T =t+ 459.6 for the F. scale. 

Characteristic Equations. Of the three coordinates, #, v, 7, any two may be, 

in general, taken as independent and the third is then a function of these two. 
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Thus in the case of a confined gas, the pressure may be kept’at any desired 
value and by the addition of heat the temperature T may be raised to any pre- 
determined point. ‘The volume 2 must, however, depend upon the values given 
to pand T; that is, v is a function of pand T, asv=/(~, T). Likewise, taking 
v and T as independent, a functional relation p= (v, T) must exist. . For 
any substance there is such a functional relation between the coordinates, and 
this relation is called the characteristic equation of the substance. The simplest 
characteristic equation is that which applies to an ideal perfect gas, namely 
po = BI. 


For certain imperfect gases van der Waal’s equation 

F030 hy Ske) 

vb 
represents the relation between #, 7, and 7. The behavior of superheated 
steam is, within certain limits, represented accurately by the empirical equation 


po—o =Br=pr+ op) re 


The characteristic equation $(p,v, T) =o having three variables may be represented 
geometrically by a surface. Any possible state of.the substance is represented by a point 
on the surface and a change of state is represented by a path lying in the surface. In the 
case of a mixture of liquid and vapor (as wet steam), the pressure is a function of the 
temperature only, and the volume depends upon the temperature and the ratio x. The 


characteristic surface of such a mixture is a cylindrical surface cutting the f-plane in the- 


curve p = f(t). 

Changes of State. Certain changes of state of a thermodynamic system 
are of special importance. : 

1. CONSTANT VOLUME. The volume remaining constant, the pressure varies 
with the temperature and, in general, heat is absorbed or rejected by the system. 

2. CONSTANT PRESSURE. A change of volume involves a change of temper- 
ature. Heat is absorbed or rejected. 

3. IsoTHERMAL. If the temperature remains constant during a change of 
state, the change is said to be isothermal. In general, heat is absorbed or 
rejected. : 

4. ApraBatic. An adiabatic change is one in which the system neither 
receives nor gives out heat. ‘ 

5. IsopyNAmic. In an isodynamic change of state the internal energy of the 
system remains constant. 

Specific Heat. The heat required to raise the temperature of a unit weight 
of a body one degree under given external conditions is called the thermal 
capacity of the body. The ratio of the thermal capacity of a substance at the 
temperature # to the thermal capacity of water at a chosen standard tempera- 
ture (17.5° C. or 63.5° F.) is the specific heat of the substance. Since at 63.5° F. 
the thermal capacity of water is.1 Btu, it follows that the specific heat of a 
substance at temperature ¢ is numerically equal to the thermal capacity at the 
same temperature. In the case of gaseous substances two specific heats are of 
special importance: the specific heat at constant volume denoted by cz, and that 
at constant pressure denoted by cy. For solids and liquids, these specific heats 
are practically identical, but for gases they are considerably different; thus in 
the case of air, cs = 1.4 Cz. 

Latent Heat.. During a change of state of aggregation the heat added to a 
substance is expended in performing work of disgregation, and none of it is used 
in raising temperature; that is, the heat absorbed goes to increase the potential 
energy of the system. Heat thus absorbed during fusion or vaporization is 
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called latent heat. The heat required to vaporize a unit weight of a liquid 
depends, upon, the pressure under which the vapor is formed. The following are 
latent heats of fusion for various substances in British thermal units per pound: 


i (eT rene A ee 144 Cast iron, BreVise e-iotie » ella 41.4 
MEA Circa ate nye ak Seale 9.66 Cast iron, whites. ces sia te 59.4 
Tin ite reyes a sgl 25.65 FIACe on Rial Masvcuheugs elie SO 50.6 
Silver... . Ce daohdeat! Ear. OS Sulfur . a sat asarnte vee 16.86 


2, Fundamental Laws of Thermodynamics 


Transformations of Energy. All transformations of energy are subject to 
two far-reaching general laws: (1) The law of CONSERVATION OF ENERGY, of 
which the following is a statement: The total energy of an isolated system re- 
mains constant and cannot be increased or diminished by any physical process’ 
whatever. (2) The law of peGRADATION oF ENERGY. According to this law, the 
result of any transformation of energy is to redtice the quantity of energy that 
may be usefully transformed into mechanical work. 

Examples of the law of degradation are abundant. Work is transformed into heat 
thru friction and only a small part can be recovered; electrical energy is rendered una- 
vailable when transformed into heat in the conducting system; heat flows from a body of 
higher temperature to one of lower temperature and as a result a smaller fraction of it 
becomes available for transformation into work; in’ the transformation of work into 
electrical energy or of electrical energy into work, some of the high-grade energy is trans- » 
_ formed into heat and is rendered unavailable. "The term thermodynamic degeneration ° , 
is sometimes applied to the inevitable loss of available energy in any transformation of 
energy; and the law of degradation may be stated as follows: Every natural process is 
accompanied by thermodynamic degeneration. 


The First Law of Thermodynamics is merely the law of conservation 
applied to the transformation of heat into work. It may be stated’ as follows: _ 
When work is expended in producing heat the quantity of heat generated . 
is equivalent to the work done; and conversely, when heat is employed +o 
do work, a quantity of heat precisely equivalent to the work done disappears, 
Denoting by Q the heat converted into work, and by W the work thus obtained, 
the first law is exprest. symbolically by the equations W = JQ and Q= AW. | 


The Energy Equation. Let heat be absorbed by a body, asa given mass of, 
air or a saturated vapor. If the volume of the body remains constant, the 
energy absorbed must be added to the intrinsic energy of the system, and as 
a result the temperature will rise, or, in the case of a liquid, vaporization will 
ensue. If, however, the volume of the system changes, external work will be 
done, and the heat absorbed will in part be used in doing this work, while the 
remainder will increase the intrinsic energy. In general, therefore,, 


heat absorbed = imicrease of energy -++ external work. 


The change of energy depends upon the initial and final states of the system only, 
The external work depends, however, on the relation between p and v during 
the change of state, thatis, upon the path; hence the heat absorbed also depends 
upon. the path. 

Tf a system passes thru a closed cycle of processes and returns to its initial state, the 
change of energy for the cycle is zero; hence for a closed cycle the heat absorbed by: the 
system is the equivalent ofthe peeeral work. Ifthe change of state is adiabatic, the heat 
absorbed. is| zero: and: the, external: porto is gained at the expense of the intrinsic energy 
of; the system, ie 

The, Second Law of Thermodynamics i is essentially the ins of degradation’ 
of energy. While: the first law gives a relation that must be seein in any) 


: ie 
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4¢ansformation of energy, it is the second law that gives infopmnation regarding 
the possibility of transformation and the availability of a given form of energy 
for transformation into work. A general statement of the second law is 


No change in a system of bodies that takes place of itself can increase 
the available energy of the system. 


A more concrete statement is that of Kelvin, namely: It is impossible by means 
of inanimate material agency to derive mechanical effect from any portion of 
matter by cooling it below the temperature of surrounding objects. In effect, 
Kelvin’s statement denies the possibility of deriving work directly from the heat 
contained in the atmosphere. 


Carnot’s Cycle. The availability of a given quantity of heat energy for 
transformation into work is given by the efficiency of the ideal Carnot engine. 
In the ideal cycle described by Carnot, the medium is subjected to four processes: 
(x) It is placed in contact with a source of heat at a higher temperature T, and 
expands isothermally while absorbing heat Q, from the source. (2) It is re- 
moved from the source and expands adiabatically until the temperature reaches 
the lower value Ty. (3) It is placed in contact with a refrigerator at temper- 
ature Ts, is compresst isothermally and rejects to the refrigerator the heat Qo. 
(4) It is compresst adiabatically and arrives at the initial state. The heat 
Q;— Qs is transformed into work, and the efficiency of the cycle is therefore the 
fraction ¢=(Q:—Q:)/01. According to Carnot’s principle, which may be 
‘proved ‘by the second law, all ideal reversible engines working between the 
‘same temperature limits 7; and 'T2 have the same efficiency; that is, the efficiency 
is independent of the working medium and depends upon 7) and T2 only. Hence 
e=f(T;, T2). Kelvin proposed as a definition of temperature the relation 


02/0; = T2/T;. From this definition, e= (T1— T2)/T1= 1— T2/T;. | Given — 


a quantity of heat Q in a body having the temperature T, and let Ty denote the 
lowest available temperature (e.g., the temperature of the atmosphere). No 
device can transform a greater part of Q into work than the ideal Carnot engine; 
hence the available part of Q is Q(x — Tp/T) and the remainder O7)/T must 
inevitably be wasted. For example, if the absolute temperature of the source 
is 906° and that of the atmosphere is 540°, the available energy is 1— 540/g00= 
0.4 of the total energy; therefore of 1000 B t u taken from the source not more 
than 400 B t u can by any possible means be transformed into work and at least 
600 B t u is unavailable. 

Entropy. Experience shows that any actual physical process, as the change 
of state of a system, is irreversible and is accompanied by frictional effects. A 
strictly reversible frictionless process is an ideal that may be approched but 
never attained. In the case of the ideal reversible process, there is no change 
in the quantity of available energy; but an actual irreversible process is always 
accompanied by a decrease of the amount of energy available for transformation, 
or, what is the same thing, an increase of unavailable energy. An investigation 
of special cases shows that the increase of unavailable energy. is the product 
of two factors: one is Zo, the lowest absolute temperature available in a refriger- 


ator, the other is a term of the form Q/T or f T-1dQ. This second factor is 


called the increase of entropy of the system under consideration. 


When the conception of increase of entropy is applied to the system composed of all 
the bodies involved in a change, that is, to an isolated system, it appears that the increase 
of entropy is a measure of the thermodynamic degeneration produced by the ‘change. 
According to the law of degradation every natural change is accompanied by thermo- 
dynamic degeneration, therefore it is accompanied by an iftcrease of entropy. The 
following important principle is evident: The direction of a process, physical or chemical, 


Vi aes 


-T-axis, as BC and DA. The closed cycle ABCD is the ideal Carnot 
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that occurs of itself is such as will bring about an increase of entropy of the system. This 
principle is the foundation of the application of thermodynamics to chemistry. 

The Change of Entropy of a body which is in thermal communication with 
other bodies (as a pound of air, or the steam in an engine cylinder) is illustrated 
as follows: Let the ordinate AzA (Fig. 1) represent the absolute temperature 
T; of the body in its initial staté. Suppose the body to receive heat from exter- 
nal sources while its state changes reversibly; and let the ordinate 414 increase 
jm lenzth so as to represent the successive values of T during the heating and 
at the same time move horizontally in such a way that the 
area swept over represents the heat absorbed. The end of 
the ordinate must move in a definite path, as AB. The. 
horizontal distance 41B, thru which the ordinate moves 
represents the increase of entropy. If OA, is chosen arbi- 
trarily to represent the entropy 51 of the body in the initial 
State, then OB; represents the entropy 52 in the final state. 
: The area A;4 BB; represents the heat Q absorbed (provided 

Fig. 1 the process is reversible), and the following relations be- 
tween Q and the change of entropy exist: 
Ts dQ 


a= f ‘Tas, 5 Set 
sy Tage 


The entropy of a system, as thus defined, depends upon the state only; hence 
S may be used with #, v, and T asa coordinate. Graphical representations on 
the TS-plane are specially advantageous, as the areas involved represent heat 
entering or leaving the system. If the process in question is not reversible (for 
example,.as in the case of the flow of steam ina nozzle), this graphical representa- 
tion fails. The area in this case does not represent the heat entering the system. 

‘An isothermal process is represented on the TS-plane by a straight line parallel to the 
S-axis, as AB and CD, Fig. 2; reversible adiabatic processes by lines parallel to the 


cycle. Area 4,4 BB, represents the heat Q; absorbed from the source 
during the isothermal expansion AB, area B,CDA, represents the 
heat Q» rejected to the refrigerator during the isothermal compression 
CD, and the cycle area ABCD represents the heat Q; — Q» trans- 
formed into work. The expression for efficiency e = (Q; — Q2)/Qr 
= (LT; — Ts)/T; follows from the geometry of the figure. When the 
order of events in the cycle of Fig. 2 is reversed, the cycle represents 
the operation of a refrigerating machine under ideal conditions. 
During the isothermal expansion DC heat Q» is absorbed from the 
cold body, and during the isothermal compression heat Q; is rejected to a body at tem- 
perature T;. The cycle area represents the equivalent of the work W that must be 
furnished from external sources; and Q; = Q2 + AW. 

Heat Content. The functions «+ pv plays an important part in many 
technical applications of thermodynamics. The energy wis measured in mechan- 
ical units (foot-pounds) and the product pv has necessarily the same unit. The 
heat equivalent A(w-+ pv) is denoted by 7 and is called the heat content of the 
system (per unit weight). Evidently 2, like u and s, is a function of the state. 
only. The heat absorbed by a unit weight of a substance at constant pressure 
is the change in heat content 72— 7%. It is frequently convenient to represent 
‘changes of state on a’plane having i and s as coordinates. In this scheme of 
representation, quantities of heat are represented by segments of lines instead 
of by areas. ty 


Fig. 2 


3. Properties of ‘Gases 


Experimental Laws. The so-called permanent gases obey quite closely the 
laws of Boyle, Charles, and Joule, namely: 
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Bovyre’s taw. At constant temperature, the volume of a given mass of gas 
varies inversely as the pressure. That is, the product pv is constant when T is 
constant. : 

CHaARLEs’s LAw. At constant pressure, the change of volume of a gas is 
proportional to the change of temperature. That is, (Av/At)p= constant. 

Jou1r’s tAw. The intrinsic energy of a gas is independent of the volume 
of the gas and depends upon the temperature only. Denoting the energy of 
unit weight of gas by u, Joule’s law is exprest symbolically by the relations: 
u=f(i), du/dv=o. 

Characteristic Equation. By a combination of the laws of Boyle and Charles 
the relation pv = BT is obtained as the characteristic equation of a gas that 
strictly obeys those laws. Here v denotes the volume of unit weight. If V is 
used to denote the volume of M lb of gas, the equation takes the useful form 
pV = MBT. The homogeneous form $:Vi/T1= f2V2/T2 is advantageous in 
the solution of problems that involve two states of the gas. The numerical 
value of the constant B is determined from the equation by inserting known 
values of p,v, and T correspomeling to some assumed standard state. The 
following are the values of B for certain gases (English units): 


SANE ciara cow's cis a c'ewicss 3% Hydrogen 27 765.86 
Oxygen Carbon dioxide......... 35.09 
Nitrogen Carbon monoxide........ 55+14 


The gas equation may be written in the form = ByT, where y = 1/v denotes 
the weight of unit volume. For a chosen pressure and temperature, the product 
By is the same for all gases to which the equation applies; and since y is directly 
proportional to the molecular weight m, the product Bm is likewise the same 
for such gases. This product is denoted by R and it is called the universal gas 
constant. For English units the numerical value of R= 1544; hence the gas 
equation may be written in the form py= (1544/m)T. 

It is frequently desirable to refer the specific volume or the.specific weight of a gas toa 
standard state, namely, atmospheric pressure and a temperature of 32°C. In this 
state v and y are exprest in terms of the molecular weight m of the gas by the relations 
0 = 358.65/m and Yo = 0.002788 m. 

Specific Heat of Gases. The specific heat of a gas that obeys the law 
pu= BT must be independent of the volume and also of the pressure, but it 
may vary with the temperature. For moderate ranges of temperature the 
specific heats cs and cy may be assumed constant without serious error. The 
following are mean values for the range 0° to 200° C. (32° to 392° F.): 


op cy k= cplev 
PEN) Walsheisieve's\e.sisie. 0.240 O.I71 1.4 
Hydrogen 3-424 2.446 tA 
Nitrogen 0.2438 0.174 I.4 
Oxygen 0.2175 0.155 1.4 
Carbon monoxide. A 0.2426 0.162 1.3 
Ammonia 0.5106 0.387 1.32 


When the temperature range is large, as exemplified in the internal combustion 
engine, the assumption of constant specific heat is no longer justified. The 
experiments of Mallard and Le Chatelier, Langen, and others, show that both 
¢p and cy increase with the temperature according to a law that is exprest 
sufficiently well by the linear relation c=a+ bt. According to Langen’s ex- 
periments the variation of specific heat with temperature is represented by the 
following equations, temperatures being Fahrenheit and m being the molecular 
weight of the gas: 


is 
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1. For simple gases, as air, nitrogen, hydrogen, etc.: 
Cy = = (4.77 + 0.000667 t) = e (4.48 + 0.000667 T), 
m m 
ae # (6.75 + 0.000667 #) = os (6.46 + 0.000667 T). 


2. For carbon dioxide: 
6y=0.15 +0.000066 f= 0.12 + 0.000066 T, 
= 6p=0.195 + 0.000066 f= 0.165 + 0.000066 T. 
3. For superheated water vapor: 
Cv = 0.324 + 0.000133 # = 0.263 + 0.000133 Ti 
Cp = 0.435 + 0.000133 t= 0.374 + 0.000133 2 hae 
Changes of State. For any change of state of a permanent gas the fol- 
lowing relations hold. Denoting by M the weight of gas under consideration, 
the change of energy is vi : 


Up — Uj = IMco(T2— Ti) = (P2V2= P1V1)/@—D); 
the change of heat content is 
Ty —1, = Mep(T2= Ti) = A (p2V2— bi Vi)k/(R— 2), 
and the change of entropy per unit weight is 


ali 
$9— 51 = Gp loge — ne loaee : 
oe Pr 


For certain important special. changes of state the following relations exist: 
(W = external work, Q= heat absorbed.) : 


(a) CONSTANT VOLUME: 
po/pr=T2/Ti. W=0. O= Mco(T2— Ti) = (U2—U1)A. 


So— Si= Mev loge Ee S 
Ti 


(b) CoNSTANT PRESSURE: 
Vo/Vi = T2/Ti. W = p(V2— Vi) = MB(T2— T;). 

P(Va—Va) 2 W 
I 


oe a ei bedi Re 


0= Me(T2- T) =h—-hh. 


Sie Sea Mablone ae 
Ti 


\c) IsoTHERMAL CHANGE OF STATE: 


V3 V. 
DiVi= feVo. Us—U1=0. W=MBT loge 7 = ~1V1 loge a 3 
1 1 


V: 
Q=A4W. -h=%, = ABM loge 7 


(d) AprABATIC CHANGE oF sTATE: In the adiabatic change, the equation’ of 
the expansion curve is py*= const. Combining this with the equation py = BY, ~ 


ne a1 et 

= iP. & ’ & 4 

Tv*-1= const., or (7) + toe = const., or () = z . 2 : 
Q=0. lg, “olka eye hba S= const. 
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(e) Potyrropic CHANGE OF STATE: “This change is defined by the relation 
bY = const., in which is a constant. 


uml 
(Va/Vi)*"'= T1/Ts. (b2/pi1) * = Ta/T1 
ye : u, —_ —_ 
we { "pay =nvir f 2 yangy boven PV Us —-U, = eve 
Yy yy ° I-n” k-1 
k-—n 
fata Gt = Go yaaa) (b2V2— 1 V1). i 


W:U,—U1:JO=k—1:1—n:k—n. 

For example, let air be comprest according to the law pV18= const. Taking 
b= 1.4, W; U2 — U1: JQ =0.4: —0.3:0.1. That is, three-fourths of the work of com- 
pression is stored in the air and is manifested by a rise of temperature and one-fourth 
of it is taken away by the water jacket. 

The specific heat corresponding to the polytropic change is constant and is 
riven by the relation c,=cz(k—m)/(xr—m). For values of » lying between 
r and k, cy, is negative. The work W and heat absorbed may be exprest in 
ferms of ¢,; thus 


, Mf. 
W =JIM (én —¢z)(T2— Ty) = Me T}). Q= Mex(T2— T}). 


T: 
Also S_—S1= Men loge = - 
Ty 
To determine the value of » for an experimental curve, which is assumed to follow the 
aw pV” = const., measure to any convenient scale ~;, V; and po, Vz at two assumed 
joints A and B. Then compute n = (log p2 — log p)/(log Vi — log V2). 


Air Compression. The ideal indicator diagram of an 
lir compressor without clearance is shown in Fig. 3. The 6 Pz 
curve AB represents the change of state of the air during 
compression. Without a water jacket, curve AB may be x 
‘aken as an adiabatic. If a water jacket is used, AB is A 
‘epresented by an equation pV” = const., and the value zl 
of » lies between 1.4 and r.o. In practice, » is usually By Ay 
ubout 1.3. Fig. 3 

The work represented by area A BCD is given by the expression W = 2(61V1 — p2V2)/ 
(n — 1), in which V; and V» denote the volumes at points A; and By, respectively. The 
jeat absorbed by the water in the jacket during the compression AB is given by 0 = 
AW (k — )/(k —1). The work of compression is reduced: (a) by water-jacketing; 
(b) by compression in two or more stages with cooling between the stages. 


. 


4. Saturated and Superheated Vapors’ 


Characteristics of Vapors. When sufficient heat is applied to a liquid the 
state of aggregation is changed from the liquid to the gaseous, The process 
is called vaporization, and. the resulting gaseous product is called a vapor. As 
long as the vapor is in contact with the liquid from which it is formed it is said 
to be saturated. The leading characteristic of a saturated vapor is that its 
temperature depends upon the pressure only, that is, #=f(p). If the vapor is 
removed from the liquid and is further heated at constant pressure, the temper- — 
ature rises above the saturation temperature given by ¢= f(p), and the specific 
volume increases. The vapor is then said to be superheated, and the difference 
between the temperature of the vapor and the saturation temperature is the 
degree of superheat. In the case of saturated vapor, the volume of one pound 
is a function of the pressure only (v= $(p) ), while in the case of a superheated 
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vapor the volume is a function of pressure and temperature (v= F(#,4)). The 
so-called permanent gases, air, nitrogen, etc., are in reality superheated vapors 
far removed from the saturation state. | 

Vapor and Liquid Mixtures. The process of vaporization and superheat- 
ing is shown graphically on the TS-plane in Fig. 4. Liquid at 32° F. repre- 
sented by point A(OA = 491.6) is heated under constant pressure. The process 
is represented by AB. At B the saturation temperature is reached, vaporiza- 
tion begins and proceeds till all the liquid is changed to vapor, as indicated by 
point C. Further application of heat superheats the vapor, as indicated by 
CD. Point B represents liquid at the boiling temperature, point C, saturated 
vapor, and point D, superheated vapor. For different pressures, points B and 
C will move along curves s’ and s”, called the liquid and saturation curves, 
respectively. In raising the temperature from 32° to the boiling point, heat 
represented by area OA BB, is absorbed; this is the heat of the liquid (g’). To 
vaporize the liquid, heat represented by area B1BCCy is required; this is the heat 
of vaporization (r). The sum of these is the total heat of the vapor (q’). The 
area C;,CDD; represents the heat absorbed during the superheating. OB, 
represents the increase of entropy (s’) during the heating of the liquid, and ByCy 
the further increase of entropy during vaporization. A point M between B 
and C represents a mixture of vapor and liquid, the ratio BM /BC being the ratio 
of the weight of vapor to the weight of the mixture. This ratio is denoted by 
x and is called the quality of the mixture. 

The latent heat of vaporization r is separable into two parts: 
(z) the external latent heat, that is, the heat equivalent of the 
work done during the vaporization process; (2) the internal 
latent heat p, which is the heat required to break up the molec- 
ular structure and is stored in the steam in the form of potential 
energy. The total heat of steam q” is practically equal to the 
heat content i”, and in recent steam tables i” rather than q” 
is given. 

For a mixture having the quality x (as indicated by point M, 
Fig..4) the total heat is g’ + ar Btu per lb, and the energy 
above that of water at 32°isq@’ +p Btuperlb. The entropy 
Fig. 4 of the mixture per pound is s’ + ar/T. 


Thermal Properties of Saturated and Superheated Steam. The magni- 
tudes 7’, 7”, 7, p, v”’, s’, and s’”, defined in the preceding articles, are dependent 
on the temperature of vaporization. For several vapors of technical importance 
these properties have been determined experimentally with more or less accuracy, 
and empirical formule have been deduced by means of which the properties are 
exprest as functions of the temperature. In the case of water. vapor, the 
older tables based on Regnault’s experiments are now known to be inaccurate. 

The relation between pressure and temperature of saturated steam is giver 
very accurately by the formula 


. 876.6. 
log p = 10.5688080 — eo 


rf 2 = 4 
-++ 0.00000140055 T?— 00002 10- 10 (=) a (=22) i 
100 100 


The relation between the volume, pressure and temperature of superheatec 
steam is given by the equation 


—o.0155 log T — 0.00406258 T 


T 8 6 
D— 0.017 => 0.594955 — (x + 0.05129 pay wascre 


in which is in lb per sq in. 
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The following formulas give the heat content and entropy of superheated 
steam. 


C 6188 U 
4= 0.320 T:+ 0.000063 T? — ass — p(1+0.0342 a+ 948.5, 
S= 0.73683 log T + 0.000126 T — 8 
6 
—0.254 log p—(1-++ 0.03420 py shee _ 0.0811. 


With # in lb per sq in the energy u is obtained from the relation 
=i — 0.1852 pu. 


Tf in the preceding formulas corresponding values of » and T at the saturation 
state are inserted, the volume, heat content, and entropy (v’’, 7”, s’’) of saturated 
steam are obtained. 
Properties of Saturated Steam 
(Condensed from Goodenough’s “ Pronerties of Steam and Ammonia ”’) 


Heat Content | Latent Heat Entropy 
Absolute Btu | Btu Vol- 
Pressure, | Temp. ume of 
Inches of | Fahr.| of Or eb te of of Va- of tlb 
Mercury Liquid] Vapor | *° | terna! | Liquid | poriza-| Vapor | cu ft 
tion 
p t cis a0 rt p Sin afl Gr v” 
1.0 79.06] 47.1] 1095.0] 1047.9] 988.7] 0.0915] 1.9455] 2.0370] 652 
2.0 Ior.2] 69.2] 1105.1] 1036.0] 974.3| 0.1316] 1.8474| 1.9740 338.9 
3.0 Ir5.1]. 83.0] 1111.4] 1028.3] 965.2),0.1561| 1.7893] 1.9454] 231.4 
4.9 125.4| 93.4] 1115.9] 1022.5] 958.3] 0.1739] 1.7478] 1.9217] 176.5 
5.0 133-8] 101.7] 1119.6] 1017.9] 952.8|.0.1880] 1.7154] 1.9034] 143.2 
B Ce) 161.5] 129.4| 1131.4] 1002.1} 934.1| 0.2336] 1.6134] 1.8470] 74.8 
I5 179.1] 147.0} 1138.8] 991.7) 922.0] 90.2617] 1.5526] 1.8143] 51.1 
20 192.4] 160.3] 1144.1] 983.8] 912.7| 0.2822] 1.5089] 1.7912] 39.1 
25 203.1] 170.1] 1148.3] 977.3] 905.2] 0.2986/ 1.4747) 1.7733} 31.7 
Lb per sq in 
14.7 212.0] 180.0] 1151.7| 971.7] 898.8] 0.3120] 1.4469] 1.7589) 26.81 
15 : 213-0| 181.0] 1152.2} 971.2) 898.1] 0.3135] 1.4438) 1.7573] 26.30 
16 | 216.3] 184.3].1153.4|. 969.1] 895.8) 0.3184] 1.4337] 1.7521] 24.76 
17 219.4) 187.5] 1154.6] 967.1) 893.5) 0.3230) 1.4242] 1.7473| 23 40 
18 222.4] 190.5] 1155.7| 965.2] 891.4] 0.3274] 1.4153].1.7427] 22.18 
19 225.2] 193.3| 1156.7| 963.4] 889.3] 0.3316] 1:4068] 1.7384) 21.09 
20 228.0] 196.0] 1157.7} 961.7] 887.3] 0.3356] 1.3987] 1.7343] 20.10 
22 233-1] 201.2] 1159.6] 958.4] 883.6] 0.3430] 1.3837| 1.7267) 18.38 
24 237.8] 206.0) 1161.3] 955.3) 880.1] 0.3499] 1.3698] 1.7197] 16.95 
26 242.2| 210.4] 1162.8} 952.4] 876.8] 0.3563] 1.3570] 1.7133| 15.73 
28 246.4) 214.6] 1164.3] 949.7) 873.7] 0.3622) 1.3452] 1.7074) 14.67 
30 250.3] 218.6) 1165.7] 947.1) 870.7] 0.3679] 1.3340] 1.7019] 13.76 
32 254.0] 222.4! 1166.9] 944.6] 867.9] 0.3731] 1.3236] 1.6967| 12.95 
_ 34 257.6] 225.9] 1168:1| 942.2] 865.2] 0.3781] 1.3137| 1.6918] 12.24 
36 260.9] 229.4) 1169.2] 939.9| 862.7] 0.3829] 1.3044] 1.6873] 11.60 
38 264.2| 232.6] 1170.3] 937.7| 860.2! 0.3874} 1.2956] 1.6830] 11.03 
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“Properties of Saturated Steam—Concluded 


Heat Content | wae is at, 
ntro 
Absolute Bo ry Be? 
eae Temp. ; | tlb 
mera Fahr. | of of In- of of Va- of cu ft 
* |Liquid| Vapor | Total ternal | Liquid | poriza- | Vapor 
tion 
? Se (e a tr p Sy raat St vw” 
40 267.2| 235.8) 1171.3)-935-5 8s7:8| 0.3917| 1.2871 1.6788} 10.51 
42 270.2|. 238.8) 1172.2| 933.5 | 855-5 0.3958] 1.2791] 1.6749} 10.04 
44 273-0] 241.7] 1173-2) 932.5 | 853-3) © 3998| 1.2714] 1.6712) 9.60 
46 275.8| 244.5| 1174.0] 929-6 | 851.2 0.4036) 1.2640, 1.6676) 9,28 
48 278.4] 247.2| 1174.8] 927-7 | 849.1) 0.4072 1,2570| 1 te 8 86 
50 281.0] 249 8| 1175.6) 925.9 | 847.1| © 4108} 1.2501} 1.6609) 8.53 
55 287.1| 255.9] 1177.5| 921-5 842.3] 0.4190) 1.2342) 1.6532] 7-80 
60 292.7| 261.7) 179.1) 917-4 837.8| 0.4267 1.2195. 1.6462) 7-18 
65 298 0] 267.1] 1180.6] 913.5 | 833.5) © 4338) 1-2058, 1.6397; 6 66 
70 302.9| 272.2] 1182.0] 909.8 | 829.5} 0.4405, T-193T) 1.6336! 6.22 
80 312.0] 281.6] 1184.4] 9o2 Ber g| 0.4527] 1.1700) I 6227, 5 48 
85 316.3| 286.0] 1185.5] 899.6 | 818 4] 0.4583) t 1595: t 6178) 5 18 
go 320.3| 290.1] 1186.5 896.4 | 815.0} © 4636) 1,1495! 1.6132) 4 905, 
95 324.1} 294.1| 1187.5) 893.4 811.7] 0.4687 31,1400; 1.6087 4.663 
100 327.8] 297.9] 1188.4] 890.5 | 808 6} 0.4736 r,1309| 1.6045| 4.442 
105 331.4| 301.6] 1189.2 887.6 | 805.5] 0.4782] 1.1222 1.6004] 4.24! 
110 334.8] 305.1] 1190.0) 884.8 | 802 6! 0.4827) 1.1138} 1.5695! 4 O57 
115 338.1) 308.6] 1190.7, 882.1 | 799.7) © 4870) 1.1058 1.5928. 3.889 
120 34r.3| 311-9] rr9r.4| 879.5 | 796.9] 0.49rz) 1.0982 ¥.5893) 3-735 
125 344.4] 315-1] 1192.0) 876.9 | 794.2) 0.4950 1.0908) 1.5858, 3 593 
130 347.4| 318.2| 1192.6) 874.4 791.6} 0.4989} 1.0836) 1.5825 3.461 
140 353-1| 324.2| 1193-7 869.6 | 786.4} 0.5062! ‘1.0700; I 5762| 3 226 
150 358-5| 329.8] 1194.7| 864.9 781.6) 0.5131 16373) 1.5704| 3.02 
160 3603-6] 335-2| 1195.7! 860.5 776.9| 0.5196} 1.0453! 1.5649 2 839) 
170 368.5 340.3| 1196.5| 856.2 | 772.4) 0.5258) 1.0339) 1.5597 at 
180 373-1| 345.2] 1197.2) 852.0 768.0] 0.5316] 1.0231) 1.5547 2.536) 
190 377.6! 350.0|"1197.9) 847.9 763.9) 9.5372] 1.0128] 1.5500 2.408) 
200 381.9] 354-5} 1198.5] 844.0 759.8} 0.5426] 1.0030] 4.5456) 2.292) 
210 386.0] 358.8] 1199.0) 840.2 | 755.9) O-5477 0.9936; 1.5413| 2.186) 
220 390.0| 363.0] 1199.5) 836.5 | 752-1) 0 5526| 0.9846) 1.5372 2099 
230 393-8) 367.1| 1199.9] 832.8 748.3) 0.5573) 0.9760] 1.5333) 2.002 
240 397-5| 371.0] 1200.3, 829.3 | 744.7 0.5619! 0.9676] 1.5295) 1.927 
250 4ot.t| 374.9| 1200.6) 825.8 | 741.2] © 5663| 0.9595, 1.5258) 1.846) 
260 404.5| 378.6) 1201.0] 822.4 | 737-7 0.§706| ©.9517| 1.5223) 1.777 
270 407.9| 382.2| 1204.2) 819.1 | 734.4] 0.5747] 0.9442 1.5189| 1.713) 
280 4it.2| 385.7| 1201.5| 815.8 | 731.1 0.5787) 0.9369] 1.5156) T 654 
290 414.4] 389.1| 1201.7 812.6 | 727.9} 0.5826) 0.9298) 1.5123 1.598 
300 417.5| 392.4] 1201.9} 809.4 | 724.7 0.5863! 0.9229) 1.5092) 1.545 
350 431-9] 408 | 1202.5] 794.5 | 709.7] 0.6036 0.8912) 1.4949| F.327 
400 444.8) 422 1202.5] 780.6 | 695.9] 0.6190) 0.8631) r.4827 1.162 
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Saturated and Stiperhedted Vapors 


Properties of Superheated Steain 
ee {fom Goodetiotigh’s th Properties of Steam and Animonia ”] 


Be ui per poiltid; 


# = heat conten 
Absolute 
Pressure 
b per sq in Sit | 466 
a }11§7-7 ails 
S$ |1.7343|5:7827 
[228-0]* | | 30.10 22.37 
Pies 7 |tr7¥ -3|1188.0 
pido, 1 Slt 6788lk. pol 
[267.2] . v| 10.3%] 11.05 
4g ( i |x279-2)t283:0 
Eaaceh $F 240Rht “0503 
| Rg i $184.4 PLP: 
Bisel [5 sas. 
it Hse eas 
too. | | 
parts {Ra 
a é |rrgr.q). ccd. 
bsar.3] ede eee 
oh i |t193:7 
149 ep 
pata | 3% 
RS 1 |1095.7 
1363.6] mice 
ay i |1197.2 
piss { 2 se) 
i. 3 i |trg8.§ 
200. 
[38.91 Hie 
i |rtgo. 
...220 ; 
590.01 of oie 
a exo m | e 
$49 SP S298] Fo. 2 
i397.5] [: peed 
s6a i wig praia 
{404.51 | ier Pee ha 
mS i |t201r.5]...... 
wits sla 
reset tf |t20rg}! ss. .: 
300° 
raya | : a paar 


Temperature Fahr 


356 | 4oo | 450 


1276: §|1240. 2)1263.8 
1 81g1)\t:8414}t 8681 
23.9%] 25.44] 26:96 


1212 .9|1237.3 1261.5 
1, 7331|t.7624|t , 7897 
11-85] 12.64] 13.42 


11209 :0 1234 .3)1259:1 
1.6845|1.7148)1.7429 
7-83} 8.37) 8.90 


120§:0)1231.1)/1256.6 


:}1,6487|r.6801}1. 7089 


5.81} 6.23] 6.64 


1200. 8|1227,8|1254.0 
1.6199] .6523|/1.6820 
4.60) 4.95] 5:2 
T196.4|1224.4|T251.3 
1:5955|t.6291}r.6594 
3-79) 4-09} 4.3 
t220:9)1348.5 
.|t.6087}1t : 6400 

3-48) 3.73 
1217.3/1245.6 
hee 5906 Bi 6226 
3:01] 3.24 


1213 6|1242.7 
«ts/L. 5741/2. 6070 
peat 2.65] 2.86 


1209 .8)1239.7 
4E. 5980) 0. 5927 
2.36) . 2.56 


ae 1202 ,0/1233.5 
eee. £:§314|t. 5670 
wdtycioe 1.93} 2:26) 


osc) aaa 1230.3 


1.5553 
1.922 


Rrerereeers|| sasTeesi 1227.0 
1.5442 
1.770 


CUTAN aire 1223.7 
Sa ait Meragcie a 1.5336 


ahaaretetslalnge erae OSS, 


‘566 


4287:4 
1.8934 
28.47 


1285.6 
1.8155 
14:19 


1283:7 
1.7692 
9.42 


1282.7 
1.7357 
7-04 


1272.9 
1.6518 
3.46 
1270.5|1 
1.6368}1 
3.06 


1268. ik 
t 6231\r 
2:74 


1265.6 
1.6105 
2247 


1263.1 
1.5987 
2:26 


1260.5 
155877 
2,071 


1257.9 
1.5773 
I.git 


1255.2 
1.5674 


1.773 


550° 


1311.1 
1.9175 
29.97 


1309.7 
1.8399 
14:95 


1308.1 
t.7940 
9.94 
1366.5 
1.7609 
7-43 


1304.8 
1.7349 
5.93 


$303.6 
T-7134 
4.92 


140% :2 


5|1. 6944 


4.31 


1299 3 
1.6787 
3:67 


297.4 
6644 
3.25 
129 
65 
2. 


r29r- 
1.627 
2.41 


1289.4 
1.6170 
2,212 


1287.2 
1.6071 
2.045 


4285. 


I.8977 
1.900 


600 


1335.0) 
'T.9406 
31.47 


1333.8 
1.8633 
1.571 


1332:5 
£; 8176 


10.45 


1331.2 
1.7848 
7.82 


1329.8 
1.7592 
24, 


1328.4 
127379 
5.19 


314336.9 
1.7198 
4:44 


1325.4 
I. 7039 
3.87 


4/1323.8 
1.6896. 
3-43 


1322 2 
9|£. 6768 
3 08 


1320 6 
1.6650 
2.79 


1318.9 
1.6541 
2.55 


1317.2 
1.6439 
2.347 


1315.5 
1.6344 
2.172 


650° 


1359.2 
1.9628 
32.97 


1358.1 
1.8856 
16.46 


1357.0 
1, 8402 


10.96 


1355.9 
1.8076 
8.2t 


vibe 


1353:6 
1:7612 
5.45) 


1352.4 
1:7433 
4:66 


1351.1 
1, 7276 
4.07 


1349.8 
1.7136 
3.61 


1348.5 
I.7010 


3.24 


1347.1 
1.6895 
2.94 


1345.8 
1.6789! 
2.69 


1344-4 
1.6690 


2.477 


1342:9 
1.6597 


2.205 
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= éhtropy; + = volume, clibic feet per pound 


rick) 


1383.3 
1.984i 
34.47 


1382.4 
ip .JO7t 


17.22 


1382:6 
1.8618 


11.47 
1380.7 
118294 

8:59 


1379.7) . 
1.8042 
6.86 


1378-7 
1.7833 
5.71 
wg tial 
1377: 
1.765! 
4:89 


1376.7 
1, 7501 
4:27 


1375.6 
1.7364 
3.79 


1374-5 
1.7239 
3.49) 


1373.4 
1.7126 


3.09 


1372. 3 
1.7022 
2,83 


1371.1 
1.6925 
2,605 


1369.9 
1.6835 
2.414 


£313. 7/1341. §|1368.7 
1,6254/1:6510|4.6750 


2.020 |2.136 |2.249 


* The nuihber in brackets is the sdtufatiod teinpetaviite cotrespondilig fo the pressure. 
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Example 1. Let a mixture of steam and water having a quality +=0.96 expand 
adiabatically from a pressure of 120 Ib per sq in absolute to atmospheric pressure. Re- 
quired the properties of the mixture in the initial and final states and the work of expan- 
sion, 

In the initial state the heat content is #/-++xr = 311.9 + 0.96 X 879.5 = 1156.2 
Bt u, and the energy of the mixture is 7;'++ 1p; = 311.9 + 0.96 X 796.9 = 1076.8 Btu. 

- The entropy is sy! -+ «yr1/T1 = 0.4911 + 0.96 X 1.0982 = 1.5454. The volume of 1 lb 
of dry steam at 120 Ib pressure is 3.735 Cu ft, and the volume of a pound of the mixture is 
3.735 X 0.96 = 3.586 cu ft. q 

In the adiabatic expansion the entropy remains constant, and in the final state, there- 

fore, 52 + xore/T2= 1.5454, Whence 22 = 0.852; that is, at the end of the expansion the 


mixture contains nearly 15% water. The heat content in the second state is r80 + - 


0.852 X 971.7 = 1007.9 Bt u, the energy is 180 + 0.852 X 898.9 = 945.9 Bt u, and the 
volume of 1 Ib is 26.87 X 0.852 = 22.84cuft. The external work is the equivalent of the 
decrease in energy, or 778 (1076.8 — 945.9) = ror 840 ft-lb per pound of mixture. The 
difference i1 — ig = 1156.2— 1007.9 = 148.3 B t u, is the available heat, that is, the 


~ heat that may be transformed into work in an ideal engine working between the pressure _ 


limits under consideration. It is also the equivalent of the kinetic energy w?/2 g of a jet 
flowing froma region of 120 Ib pressure into a region of atmospheric pressure- 


Example 2. Let steam at 200 lb per sq in absolute pressure superheated to 560° 
expand adiabatically to a pressure of 3 in of mercury. Required the final quality, the 
change in heat content, and the change of energy. 

By interpolation the following values are obtained for the steam in the initial state: 

. ¢ = 1300.9, s = 1.6562, 9 = 2.95. Consequently the energy per pound is 1300.9 — 
0.1852 X 200 X 2.95 = 1191.6 Btu s,= 1.6562= Sq! + xoro/Te = 0.1561 + 1.7893%2, 
whence #2 = 0.838, the final quality. 72 =83 +:0.838 X 1028.3 = 945.1, % = 83 + 0.838 X 
965.2 =892.2 Btu. The change in energy is therefore 1191.6 — 892.2 = 299.4 Btu, 
and the change in heat content is 1300.9 — 945.1 = 355.8 Btu. 

Adiabatic Changes. An adiabatic expansion of a saturated or superheated vapor may 
be represented approximately by the equation pv’ = const. For saturated steam m 
depends upon the initial quality and pressure and is given by the equation m = 1.059 + 
0.000315 p + 0(0.0706 + 0.000376 p)x. For superheated steam m may be taken as 
1.31, for superheated ammonia at 1.333, and for punembeaicd sulfur dioxide-as 1.282. 


The final volume V, is given by the relation V. =Vi(p1/ ‘pay and the external work is 
then approximately W = (p:Vi — p2V2)/(m— 1). 


5. Flow of Elastic Fluids 


General Equation of Flow. Let an elastic fluid, as air or steam, flow along a 
horizontal tube, Fig. 5. At an assumed cross-section Fy the pressure of the fluid 


is p) and the mean velocity is wi; at a second sec-: 


é % tion Fo the pressure is #2 and the velocity is we. The 
(SA principal equation of flow is (we? — wi?)/2g = 
Ped we J (i, — i), in which i; and # denote, respectively, 
f, the heat content per pound of fluid at sections Fy 
and Fy. If section Fy, be taken in the boiler or re- 

Fig. 5 servoir from which the fluid is flowing, then w= 0, 


and the equation becomes 
w/2¢ = Jl — i), or w= 223.7V i — 
Tn the flow of elastic fluids, the heat content i plays the same part as the head 
in the flow of liquids. 


Example. Steam at 120 lb per sq in, quality 0.96. flows into the atmosphere thru a 
properly proportioned nozzle. Required the velocity of flow. The heat content # is 
1156.2 Bt u per lb, and if the flow is adiabatic and frictionless the final heat content 7 1s 


1007.9 Btu. Hence w = 223.7 V1156.2 — 1007.9 = 2724 ft per sec. 
Formulas of Discharge. The weight M of fluid flowing past a cross- 
section pef second is given by the equation of continuity Fw = Mo, in which 


=” 
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F denotes the area of the section and » the specific volume of the fluid at 
this section. If the flow is thru an orifice or short tube, it is found that the 
pressure in the plane of the orifice never falls below a certain value #,, called 
the critical pressure. . The ratio p,./p1 (p1 being the pressure in the boiler or 
reservoir) is called the critical ratio. For air its value is about 0.53; for satu- 
rated steam, about 0.57. If the pressure 2 of the region into which the fluid 
is flowing is greater than p,,, the pressure at the orifice is 2; but if f» is less than 
Pm, then the pressure at the orifice is p,. and the discharge M is'the same what- 
ever the value of #2. The following formulas for discharge are in current use: 
(a) Fliegner’s equations for air. 


When f<0.s3 hi M053 FP 
VT; 


When bra> 0.53 py M=1.06F pn : 
1 


(b) Grashof’s equation for steam. Taking the area of the orifice in square 
inches and the pressure / in lb per sq in, 
M = 0.0165 Fp;°-%. po < 0.57 pi. 
(c) Rateau’s equation. This equation is empirical a is based on experi- 
mental data. 


fi 
M= Fh (16.367 — 0.96 log p1). © pz < 0.57 pr. 


a 


(d) Napier’s equations. pie are also empirical and rather inaccurate. 


When Pia bs M= ow 
70 
When - eae Care M= Fhe ys —b2) | 
3 42 Bibs 


_ Example. Required the discharge in pounds per minute of saturated steam at too Ib 
pressure (absolute) thru an orifice having an area of 0.4 sq in. . The back pressure is less 
_ than the critical pressure, 57 lb per sq in. 
By Grashof’s formula: . 
M = 60 X 9.0165 Ko4 X 1009.97 = 34.493 Ib. 
; By Rateau’s formula: 
nes 60 X 0.4 X 100 


rooo 


(16.367 — 0.96 X 2) = 34.673 Ib. 
__ By Napier’s formula: 
Mics 0.4 X 100 
70 
The discharge may be found from the two fundamental formulas: 


X 60 = 34.286 Ib. 


w = 223.7 Vij —in, and M = Fw/v. 


The critical pressure Pm is 57 Ib per sq in. From the steam table, i: (for 100 lb) = 1 +88 4 
Btu; im (for 57 Ib) = 1144.1 Btu; x = 0.963; Um = 7.26 cu ft. . 


Then w = 223.7 1188.4 — 1144.1 = 1490 ft per sec. and M = (Pay ees xXx = T4905 
34.18 Ib. a 7.26 
Flow in Nozzles. When the pressure 2 of the region Ge hice a jet is 
flowing is less than the critical pressure pm, which is the pressure existing in the 
; emerging fluid, the difference pm — #2 gives rise to a lateral spreading of the jet. 
This spreading may be prevented by the addition of a properly proportioned 
tube (Fig. 6). The tube must diverge so as to permit the expansion of the 
- fluid required by the drop in pressure from pm at the smallest section a to the 


ee 
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external pressure p2 at the end section b. The effect of the diverging nozzle is 
to cause a solid jet to emerge with a velocity ws given 
by the fundamental relation w2=V 2 gJ(i1— t2) = 
223.7 Vi, — ia. If the external pressure p2 is greater 
than pm, the diverging tube is unnecessary and a 
simple orifice is used. In the Rateau turbine, for 
example, the drop in pressure from cell to cell Is so 
arranged that p:/pi> 9-57; and the steam flows thru 
orifices rather than nozzles. 

On account of the length of a nozzle there is neces- 
sarily some loss of energy due to frictional resistances. 
The work of friction is converted into heat, which enters the flowing fluid and 
increases the final heat content 72 to a larger value ig’. It is customary to take 
as a friction coefficient the ratio of the loss of energy to the kinetic energy of the 
jet without friction. Denoting the coefficient by y, its formula is 

y = Cis! — in) /( — 22) 
and the actual velocity of exit we’ is given by the relation 


Fig. 6 


LODE ES ie ot, 
wa! = V2 g(t — 9) (ta = ta) = 223.7 ¥(x— 4) (i1— #2). 

The quality of the steam at exit is increased by the heat generated thru friction 
and is given by the equation ‘ ‘ 
: aq! = ag-+ (in = t2) 9/72, 
in which az denotes the quality on the assumption of frictionless adiabatic expan 
sion and is given by sy’ + x11/T1= sof + xar2/Fo. Experiments indicate that 4 
may vary from 0.08 to 0.20, depending on the size of nozzle. 

_ Throttling. The throttling or wiredrawing of a fluid is merely a specia 
case of flow, in which the loss by friction is excessive. The fluid in the regio. 


of higher pressure /1 passes thru‘ valve or constricted passage into a region o 
lower pressure f2. The velocity is increased from w; to we, but the increase 
kinetic energy is dissipated as the fluid passing the orifice enters and mixe 
with the fluid in the second region. Ultimately the velocity wz is sensibly equa 
to the original velocity wi, and therefore i2=%. For a mixture of saturate 
vapor and liquid, the equation of throttling is if ++ air, = 72’ + aera. Fror 
this equation the value of is found, and having x, the increase of entropy | 
determined; and the increase of entropy multiplied by To gives the loss ¢ 
available energy resulting frem the throttling. : 

If steam at the higher pressure f, is nearly dry, it becomes superheated when throttle 
to a much lower pressure. The equation, in this case, becomes #1’ + #111 = ig!" - 
Cp(ta’— ty), in which fz denotes the saturation temperature for the pressure ps, t’ the ten 
perature of the superheated steam, and cp the mean specific heat for the range fy’ — 1 
By means of this equation the jnitial. quality a, may be determined from observed value 
of p2 and fy’ 7 

6. Steam Boilers 


Types of Boilers. Steam boilers may be divided into two general classe 
(2) fire-tube boilers, in which the hot gases from the furnace pass thru the tub: 
and the water surrounds the tubes; (2) water-tube boilers, in which the wat 
flows thru the tubes. A second classification. takes account of the location 
the furnace, In‘an externally fired boiler, the furnace is placed in a brik 
chamber external to the boiler. The internally fired boiler has its furna 
enclosed in the steel shell of the boiler itself. Marine and locomotive boile 
are examples of the latter type. ee 

Horse-power Rating. The capacity of a boiler for the generation of stea 
is measured in terms of an arbitrary unit called horse-power. As defined | 
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the American Society of Mechanical Engineers, a. ‘boiler horse-power” is 


equivalent to the evaporation of 34.5 Ib of water per hour from and at 212° F. 


Taking 970.4 Btu as the latent heat of steam at 212°, a horse-power is thus 
equivalent to the development of 33 480 B t u per hour. : 

Tn the original report of the committee, the unit was given as the evaporation of 30 lb 
of water per hour from feed water at 100° F’. into dry steam at a pressure of 70 Ib per sq in 
gage. With the older yalues of the latent heat of steam,:this unit was equivalent to 
33 305 Btu per hour, and practically equivalent to the evaporation of 34.5 Ib of water 
from and at 212° F. 


Heating and Grate Area. The heating surface of a boiler includes all - 


parts of the boiler that have water on one side and hot gases on the other. In 
the fire-tube boiler, this includes about two-thirds of the shell and tube sheets, 
and the external surface of all the tubes. It is customary to allow ro to 12 sq ft 
of heating surface per boiler horse-power; hence with 34.5 lb of water evaporated 
per horse-power, x sq ft of heating surface! gives an evaporation of about 3 Ib 
of water from and at 212°. It is possible by increasing the speed of the hot 
gases along the tubes to increase considerably the rate of absorption of heat and 
thereby increase the capacity of the boiler at some sacrifice of economy. 

The grate area required depends upon the character of the fuel used and the 
draft. With ordinary chimney draft, the grate area should be 14:sq ft per horse- 
power, or more. With forced draft, the area may he considerably smaller. 
The rate of combustion is ordinarily 10 to 15 lb of coal per hour per sq ft of 
grate-for anthracite coal, and 15 to 20 lb for bituminous coal. With forced 
draft, these rates may be largely exceeded. ; 

Boiler Economy. The measure of the economic performance of a steam 
boiler is the weight of water evaporated per pound of coal. In order that boilers 


working under different conditions may be compared, it is customary to reduce . 


the actual evaporation to equivalent evaporation from and at 212°. If under 
actual conditions the-feed water enters the boiler at temperature ¢, and steam 
of quality « is generated at pressure /;, the heat required per pound is qi’ + 471— 
qa’, where qo’ is the heat of the liquid corresponding to the temperature fz. To 
svaporate 1 lb from and at 212° requires 971.7 B t u; hence if M is the actual 
evaporation and M¢ is the equivalent evaporation from and at 212°, 971.7 Mé = 
M (qi! + xr — ge’), or Me = M(qi’ +4n—@’)/971-7. The weight of water evap- 
grated per pound of coal depends (1) upon the efficiency of the boiler and 
(2) upon the quality of coal used. With high grade bituminous coal having a 
heating value of x5 000 B tu per Ib, the maximum eyaporation fram ‘and at 
212° is 15 060 + Q71.7 = 15.44 lb per lb of coal, and the actyal evaporation will 
vary from 9 to 12 lb. With a low-grade coal having a heating value of 10 000 
to 11 000 B t u per lb, the actual evaporation from and at 212° may fall as low 
as 5 or 6 Ib. ; 

Losses in Boilers. Coal always contains a certain amount of moisture and 
ash; and the term combustible is used to denote coal without these incom- 
bustible constituents. In tests of boilers the performance is based upon the 
combustible rather than upon the coal as fired.’ The total weight of combusti- 
ble fired multiplied by the heating value of 1 lb of combustible gives the max- 
imum amount of heat that can be produced in the furnace. The heat actually 
produced is less than this maximum because of incomplete combustion: (1) Part 
of the carbon may burn to CO instead of to COg. (2) With bituminous coal, 
some of the volatile hydrocarbons may escape unburned. These furnace 


losses may be reduced to a minimum by proper design of the furnace and by the | 


use of suitable mechanical stokers. 


Of the heat actually generated in the furnace, only a part is absorbed by the water 
n the boiler, The following are the losses of heat: (1) Loss due to moisture in coal 
* . « 


i 
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(2) Loss due to moisture formed by burning hydrogen. (3) Loss due to heat carried 
away by chimney gases. (4) Loss due to radiation. The data required for the determi- 
nation of these losses are an analysis of the coal with the determination of its heating 
value, an analysis of the chimney gases, and the temperatures of the outside air and of the 
chimney gases, respectively. ; = 

The composition of the. chimney gases furnishes an indication of the conditions as 
regards economy under which the boiler operates. The CO, content of the gas is of special 
significance. Under proper conditions of operation, the CO, may lie between 9 and 12%. 
A lower value of the CO, content indicates either excessive air supply to the furnace or. 
leakage of air thru the brick setting. Many large boiler plants are provided with auto- 
graphic CO; recorders for the continuous recording of the percentage of CO, in the gases. 

Efficiencies. ‘ The efficiency of the furnace is the ratio of the heat actually 
generated in the furnace to heating value of the combustible fired. ~The effi- 
ciency of the boiler is the ratio of the heat absorbed by the boiler and carried away 
in steam to the heat actually generated in thefurnace. The product of these two 
efficiencies is the over-all efficiency, that is, the efficiency of the boiler and furnace 
combined; it may be defined as the ratio of the heat absorbed by the water in the 
boiler to the heating value of the combustible. The over-all efficiency in ordinary 
practices is 0.65 to 0.72, tho values as high as 0.80 have been reached. 

Boiler Tests. The object of a boiler test isto determine the efficiency and 
capacity of the boiler. The test consists essentially im measuring accurately the 
coal consumed and the water evaporated, and in observing the conditions under 
which the steam is generated. A standard.code of-rules for conducting boiler, tests 
has been published by the Amer. Soc. of M. E. The following isa brief outline; 

I. Determine at the outset the specific object of the trial. 

Ti, Ill. Examine the boiler, ascertain important dimensions, notice the general con- 
dition of boiler and equipment. 

IV. Determine the character of the coal to be used. ; 

V. Establish the correctness of all apparatus used in the test; as scales, tanks, water- 
meters, thermometers, pyrometers, gages. ae La 

VI. See that the boiler is tharoly heated before the trial. 

VII. The boiler and connections should be proved to be free from leaks before begin- 
ning the test, and all water connections except the pipe thru which the water is fed shoulc 

_be disconnected. ; 

VIII. The duration of the test should be ten hours of continuous running. 

IX-XIII. These rules refer to methods of starting’ and stopping the test, uniformit} 
of conditions, and the keeping of records. 

XIV. The percentage of moisture in the steam should be determined by the use of ¢ 

. calorimeter. 

XV-XVII. A fair sample of the coal should be obtained. The percent of moistur 
should be determined by air drying and weighing. The quality of the coal should b 
determined either by heat test, by analysis, or both. The ashes and refuse are to b 
weighed in the dry state. For elaborate trials a complete analysis of the refuse and as 
should be made. 2 

XVIII. The analysis of the flue gases is especially desirable. Care should be taken t 
procure average samples. 

~ XXII. An approximate “heat balance” may be included in the report of the test 


the following form: 
Total Heat Value of 1 Ib of Combustible 


Heat absorbed by boiler...:-..++++se+sseseerreseererte: 
Loss due to moisture in Coal... +. --++es+cseescteeste te 
Loss due to moisture formed by burning of hydrogen. ...-- 
Loss due to heat carried away by drv chimney gases....-- 
Loss due to incomplete combustion of carbon....--++-+++++ 
Loss due to unconsumed hydrogen and hydrocarbons, to 

heating the moisture in the air, to radiation, and unac- 
counted for......++--+++ access Mewleal sta Sega cima Piel oye 
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7. Steam Engines 


Types of Steam Engines. Reciprocating steam engines may be grouped 
in classes in several ways. The type of valve gear furnishes one basis of division; 
thus engines may be classed as slide-valve, Corliss, four-valve, etc. Slide-valve 
engines may be either throttling or automatic, according as the governor regu- 
lates the work in the cylinder by throttling the steam or by changing the point 
of cut-off. Engines in which the complete expansion of steam takes place in 
one cylinder are simple engines; if the expansion requires two, three, or four 
cylinders, the engines are termed compound, triple, and quadruple, respectively. 
Engines are condensing when the exhaust steam passes into a condenser, non- 
condensing when it passes directly into the atmosphere. Most steam engines 
are double-acting, that is, work is done during both strokes of the piston. 


Ideal Cycle. The ideal cycle of a steam engine without clearance may be 
represented most advantageously on the temperature-entropy plane. The 
point A (Fig. 7) represents the state of one pound of water 
entering the boiler; curve AB represents the heating of the 
water to the boiling temperature 7), BC represents vaporiza- 
tion, CD adiabatic expansion in the engine cylinder, and DA 
f condensation of the exhaust steam. The cycle area ABCD 

4 represents the available heat, that is, the part of the total 
1 heat supplied that may be transformed into work. Denoting 
i by 7; the heat content of the steam in state C and by iz the 
Zz B, G 'S heat content after adiabatic expansion to D, the available 
Fie.7 “ heat is the difference #1 — 72. The weight of steam consumed .- 
a5 per h p-hr is 2546/(i1 — 72). 

Example. Referring to the examples on p. 1586, it was shown that in the case of an 
engine using steam at 120-lb pressure, quality 0.96, and exhausting at atmospheric pres- 
sure, the available heat was 148.3 B t u per lb. For an engine using steam at 200-Ib 
pressure superheated to 560° and with a condenser pressure of 3 inof mercury, the avail-. 
able heat was 355.8 B t u per lb. In the first case the ideal steam consumption is 
2546/148.3 = 17.2 lb and in the second case it is 2546/355.8 = 7.16 lb per hp-hr. 

This ideal cycle is called the Rankine cycle and is used as a standard by which to 
measure engine performance. With given limiting pressures #, and #» and initial quality 
%e, the available heat is the maximum amount of heat that can be transformed into work 
under these conditions, and the ratio of the heat actually transformed to the available 
heat indicates the real efficiency of the engine from the point of view of thermodynamics. 

Indicator Diagram. - The actual cycle of the steam engine differs from the 
ideal Rankine cycle in several particulars: (1) The metal of the cylinder walls 
and piston conduct heat, and there is thus an active interchange of heat between 
the metal and steam, thus making adiabatic expansion ? 
impossible. (2) The valves do not act instantly and 
there is wiredrawing of steam in passing thru the 
ports. (3) The cylinder must have clearance. The 
result of these modifications is a cycle having a smaller 
area than the ideal Rankine cycle. 

On the #v-plane the actual cycle of the engine is 
the diagram drawn by the indicator (Fig. 8). In this 
diagram, OV represents the line of zero pressure, XX 
the atmospheric line, OX representing atmospheric Fig. 6 
pressure, and YY the line of boiler pressure. The 
length GH represents the volume swept thru by the piston, and XG the clearance’ 
volume V-. AB is the steam line, B the point of cut-off, BC the expansion curve, 

C the point of release, CD the exhaust line, DE the back-pressure line, E the 
point of exhaust closure, EF the compression curve, and FA the admission line, 


a s/ C sl 
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A single indicator diagram shows graphically the pressures exerted by the 
steam on one side of the piston during two strokes. To determine the net steam 
pressure transmitted to thé piston rod, diagrams taken Sititiltaneddsly from 
opposite ends of the cylitider must be suiperithposed. 


The expansion curve BC of the actual diagram may be represented by an equation of - 
the form pV” = const. The usual statement that the curve is an equilateral yperbola, 
in other words, that = 1, has no foundation. Experinients show that the value of 
deperids upon the quality of the mixture in the cylindet at cut-off; if there is 4 large 
per cent of water in the mixture, falls as low as 0.85 or 6.9, while if theré is little or mo 
water present, due to use of superheated steam, # may rise to 1.2. 


The indicator. diagram has two principal uses: (x) It shows the distribution 
of the steam to the cylinder, and réveals errors in the setting of the valves. 
(2) It gives the horse-power developed in thé cylinder, the so-called indicated 
- fiorse-power (ih p). 


Indicated Horse-power. The area of the indicator diagram is the integral * 
Ah pay taken around thé closed cycle; hence it represents the Work of the cycle. 


The mean ordinaté of the diagram (see Fig. 8) is found by any convenient 
method. Ordinarily the area is determined by a planimeter, atid this area 
divided by the length GH gives the mean ordinate. Multiplying by the scale 
of the iidicator spring (30; 40; or 60 lb pet sq in), the resulting product is the 
mean effective pressure (me p) in Ib per sq in. 

Let p denote the mean effective pressure, @ the area of piston in sq in, | the 
length of stroke jn feet, and # the revolutions per minute: Then the indicated! 
horse-power 1S Lip = 2 plah/33 006. 

Fot a single-acting engine, the factor 2 is dropped. For accurate calculations, 
the drea @ should be fedticed by one-half of the cross-section aréa of the piston 
rod if the rod passes thru: one Head and by the whole area if the rod passes thtu 

- ¢wo heads. The piston speed is given by 2In; helice i h p= paS /33 000. 


Brake Horsé-power is the horse-power of the engitte délivered at the flywheel. 
The difference between the ih p and bhpis the friction horse-power, and the 
ratio. b h p/ilip is the mechanical efficieticy of the érigine. Thé brake horse- 
power is determined experimentally by the usé of a band brake or an absorption 
dynamometer. : 


Lossés in the SteamsEngine. The following are the principal sources. of 

loss of available heat in the operation of the engine: (x) Wiredrawing in ports 
and valves, and friction in pipes. (2) Leakage past the piston and valves. 
(3) Loss due to clearance: (4) Radiation and conduction from the cylinder. 
(5) Initial condensation. ; 
” The losses indicated in the first four items may be reduced. to a minimum 
by careful design and construction. The most serious loss is due to the inter- 
change of heat between steam and metal, resulting in initial condensation and 
subsequent evaporation. The magnitude of this loss depends upon the condi- 
tions of operation. It is greater the slower the rotative speed of the engine, 
the earlier the cut-off, the greater the temperature range in the cylinder, and 
the greater the ratio of cylinder-wall surface to cylinder volume. The follow- 
ing are the means used to reduce the loss due to initial condensation. 

(a) Steam JACKETS. The cylinder is surrounded by an annular space com: 
taining steam at boiler pressure. The condensation takes place in this jacke 
jnstead of in the cylinder. The jacket is most effective in slow-speed engine 
having latge ratios of expansion. - ~ t 
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‘ (b) Compounpinc. The large temperature range that accompanies a large 
ratio of expansion may be divided between 2, 3, or 4 cylinders, thus giving a 
relatively small range in each cylinder. The total loss from condensation in all 
the cylinders is less than the loss would be if the steam were expanded in a single 
cylinder. The use of two or more cylinders is also advantageous mechanically; 
the pressures on cranks, shafts, etc., are reduced, and by setting the cranks at 
proper angles a more uniform eee moment on the shaft is obtained. ; 

(c) SuppRHEATING. The most effective means of reducing initial condensa- 
tion is the use of steam initially superheated. By a sufficient degree of super- 
heat dry steam at cut-off may be insured, and as the rate of absorption of heat 
by a gas is small, the activity of heat interchange between steam and metal is 
greatly reduced. eg 


_ Efficiency Standards. The term efficiency when applied to the steam engine 

may mean any one of several ratios. Let g= heat supplied to an engine per 
Ib of steam, ga = available heat, the maximum quantity of heat that can be 
transformed into work in the ideal Rankine cycle, g-= heat transformed into 
work in actual engine, We=Jgqe the indicated work per lb of steam, Wo= 
the work obtained at the brake per lb of steam. Then ea= ga/q= thermal 
efficiency of Rankine engine, e-= q-/q = thermal efficiency of actual engine, 
&% = ee/€a = Ge/a = efficiency ratio (sqgnetimes called potential efficiency), 
éy = Wo/Jde = brake efficiency ratio (based on work at brake), em = Ws/Wa= 
mechanical efficiency. Two other standards are coming into use. ‘These are: 
Btu consumed per i4 p-hour, and B t u per b h p-hour. Since 1 h p-hr 
= 2546 Btu, the first ratio is equal to 2546 divided by the indicated thermal 
efficiency; thus if the thermal efficiency is 0.20, the engine consumes 2546/0.20 = 
12 730 B t u per hour perih p. . 

The really useful criterion of engine performance is the ratio ¢4 which is equal to the 
product ¢7 X ex. Fhe ratio ¢; is a measure of the extent to which the engine transforms 
into work the heat ga'that is available for transformation, and the ratio e measures the « 
mechanical perfection. of theengine. The product ez X e7:, therefore, isan indication of 
the quality of the engine both thermodynamically and mechanically. R 

The Rankine efficiency ez depends upon the pressure limits used and may vary from 
0.08 to 0.30. The thermal efficiency of the actual engine varies from 0.03 to as high as 
0.25. The efficiency ratio ¢e usually lies between 0.60 and 0.75, but in exceptional cases 
the extremely high value 0.88 has been attained. - At full load the mechanical efficiency 
€m should lie between 0.80 and 0.90. Since the engine friction remains nearly constant 
at all loads, ¢7 may fall as low as 0.50 at light loads. 

Performance of Steam Engines. The following gives approximate values 
of steam consumption of various classes of steam engines (Allen and Bursley’s 
Heat Engines, p. 160): 


Steam Conner! Pounds per ih p-hr. 


aa throttling engine, NON-CONCENSING wesee vies eciev sees ei cll 44-45 
Simple automatic engine, ROb-Condensing hs ateoierer-u/sieiolele Mev. e\siavaieieler> 30-35 
Simple Corliss engine, non-condensing ...... ais ovesa lee otvte co. Nite SIDS 26-28 
Simple automatic, engine, CQHMERSING wes .16 Fae Sarele isla Mere Seas 22-26 
Simple Corliss engine, condensing.........00sseeeceeecneceuvcseress 22-24 
Compound automatic engine, non-condensing.,.........+.0+-+es00088 25-30 
Compound automatic engine, SONGENSIN Gisss tore wih wlaveralelatwiare 23.613 Sele AAS 
Compound Corliss engine, condensing..........- 3 diate ay HEGEDOK 
‘Triple Corliss engine, condensing............-..0006 el tvial oe ora 1244-13 


The Economy of Pumping Engines i is usually exprest in terms of Dury, 
which is defined as follows: The duty is the number of foot-pounds of work 
_ obtained from the pump cylinders per million B t u furnished to the engine by 
the: boilers. The duty that may be expected of various forms of pumping 
engines is as follows (Allen and Bursley’s Heat Engines, p. 163): 


i 


1594 Thermodynamics . Sect. 14 


Small duplex non-condensing pumps...-.------ dais We ee O ee 10 000 600 
Large duplex non-condensing pumps....-------- ..+ 25 000 000 
Small simple flywheel pumps, condensing....:--- ..+ 50 000 000 
Large simple flywheel pumps, condensing. . . 65 000 000 
Small compound flywheel pumps, condensing. . . «++ 85 000.000 
Large compound flywheel pumps, condensing......-..---+--++ 120 000 000 
Large triple-expansion flywheel pumps, condensing.....---+--+ 150 000 000 
Large triple-expansion flywheel pumps, condensing, of excep- 

- tional economy... 2.2.2.1 e eee e eee eee ee eee eres teen eeees 165 000 000 


At the Deer Island sewage pumping station, Boston, Mass., a 45 000 ooo-gallon centril 
ugal pump showed upon test a duty of nearly 96 000 000, 

A table by C. V. Kerr (Trans. A. S. M. E., vol. 25, 1904) gives the results of a numbe 
of tests on various types of steam engines. It appears from these results that the efficienc 
ratio of a good steam engine should lie between 0.62 and 0.75. Under exceptional cot 
ditions it may rise to 0.80. In general, the steam consumption per h p-hr andthe efficienc 
ratio vary with the load. At light loads the efficiency decreases rapidly as the load 

. decreased; for loads in excess of the engine’s rating, the efficiency also decreases but « 
a slower rate. 


Steam-engine Testing. The object of the test is to determine the stea1 
consumption of the engine and the efficiency ratio. If a surface condenser 
used the steam consumption is determined by weighing the’steam condenset 
otherwise, the water fed to the boilers must be measured, care being taken th: 
all the steam produced from the feed water goes to the engine. The length. 
the engine test should be at least 5 hours, and if the test includes the boilers, 
should continue 24 hours. The indicated horse-power is determined from inc 
cator diagrams taken at intervals of 10 or 15 minutes; and the brake horse-pow 
is obtained by the use of a brake or dynamometer. The weight of water reduce 
to pounds per hour is divided by the average ih pand the quotient is the stea 
consumption in Ib per ihp-hr. The steam consumption for the ideal Ranki 
engine is readily found for the same conditions and the ratio vf these gives tl 
efficiency ratio. 

A code of rules for conducting steam-engine tests is contained in the Transactions of t 
A.S. M.E., vol. xxiv. The following are extracts from the report of the committee. 

From Inrropuction to Rerort: The heat consumption of a steam-engine pla 
is ascertained by measuring the quantity of steam consumed by tne plant, calculati 
the total heat of the entire quantity, and crediting this total with that portion of the he 
rejected by the plant which is utilized and returned to the boiler. The term engine pla 
as here used should include the entire equipment of the steam plant which is concern 
in the production of the power, embracing the main cylinder or cylinders; the jackets a 
reheaters; the air, circulating, and boiler-feed pumps, if steam driven; and any other stea 
driven mechanism or auxiliaries necessary to the working of the engine. 

X. Measurement of Freep Warer. The method of determining, the steam cx 
sumption applicable to all plants is to measure all the feed water supplied to the boile 
‘and deduct therefrom the water discharged by separators and drips, as also the water a 
steam which escape on account of leakage of the steam main and branches connecti 
the boiler and engine. In plants where the engine exhausts into a surface condenser | 
steam consumption can be measured by determining the quantity of water discharged 
the air pump, corrected for any leakage of the condenser, and adding thereto the ste 
used by jackets, reheaters, and auxiliaries as determined independently. 

XII. Inprcatep Horse-power. The indicated horse-power should be determi 
from the average me p of diagrams taken at intervals of 20 minutes, and at more frequ 
intervals if the nature of the test makes this necessary, for each end of the cylinder. 

XXI. Sranparps or Economy AND EFFICIENCY, The hourly consumption of b 
, . . divided by the indicated and brake horse-power, that is, the number of heat w 
consumed per ih p and per b hp per hour, are the standards of engine efficiency rect 
‘mended by the committee. 5 ; 

XXIV. Ratio or Bconomy or An Encine To THAT oF AN IpEAL Encine. Thei 
engine recommended for obtaining this ratio is . . . one which follows the Ranl 
cycle, where steam at constant pressure is admitted into the cylinder with no cleara 


’ 
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: er od : 
id after the point of cut-off is expanded adiabatically to the back pressure. In obtain- ~ 
g the economy of this engine the feed water is assumed to be returned to the boiler 
exhaust temperature. 


8. Steam Turbines . 


Types of Steam Turbines. Steam turbines may be divided into two general 

asses: (1) The impulse or velocity turbine, which is analogous to the Pelton 
ater wheel. Steam expands in a nozzle until the pressure drops to the 
essure in the region in which the turbine wheel rotates, and the jet issuing 
ith relatively high velocity is directed against the blades of the wheel. (2) The 
action or pressure turbine, which is analogous to the water turbine. In this 
pe of turbine the steam flows thru alternate guide blades and moving blades 
\d the pressure gradually falls thru both sets of blades. The essential differ- 
ices between the two types are shown by the following comparison: 


Impulse or Velocity Reaction or Pressure 
1. Drop of pressure in nozzles only. 1. Drop of pressure continuous in 
a. Jet fills only part of wheel circum- guides and moving blades. 
. ference. 2. Turbine runs full. 
3. Blades usually symmetrical. 3. Blades necessarily unsymmetrical. 
4. Jet velocity high, tooo to 3500 ft 4. Steam velocities low, 300 to goo ft 
per sec. per sec. . : 
5. Speed of blade nearly one-half of jet 5. Speed of blade nearly equal to ve- 
velocity for highest efficiency. locity of steam. 


Compounding: The high velocity of the steam jet resulting from a consider- 
le drop of pressure renders desirable some method of compounding in order 
at the peripheral speed of the turbine-wheels may be kept within reasonable 
nits. In most turbines pressure compounding is used. The total drop of 
essure ~; — f2 is divided among several wheels, thus reducing the velocity 
the jet at each wheel. The arrangement is shown in Fig. 9. Steam passes 
ru orifices 1, mo, etc., in the partitions which divide the interior of the turbine 
to wheel chambers. The pressure drops from #; to #2 in passing thru the 
st orifices, then from #2 to $3, etc. The curves # and w show roughly the 
essure and velocity changes. The principle of velocity compounding is shown 
Fig. 10. The steam is expanded in a nozzle to the back pressure #2, thus 
ving a jet of relatively high velocity. The jet passes into the first moving 
heel, then thru a fixt guide, where its direction is reversed, then into a second 
oving wheel. A second guide and a third wheel are sometimes added. The 
rves and w show the changes of pressure and velocity. 


Leading Commercial Turbines. The De Lavar TURBINE is a velocity 
rbine having a single stage. The steam expands in a diverging nozzle to the 
al pressure and the jet passes thru a single wheel. 

The RATEAU TURBINE is a velocity turbine with pressure compounding, 
g. 9. The ratio of pressures between successive stages is kept above the 
itical ratio, so that diverging nozzles are not necessary. The number of 
essure stages is relatively large. 

The ZoeLty TURBINE differs from the Rateau turbine only in pb 
tails and in having a smaller number stages. 

The PaRsONS TURBINE is a reaction or pressure turbine. The moving blades 
€ mounted on a drum or rotor and the rows of moving blades alternate with 
ws of stationary blades attached to the casing. The entire annular space — 
tween rotor and casing is filled with steam and the pressure drops continuously 
the steam passes thru the stages. The radial length of the blades is increased 
ym stage to stage to provide for the increasing Ee volume of the steam. 
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> The Parsons turbine js made in the United States by the Westinghouse Company 
and by the Allis-Chalmérs Company. ee 
The WESTINGHOUSE DOUBLE-FLOW TURBINE is a combination of a velocity 

and pressure turbine. The steam at boiler pressure is expanded in a nozzle 
to a much lower pressure and the jet at high velocity is past thru two sets of 
moving blades with intermediate guide blades (see Fig. 10). The steam is 
then led to two rotors on opposite ends of the shaft, and the remainder of the 
expansion is the same as in the Parsons turbine. f 


yyy) es 


| | IT: 
ie Fig. 10 - 


The Curtis TuRBINE has from 4 to 6 pressure stages, with 2 velocity Stage 
in each pressure stage. That is, there are 4 to 6 wheels, each in a chatnber, an 
each wheel carries 2 rows of blades, with an intermediaté row of stationar 
blades (Fig. 10) attached to the casing. The larger Curtis turbines have ve! 
tical shafts. The shaft is supported by a step bearing which is supplied wit 
oil under a pressure sufficient to support the weight of the shaft and rotatin 
parts. aa 1 
Performance of Steam Turbines: The economy of a steam turbine mea 
ured in stéam consumption per h p-hr is not much different from the econom 
of a reciprocating engine under the same conditions. With a good vacuum (2 
to 29 in of mercury) and with superheated steam. the consumption per bhp 
should lie between 10.5 and 14 lb. The efficiency ratios shown. by numerot 
tests lie between 0.60 and 0.72. , 

Low-pressure Steam Turbines. Because of the limitation of cylind 
volume, the reciprocating engine is unable to make effective use of an extreme 
high vacuum. No such restriction applies to the steam tutbine, as the blades: 
the final stages may be made long enough to pass the required volume of stea 
at the lowest pressures obtainable. Tn general, the reciprocating engine is mo 
economical than the tutbine at high pressures, but the reverse is true at lo 
pressures; hence a combination of reciprocating engine, to work between boil 
pressure and atmospheric pressure, and a turbine to take steam from the engi 
and expand it to condenser pressure, is more efficient than the engine alone 
turbine alone. Such combinations have found favor in marine engineering. 
many cases low-pressure turbines have been installed with excellent results 
existing reciprocating engine plants (see paper by Stott an Pigott, Trat 
A.S.M.E., 1910). Rateau has applied the low-pressure turbine in cases whe 
the steam supply is intermittent, as in rolling mills, mine hoists, etc. The engi 
exhausts at about atmospheric pressure into a heat accumulator, which 
simply a tank partly filled. with water, and the turbine is supplied from #1 
accumulator (see paper by Rateau, Trans. A. S. M. E., vol. 25.). - 3 

Relative Fields of Engines and Turbines. The reciprocating engine is most eff 
tive in any service of an irregular character, where varying speed is required, or where t 
direction of rotation must be reversed. The moderate rotative speed of the engine is a 
a decided advantage in many classes of service. The field in ‘which the turbine is preét 

Hetit is 1H cetitral power-station service. The high rotative speed of the turbitie facilita 
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a 
direct connection to electric generators. The: Sag can be fall a regulated, its s ficiency 
loor space and _compat- 


aa engiilé in tantial: station service. THE tiirbite hag algo been applied 
ative to marii€ sétvicé both alone and in comibitdtion with reciprocating erifities: 
Rateau has been successful in applying the ttirbine to centrifugal pumps and air compres- 
sors; atid ani extension of this field may be expected: « 
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Heating by Internal Combustion. An air enginé is one that uses air as 
the ‘workitig tid. The term hot-ait engine is iisudlly applied, However to an 
engine i in which the dir is separated from the filimace by a imttabwall: -Bhelt 

nes have beeh failures for thé reason that thé air absorbs heat slowly aiid it 
is impossible to maintain a high température in the workilig Auiid: By the 
pti of heating by internal combustion the iapid chémical action supportéd 
by the medium itsélf permits the rapid heating of large quantities of dir to B - 
very high temperatiire. The medium and the furmdcé being within the cylitdet; 
the metal walls can be kept at a sufficiently low temperature by 4 waiter jacleek: 
and the inner surface may be.exposed to high tempetatuté without daniget of 
estriction. Engines that maké usé of the principle of interial cotibtistioli aré 
in reality aif engines, sitice the working imeditin is priticipally air, bit they aré 
generally known as fas ehgines ahd oil engines. 

_ Types of Gas Engines. Internal combustion engines fall under two chief 
classes: (1) The explosion type, in which the mixture of fuel and air is drawii into 
the cylinder and ignited, thus producing an explosion and a sudden risé of pressure 
at early constant volume. (2) The slow butting type, in which the fuel is : 
introduced gfadually and burned quietly without increase of pressure. The Otté 
engine isa representative of the first typé, the Diesel engined of thé second type. 

Another classification i8 baséd on the number of strokes of thé piston ré uired for the 
completion of the cycle. Th thé fout-cycle ezine four Strokés are réquiréd, in the two- 
cycle énginé, two strokes. Engities of sinall powér aré usually single-acting; large engines; 
afé, however; usually dotible‘acting. Tht Nurnberg; Westinghouse, and Snow engines are. 
éxaiaples of double: “acting fotir-cyclé engines} thé Koerting and. Oechélhaeuser engiries are 
examples of double-acting two-cycle engines. (For descriptions of various types of gas 
engines; see Levin’s Modern Gas Engine, chap; xiv.) 

The Otto Cycle: In Fi ig. 11 is shown: the 
ideal indicator diagram of the four-cycle Otto 
engine. The operations are as follows: e 
explosive mixture is drawn into the cylinder, 
as represented by ED, and comprest ddia- 
batically (DA). The mixture is ignited, 
causing a rise of pressure; as shown by AB; 
The gases in the cylinder, which aré products 
of cdinbiistion with an excess of ait, étpaid 
adiabatically, as shown by BC. Fitally, the 
burned gases are in part expelled from the 

Fics 11 - cylinder, as indicated by DE. As a first 

approximation it is assumed that thé medium 

thruout the cycle has the cigneraes of air, that the Jeet heat is constant, and 

that the medium during the process AB receives quantity of heat equal to that 

developed by the combustion of the fuel in the actual Sa With this assump- 
tion, thé ideal efficiency of the engine is bab 


a Tas - (Be). =a = 
sce S Fes : Va Pa 
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It is seen that the higher the compression pressure a, the greater the ideal 
efficiency. : 

For the ideal case the temperature and pressure at the point B are determined 
as follows: If g: is the heat absorbed per pound of air during the process AB, 


Ts a : 
SeCts= eee : ; = 
m=c(Ts—Ta), whence T. = CTs +1; and since Va= Va, 
bo Ts i 
le alia ponte (Se +1) 


The temperature and pressure as thus calculated are never realized in practice. 


In the first. place, part of the heat q, is absorbed by the water jacket; secondly, 


the properties of the actual fluid in the cylinder are not the same as the proper- 
ties of air, and the specific heat of the fluid is not constant but increases with 
the temperature. The efficiency of the cycle when the calculation is made with 
the actual contents of the cylinder taken into consideration is not more than 0.8 
of the efficiency deduced for the cycle with air as the medium; and the efficiency 
of the actual engine is still smaller. : 7 

Diesel Cycle. In the Diesel oil engine, air without fuel is comprest to a 
pressure of about 500 lb per sq in. The fuel is introduced into this air by the 
aid of a separate small air compressor, and burns without explosion. No ignit- 
ing device is required, as the temperature of the air is raised by compression 
above the temperature of ignition. The fuel may be cut off early or late, depend- 


‘ing on the load. The De La Vergne oil engine resembles the Diesel engine in * 


its general features, but a lower compression pressure is employed. 

Horse-power of Gas Engines. The indicated horse-power of a gas engine 
is given by the formula ih p = plan /33.000, in which » denotes the number of 
explosions per minute. The mean effective pressure that may be obtained 
depends upon the kind of fuel. Tt may vary from 60 to 70 Ib’per sq in for pro- 
ducer and blast-furnace gas, 85 to 95, lb for natural gas and gasoline, and 95 to 
110 Ib for alcohol. The brake horse-power of automobile engines is given 
approximately by the rule of the Association of Automobile Manufacturers, 
namely: bhp = @N/2.5, in which d denotes the cylinder diameter in inches 
and NV the number of cylinders. 

Performance of Gas Engines. The internal combustion engine has intrin- 
sically a higher thermal efficiency than thé steam engine. Based on coal used, 
the consumption of a gas engine with producer gas is about 30% less than the 


consumption of a steam engine. This result is obtained under most favorable 


conditions for both engines. ; 

A large number of tests of a gas ehgine and gas producer were ‘made by the U. S. Geo- 
logical Survey at the St. Louis exhibition. The producer was rated at 250 horse-power 
capacity and the engine at 235 hpat 200rpm, Tests were made with a large number 
of coals. With high-grade bituminous coal the weight of coal consumed by the producer 
per brake horse-power delivered by the engine ranged from 0.95 Ib to 1.32 lb. A steam 
engine of the same power would consume about double the weight of coal. 

The following are the results of tests of gas and oil engines of the larger sizes: 


Thermal efficiency 


Engine Fuel Brake h p Perihp Perbhp 
Westinghouse Natural gas 606 28.6 25.5 
Snow Natural gas 595 29.4 23-7 
-Borsig-Oechelhaeuser Coke-oven gas 628 33.0 27.5 
Premier Producer gas 368 © 33.7 25.6 
Koerting Producer gas 341 34.0 24.1 
Westinghouse Producer gas 500 3037 «- 25.2 
Cockerill . Blast-furnace gas 725 31.5 26.0 
Niirnberg Blast-furnace gas 1186 33.9 28.2 


Diesel Oil 297 45.8 32.2 
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ELECTRICITY 
10, Definitions, Units, Fundamental Laws 


Systems of Units. There are two systems of electrical units, both of which 
are derived from the fundamental or centimeter-gram-second (C GS) system. 
The ELECTROSTATIC sySTEM is based on the force exerted between two charges 
of electricity; the ELECTROMAGNETIC SYSTEM is based on the force exerted between 
a magnetic field and a conductor carrying a current placed.in that field. Many 
of these units are inconvenient to use in practice, and certain modifications, 
known as practical units, have been adopted and legalized in a number of coun- 
tries by international agreement. These practical units are used in all engineer- 
ing work; C GS units are frequently used in physical and research work. 


Electromotive force (symbols E, e, and e m f) is that which causes electricity 
to flow or tend to flow, and is analogous to hydrostatic head. The practical 
unit is the Vorz, that electromotive force which, when applied to a circuit of. 
one ohm resistance, will cause a current of one ampere to flow. The standard 
volt is represented by the Clark and Weston standard cells. The legal value 
of the Clark cell, when made according to certain prescribed directions, is 1.434 
volts at 15°C. The value of the Weston cell, adopted by the U.S. Bureau of 
Standards, Jan. 1, 1911, is 1.0183 volts at 20° C. ; 

The Volt is equal to 108 CGS units. When very small electromotive forces or poten- 
tials are to be measured; the unit millivolt, one thousandth of a volt, is frequently used. 
High potentials are often exprest in kilovolts or thousands of volts. DIrFERENCE OF 
POTENTIAL is the difference in electrical pressure between two points in an electric circuit 
and is measured in volts. This term is often incorrectly used instead of electromotive 
force. : 

Current (I, i) is the rate of flow of electricity. The practical unit is the 
Ampere, which is the current flowing in a circuit of one ohm resistance when an 
electromotive force of one volt is impressed on it. The legal standard ampere 
is that steady current which will deposit 0.001118 grams of silver per second 
when past thru a silver nitrate solution under certain prescribed conditions. ~ 

The Ampere is equal to 10-1 CGS units. A milliampere is one thousandth part 
of an ampere. ; 

Resistance (R, r) is that property of a material that opposes the flow of 
electricity thru it. It varies directly with the length and inversely with the 
cross-sectional area. The practical unit is the OuM, which is the resistance of 
a circuit in which a current of one ampere flows when subjected to an electro= 
motive force of one volt. The legal standard ohm is the resistance of a column 
of mercury 106.3 cm long and 14.4521 grams mass ato° C. Working standard 
resistances are made of resistance wire or ribbon carefully adjusted and stand- 
ardized by comparison with the legal standard. Manganin, a copper alloy, is 
most extensively used because of its permanency. The usual sizes ‘range from 
I00 600 ohms to 0.cccor ohm, and always in powers of 10. 

The Ohm is equal to ro? CGS units. Insulation resistances are usually exprest in 
terms of the megohm, or one million ohms, and very small resistances in microhms, or 
millionths of anohm, REesIsTIVITY (p) or specific resistance of a miaterial is the resistance 
between opposite faces of a centimeter cube or an inch cube. CoNDUCTANCE is the recip- 
rocal of resistance, and conpuctivity (y) is the reciprocal of resistivity. RELATIVE 
conpuctivity (usually incorrectly abbreviated to ‘‘conductivity”) is the term most 
used in engineering. It is the percentage ratio of the true conductivity (i.e., reciprocal 
of resistivity) of the material to that of copper of a certain specific gravity and specific 
resistance known as the International Annealed Copper Standard. Materials are classed 
as conductors or insulators according as they are of low or high resistivity, respectively - 
INSULATION RESISTANCE refers to the resistance of insulating material measured in ~ 
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megohms. The DIELECTRIC STRENGTH of an insulating material is the high-potential 
voltage which ruptures that material and is usually exprest in volts per mil or per © 
millimeter. ‘ 


Quantity of Electricity (Q, q) is the product of current and time. The 
practical unit is the Covtome, which is one ampere flowing in a circuit for one 
second. 


Phe Coulomb is equal to ro! CGS units. The unit in more common use commercially 
is the ampere-hour, equal to 3600 ampere-seconds or coulombs. a 


? | 
Electrical Energy (W) is the work done in a circuit or an apparatus by | 


current flowing thru it. The practical unit is the Jour or Wart-seconn, which | 
is the work done when one ampere flows thru a resistance of one ohm for one 
second. 7 

The commercial unit is the watt-hour, equa] to 3600 joules; also the kilowatt-hour, 
equal to 1000 watt-hours. = 

Electrical Power (P) is the rate of expending electrical energy or the rate 
of doing work per unit of time. The practical unit is the Warr, which is the — 
work done in one second when one ampere flows in a circuit under a pressure of 
one volt, or P =I XE = PR. 

The commercial unit is the kilowatt (one thousand watts). One horse-power is equal 
to 746 watts. a 


Capacitance or Electrostatic Capacity (C, c) of a circuit or apparatus is the 
property by virtue of which it can hold a charge of electricity. The practical 
unit is the FaRaD, which is the capacity of a circuit or apparatus that will be 
charged to a potential of one volt by one coulomb of electricity. : 


The farad is so large a quantity that commercially the microfarad is generally used 
The farad is equal to ro—? C GS units; the microfarad to 1o—!® C G § units. ; 


Self-inductiow of a circuit. is that property which opposes any change in the 
value of the current flowing thru it. It is analogous to inertia and is due to 
the magnetic field which surrounds a conductor carrying current. When the 
current is established or changes, the field increases or decreases and the lines 
of force cut the conductor, inducing a counter e m f which opposes the change in 

“the current. i j 

Inductance (L, 1.),-or coefficient of self-induction, of a circuit is the constant 
by which the time rate of change of the current in the circuit must be multiplied 
to give the e m f induced in the circuit by such change. The practical unit is 
the Henry, which is the inductance of a circuit where a change of one ampere 
per second will induce one’volt em f. ; 

A henry is equal to 109 CGS units. The unit ordinarily used is the millihenry (one- 
thousandth of a henry). 


Reactance (X) of a circuit is that part of the resistance offered to the passage 
of alternating current which is due to the inductance and capacity of the circuit. 
It is measured in ohms and is equal to 2rnL ish 3 

amnC 


Frequency (n) of an alternating-current circuit is the number of complete 


reversals, or cycles, of the current per second.» It is equal to the product of half 


eS 
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- the number of poles on the generator and the revolutions per second. An 


alternation is half a cycle. 


The standard frequencies in this country are 25 and 6o cycles, altho 4o-eycle systems 
are in operation. A yery few of the early 133-cycle systems are also to he found, and 
15 cycles has been adyocated for alternating current railways. 


Phase refers to the time relation between the current and potential in an 


alternating-current circuit, or to the time relation between the potentials in two 
or more circuits. 


Thus, if the current and potential in a circuit reverse at the same instant, they are in 
phase. When the current reverses after the potential, it is said to be out of phase, and 2 
lagging current; when it reverses before the potential, it is gut of phase, and a leading 
current. A two-phase generator has two circuits in its armature and the em f’s generated 
are 14 cycle or go electrical degrees apart. Similarly, a three-phase generator has three 
circuits and the e m f’s are 14 of a cycle or 120° apart. i : 


Power Factor of a circuit is the ratio of the true power passing thru it to the 
product of the volts and amperes. It is equal to the cosine of the time angle 


- at any-instant between the potential and current. 


When the time angle is zero, that is, when the potential and current are in phase, the 
ower factor is z.00 (cosine 0°), often exprest too%. If they are out of phase by 90°, 


_ the power factor will be zero (cosine 90°), 


Load Factor. The daily or yearly (or other period) load factor of a machine, 
plant or system is the ratio of the average power.to the maximum power during 
the period indicated. 

The demand factor of an installation is the ratio of the maximum load actually 
taken by the installation to the total connected load (that is the sum of the . 
fatings of all apparatus in the installation). . 

The diversity factor of an installation is the ratio of the sum of the maximum 
demands of the various loads in the installation to the maximum demand of the 
whole installation. 

Hysteresis is that property of magnetic material which causes the induction 
corresponding to a giyen magnetizing force to be greater when the latter is 
decreasing than when it is increasing. 

Hysteresis loss is the energy expended in the material because of hysteresis when the 


“magnetizing force is changed from one direction to the other and back again. It appears 


in the form of heat. 


Eddy Currents are stray local currents induced in those metal parts of 
electrical apparatus which are in rapidly changing magnetic fields. 


Eddy-current loss, which appears in the form of-heat, is the power expended by eddy 
currents flowing in these metal parts, and is equal to the product of the square of the 
current and the resistance. It is one of the largest losses in alternating current appa- 

atus, and therefore parts in which this loss occurs are laminated in order to reduce 
the length of the current paths, thereby increasing the resistance and decreasing the cur- 
Tents, . 


A Series Circuit is one in which the total current passes thru each part of _ 
the circuit, A Paratcer or Muptipre Circuit is one in which the total current 
is divided among the various parts of the circuit. 

Fundamental Laws. The following are the more important laws and prin- 
ciples of electricity and magnetism underlying the practical applications of 
electricity. 

Ohm’s Law. The current in a circuit containing no source of e’m fis equal to thé 
potential applied at the terminals of the circuit divided by the resistance, or J = E/R. 
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This law applies to alternating-current circuits only when they are non-inductive, that is, - | 


contain resistance only. Otherwise the current is equal to the potential divided by the 
impedance, or J = E/Z. k 

Laws of Series and Parallel Circuits Carrying Direct Current. In aseries ciicuit 
the total resistance is equal to the sum of the resistances of its component parts. In 
a parallel circuit the current in each circuit is inversely proportional to the resistance of 
each branch of the circuit, and the reciprocal of the total resistance of the circuit is equal 
to the sum of the reciprocals of the branch resistances. 


Capacitances. When two or more capacitances (condensers) are connected in series, 
the reciprocal of the total capacitance is equal to the sum of the reciprocals of the capaci- 
tances. If they are connected in parallel, the total capacitance is equal to the sum of 
the capacitances. It is to be noted that the law is just the reverse of that for resistances. 

Conductor in a Magnetic Field. When a free conductor is placed in a magnetic 
field: and current is passed thru it, the conductor will move. The force exerted will be pro- 
portional to the field strength and the current. This is the fundamental principle of 
MOTORS. 

Electromagnetic Induction. When a conductor is moved thru a magnetic field or a 
magnetic field is moved thru a conductor, an e m f will be induced in it which will be pro- 
portional to the field strength, the rate of motion, and the length of conductor cutting the 
field. This is the fundamental principle of GENERATORS. 

Fundamental Equation for the Generation of an EMF. The following is the 
equation for the e m f generated in (a) a coil rotating in a magnetic field at a uniform 
speed or (b) a coil which incloses an alternating magnetic flux varying in such a manner 
that a sine wave e m f is generated (see Art. 11). 


not 
E = 4-44 735 
where E = e mf, mean effective value (see Art, 11) in volts; 
nm = number of complete turns in, coil; 
= total magnetic flux (maximum instantaneous value if produced by alternat- 


¢ 
¥ ing current) inclosed by thé circuit. Tf the magnetic flux density is 
uniform (the usual case) throughout the space occupied by the coil, 6 = 
BA where B = flux density in lines per square centimeter and A = area 
inclosed by coil in square centimeters. 
f = revolutions of coil per second or frequency in cycles per second of magnet- 
izing current. 


Law of Magnetic Circuits. In a magnetic circuit the total magnetic flux is equal to 
the magnetomotive force divided: by the reluctance of the circuit, the relation being 
similar to Obm’s law. .The total magnetic flux (lines of force) corresponds to current 
(amperes), the magnetomotive force (gilberts) to electromotive force (volts), and magnetic 
reluctance (oersteds) to resistance (ohms). In practice it is customary to deal with the 


magnetizing force per unit length of magnetic circuit, which, when the magnetic circuit. 


is of non-magnetic material, is equal to H = 4nNI/10l, where H = field strength 
(gausses), NIJ = ampere turns and / = length. When the material is magnetic, the 
magnetic induction (gausses) is B = kH, where k = permeability, a quantity which 
varies with the material and with B. t 


Galvanic Electricity. If two unlike metals are immersed in an acid or salt solution 
an electromotive force will be generated between them. The magnitude of the e m f 
will depend upon the metals and the solution used. This phenomenon is the basis of 
all electric batteries. 


Electrolysis. When electric current (direct) is passéd thru a solution (called electro- 
_ Iyte), it is decomposed. According to Faraday’s law, the amount of. decomposition is 
directly proportional to the quantity of electricity (product of current and time) passed 
thru the solution. ‘ 


Thermoelectric Effect. When a circuit is made up of two dissimilar metals and the 
two junctions are maintained at different temperatures, an em { will be established which 
will be very nearly proportional to the difference in temperature between the two junc- 
tions. Conversely if current is passed thru a circuit consisting of two dissimilar metals, 
heat will be developed at one junction and absorbed at the other junction. This is 
known as Peltier effect. 


. 


: 
i 
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Heating Effect. When an electric current is passed thru a solid conductor, the electric 
energy expended in the conductor is entirely converted to heat energy. The amount 
of heat developed is proportional to the resistance, the square of the resistance and the 
time. (Joule’s law). Piste is, 

H = 0.2928 PRT, 
_ where H = heat in British thermal units; 
J = current in amperes; 
R = resistance in ohms; 
T = time in hours. 


' 


11. Commercial Electrical Measurements 


Commercial and Ordinary Engineering Measurements are made with 
various indicating instruments which are calibrated by various more or less 
direct: methods against the primary standard or standards representing the 
quantity indicated by the instrument. 


Direct current and potential are measured with ammeters and voltmeters 
respectively. They are almost universally of the D’Arsonval type, in which a 
small fine wire coil is free to move in the field of a permanent magnet. In am- 
meters this coil is connected to a specially made low resistance called a “shunt.” 
Its deflections are proportional to the fall of potential across this shunt and 
therefore to the current flowing thru it. Voltmeters differ from ammeters 
only in that the moving coil is connected in series with a high resistance and across 
the circuit to be measured instead of in parallel to a low resistance which is 
in series with the circuit. 


For moderate current (25 amperes and less) the shunt is contained in the instrument 
case, but for larger currents it is external to the instrument and connected to the latter 


by small flexible wires. Thus, shunts as high as 25 000 amperes capacity can be placed 


in the circuit at the most convenient point. Instruments permanently located on switch- 
boards are called switchboard or station instruments, as distinguished from portable 


instruments used for testing purposes. 


Alternating current is measured with ammeters of several types, the more 
usual being the iron-disk, inclined-coil dynamometer, and hot-wire types. The 
principle of iron-disk instruments is the repulsion between the eddy currents 
induced in a very small iron disk, and the field which produces them. The prin- 
ciple of the inclined-coil and dynamometer instruments is the attraction and 
repulsion between two coils carrying current. In hot-wire instruments the 
expansion of a taut wire, when heated by the passage of a current, is utilized to 
‘measure the current. Some of the types are made self-contained up to 300 
amperes, but current transformers are usually used with larger currents. In 
all high-tension circuits (over 440 volts) current transformers are. used irre- 
spective of the size of the current in order to insulate the instrument from the 
circuit. 

The several VALUES OF AN ALTERNATING CURRENT (and emf) are (a) instantaneous 
value or value at any instant during a cycle, (b) mean effective value which is the square root 
of the sum of the squares of the instantaneous values during one cycle (also called effective 
value and root-mean-square value), (c) average value which is the arithmetical average 
of the instantaneous values during one alternation or half cycle, (d) maximum value 


_ which is the maximum of the instantaneous values during one cycle. When the wave 


form is a sine curve (that is, when the variation of the instantaneous values during one 
cycle with respect to time follows the sine law) the relations between these various values 
are as follows: 


Maximum value = +/ a X effective value; 


T 
Maximum value we X average value; 


“s 
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) ; ax/2 5 
Averaze valué = % effective value; _ 
v 
Effective value Tv 


= 


eee SS = ——= = 1,11 ( = form factor); . 
Average value 2V/2 7 
Maximum value _ oe 
Effective value * ~ 
All of these values are employed in electrical engineering but the effective value is 
the one ordinarily measured and used. This particular value is used because it is the 
value which will produce the same heating, effect as a direct current of the same mag- 
nitude, and it is the value indicated by all alternating-current instruments used in all 
ordinary measurements. 
Altertiating Potentials are imeastited with voltmeters of the same types as 


= 1.414 ( = crest, peak of ditiplitude factor). 


the ambisters; beilig wotiid with manly tutns of sthall wire instead of @ few 


turns of relatively large wire. Voltage transforiners which step-down the 
voltage to the standard value of 110 volts ate used when measuring High 
voltages: . 

The secondaries of current tratisformers are usually 5 atnperes capacity, but the instfu- 
ment &cales are marked to read the primaty current, Similarly, the scale of the volt- 
meter may be marked to jridieate the line potential altho the voltage on the instriimenit 
is usually about 110 volts. 

Power in direct current citcuits is ustially measured with an ammeter and a 

voltmeter, the power in watts being the product of the amperes and the volts. 
In alternating current circuits however, power is usually measuted with a 
waltmeler. It is a two-circuit instrument, one circuit being a fixed coil of a rela- 
tively few turns of relatively large wire, connected in series with the drctit to 
be measured. The other circuit consists of a coil of many turns of fine wire 
so mounted as to be free to move within the magnetic field produced by the 
fixed coil: It is connected in series with a certain aniount of fesistancé and 
across the circuit to be measured. 
Ina Single-phase alternating-current citcuit, having a powet factot of 1.00 (Which is 
” practically the case whiefe the load is incandescent lamps); the power may be medsured 
with an ammeter and a voltmeter betause in that case the power is eqdal to the product 
of the amperes and the volts. If; however, the power factor is less than 1.00 (which is 
always the case where the load is all or partially motors, are lamps, etc.); the power is 
equal to the prodiict of amiperes, volts and power factor, and a wattmetet is used. (The 
power may be measutéd by the less convenient “thtee-attimeter” or © threé-voltitieter” 
niethod indicated below.) ‘ 

Tn polyphase alternating current citctiits, wattméters are always tised Becatige the 
Edndition whete the power Cotild be méaStifed with & Voltmeter atid. dit animeter; that is 
unity power factor, is practically never found. 

Wattinéter Connections. Thé following patagraplis Show the niethods of 
_ connecting wattmeters in various kinds of alternating current circuits. Cur 
rent and poténtial transformers are used with wattmeters. where necessary; the 
Saiie sét of transfotiers béing often used for all three instruments (wattineter, 
atareter and voltmeter) at the saine time. 


Fig. 12 Fig. 13° 


Single-phase Circuit, One wattmeter connected as shown in Fig. 12 will read true 
watts. ‘The power may also be measured with three voltméters or three ammeters, 


| nes 
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Tf the thfée-voltmeter metHod, a Kitowti sofl-fndiictive tesistatice, R; is cotnected 
(ili séties With the Idall ds slioWh ih Fig: 13; where EB, Hi, dnd’ Ey drt points where Volt 
meétet readings are to be tdktén, Tlie power ili watts ig 
E2— B2— Bye 
We (watts) 


~ 


Fig. 15 


Similarly, in the thtée-aitimeter method, Fig. 14, the power in watts is 


. (12—112—I? 5 
W=R ( aa: (watts) 
Two-phase,; Four-wire Circtiit (not ititerconnected); Two wattmeters, connected 
ds shdwn in Fig: 15 are sufficient, these conditions being equivalent to two single-phase 
eitcuits: The total power is obviously the arithmetical sum of the readings of the two 
instruments. . 


. Two-phase, Three-wire Circuit: Two wattmetets shéuld be contiected is showii in 
Fig: 16, the total power being the algebraic sum of the two readings. This connection is 


correct for all condition’ of load, balance and power-factor. One wattmeter may be 
used as in Fig: 17; provided there is ho load across the outer conductors and the phases 
_ are balanced as to load and power factor. 

Two-phase, Four-wire, Interconnected Circuit. Three wattmeters should be used, 
connected as in Fig: 18; the total power being the algebraic sum of the three readings; 
This connection is correct for all conditions of load; balance and power factor. Two 
-Wattmeters; one in each phase, will give the true power only when the load is balanced, 

_ ‘Thtee-phase, Thtee-wite Circuits. Tid watttheters should be used; connected as 
indicated in Fig: 19, the total power beitig the algebraic sum of the two readings. With 


[Fig. 18 Fig! 19 


a balanced load, each instrument will indicate half the total power at unity power-factor, 
and at 50 per cent power-factor oné instrument will indicaté the total power, the otier 
yeas indicating zero. At less than so per cent power-factof, one instrdment will 
read fiegalive, : z 

Thieé-phase, Three-wire Circiiits, Balanced Load. Wheh the loail is balaticed, thé 
- power may be mieastired with ont wattmetet by the following itiethods: 
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(a) With “star” box or artificial neutral as shown in Fig. 20. The total power is three 
times the reading of the wattmeter. The resistance in each leg of the star box should 
be non-inductive and small compared with that of the potential circuit of the watt- 
meter, so that the current taken by the latter will not disturb the potential at the neutral 
point. 

(b) With “Y” box as shown in Fig. 21. The total power is three times the watt- 
meter reading, This arrangement is similar to (a), one leg of the star box being re- 


Fig. 20 ; Fig. 21 


placed with the potential circuit of the wattmeter itself. The other two legs have the 
same resistance as the potential circuit of the wattmeter. : ¥> 

(c) With a ““T” reactance coil as shown in Fig. 22. The total power is twice the watt- 
meter reading. The impedance of the réactance coil must be small compared with that 
of the potential circuit of the wattmeter, so that the current taken by the potential circuit 
will not disturb the potential at O. 

Three-phase, Four-wire Circuits. Three wattmeters are used as shown in Fig. 23. 
The total power is the algebraic sum of the three readings. This method is correct 


Fig. 22 Fig. 23 


for all conditions of load, balance and power-factor. A three-phase “star” system 
with a grounded neutral is virtually a four-wire system and the power should be measured 
with three wattmeters. Obviously, if the load is balanced, one wattmeter can be used, 
the total power being the indication of the wattmeter multiplied by three. In that 


case, the current coil should be connected in series with one conductor or phase wite — 


and the potential coil between that conductor and the neutral. 
The Power Factor of a single-phase circuit and of each phase of a two-phase 


circuit is the ratio of the watts, indicated by a wattmeter, to the product of the ~ 


volts and amperes. In a three-phase circuit it is the ratio of the total watts 


to the product of the average volts across the three phases, the average cur- 


rent in the three conductors and 1.73 (V3). 

Energy is measured with watt-hour meters. They are essentially small 
motors in which the speed is proportional to the power and the total revolutions 
is proportional to the energy being consumed. The moving element is geared 
to a suitable registering mechanism which indicates the kilowatt-hours of 
energy past thru the meter, On direct-current circuits the whole current must 
pass thru the instrument. Alternating current meters can be used with potential 
and current transformers, and in such cases the meter readings are multiplied 
by the product of the ratios of these transformers. Single-phase energy is meas- 
ured with one meter, two-phase with one meter in each phase, or with a poly- 
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phase meter, and three-phase energy is measured either with two meters con- 
nected in the same. manner as two indicating wattmeters or with a polyphase 
watt-hour meter which consists essentially of two single-phase meters with a 
common shaft. 


Watt-hour meters are connected into the circuit just the same as watt meters as indi- 
cated in Figs. 12 to 23 inclusive. A polyphase meter has separate terminals for each 
element and is connected just as two wattmeters would be connected. 


12. Conductors 


Electrical Conductors are-materials of comparatively low resistance, thru 
which electricity will flow in appreciable quantities, as distinguished from 
high-resistance materials called rssuLators, thru which electricity will not pass 
except in mitiute quantities. There is no sharp distinction between the two, 
there being good and poor conductors, and good and poor insulators. Most 
metals are conductors, but only a few are used commercially. Silver is the best 
conductor, but copper is very nearly as good, and being comparatively plentiful, 
cheap, and otherwise very suitable, it is hy far the most generally used metal 
for conductors. Aluminum, which has about 62% of the conductivity of copper, 
is being used to some extent in high-voltage transmission and on heavy current 
switchboards where minimum weight is desirable. Iron and steel have ro to 
20% of the conductivity of copper and are used in telephone and telegraph lines 
and in special cases where the current is small and low cost or greater strength is 

“important. There has recently come into commercial use a bimetallic conductor 
consisting of steel wire with a shell of copper welded on the outside. This 
material has a conductivity of 30 to 40% of that of copper alone, and a much 


Specific Resistance, Conductivity and Resistance-Temperature Coefficient an 


Conductors 
Spec. res., | Ohms resist-| Rejatiye | Temp. coef, 
Material microhms ance per conductivity, increase per 
per cm cube mil-foot per'cent® degree -C- 
ator iC. ation C. from 0° C. 
RISES fla atelose o's iv «,8 puszeve 1.47 8.84 108.2 
GGL BOIL Tors «0s /afe.s 0.050150 1.59 9.56 I00.0 
Copper, hard drawn........ 1.63 9.80 7-0) ae 
Copper, cast .f...... bis 1.8 to 16 10.8 to 96 | 88.5 to 100 
ald 2.22 13.35 71.6 
2,62 15.76 60.6 
5:75 34.6 27.6 
10,96 65.92 14.5 
8.85 53.2 18.0 } 
Tron, soft.cast.......65 Bide 75.0 451.0 2.5 
Tron, hard'cast’).. 06.64.05 98.0 589.0 1.6 
15.9 fm g5.6 10.0 
46 2.76 3.5 
6.9 4l.7 22.9 
13.0 78.2 12.2 
20.4 122.7 7.8 
94.1 566 eri 


* In termsof the International Annealed Copper Standard, (see “Resistance,” article 10), 

+ International Annealed Copper Standard. 

} In order to make sound copper castings, it is necessary to add small amounts of other 
materials and these invariably reduce the conductivity. 


} 


\y- . 


\ 
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Bare Copper Wire 


(Principally from Circular No. 31, Bureau of Standards) 
Resistance, 

: Weight, pounds ohms at 25° C. 
Se pismeer)| are, rene | NS 
gage* mils cir. mils. “pound 

Per 1ooo’| Per mile | Per 1000’ | Per mile” 
eS ctelore 1152 I 000 000 3099 16 320 0.323 0.0108 0.0579 
Eeise «ily LORE 800 a00 2470 13 040 0.405 0.0135 0.0713 
atari 7a90Q00 | 2160 II 400 0.463 “| ©,0154 0.0813 
Feet ~ 893 600000 | 1850 9 770 0.540 0.0180 0.0950 
feces 814 500 000 1540 8130 0,650 | -0,0216 O.114 
Beckie 728 400 000 1240 6 550 0.806 0.0270 0.1425 
mien 575 250 000 972 4075 I.295 0.0431 0.2275 
0000 528 212 000 653 3.448 I.532 ©,0509 ©. 269 
000 47° 168 000 518 2734 1.93 0.0642 0.339 
(ele) 418 133 000 4It 2170 2.435 0.0811 | 9.428 
° 373 106 000 326 I 721 3.07 0.102 0.539 
I 332 83 700 258 I 362 3.88 0.129 0.681 
2 292 66 400 205 I 082 4.88 0.162 0.855 
3 260 52 600 163 861 6.14 0.205 1.082 
4 232 4I 700 129 686 7.75 0,259 1.365 
= Seghlom 20h 33 100 102 538.5 9.80 0.326 1.720 
6 | 184 26 300 81 427-5 | 12.4 |, 0-410 2,165 
7 \_ «26 29 800 64.3 339-5 | 15-6 0.519 2.74 
8 128.5 16 500 50.0 264 20.0 0.641 3.38 
9 114.4 13 100 39.6. 209 25.2 0,808 4.27 

Io Ior.9 Io 380 31.4 165.5 | 31.8 1.02 5.39 

11 90.7 8 234 24.9 I3r.5 | 40.1 1.28 6.76 

12 80.8 6 530 19.8 104.5 | 50.6 02) 5 8.55 

13 72.0 5178 15.7, 82.9 63.8 2.04 ' | 10.75 
“14 |] * 64.1 4 107 12.4 65.5 | 80.4 2.58 |) 1302 


* Down to and including No. 7 B & S is stranded; No. 8 B & S and smaller is sould, 
The mass and resistance of stranded wire is assumed to be 2 per cent greater than that of 
the equivalent solid wire. 


These data apply to bare copper wire of 100% relative conductivity (International. 


Annealed Copper Standard). The resistance of hard drawn wire may he ‘considered 
as about 2.5% higher than these values. The corresponding data for aluminum wire of 
61% conductivity may be obtained by multiplying wejghts by 0.304, feet per pound 
by 3.29 and resistance by 1.64. 3 ae 
The data for sizes larger than No. go00. B & $ refer to stranded cable and are approx- 
imate. They may he in error from 1% to 3%. Y 


greater tensile strength. Poor conductors, such as nickel, nickel alloys of 
various kinds, and platinum, are used to a great extent where the comparatively 
high resistance is desirable, as in rheostats and heating devices. ‘Wire made of 
these materials is known as resistance wire. 


The cross-section of electrical conductors is usually measured in circular mils. A cir- 
cular mnil is the area pf a circle o.cor inch diameter. The specific resistance is often 


exprest in terms of a mil-foot, which is the resistance of a wire one circular mil in cross- 


‘section and one foot long. Telephone and telegraph engineers use the term pounds 
per mile-ohm, which is the weight in pounds of a conductor one mile long and having 
a resistance of one ohm. The resistance of conductors varies with the temperature, 
usually increasing in direct proportion to the temperature up to at least ra0° C. The 


increase in resistance per ohm per degree increase in temperature above a given standard 


| | > 
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(0° or 20° C. ) is the reSistarice température coefficient. The préceding tables give data 
for the more conimon conduttot materials and copper wire of staridard sizes. 


| Resistance Wites. ‘The following materials aré representative of this class 
of conductors: 


| German Silver is one of the first materials used for resistance purposes: Alloy of 
Ponpers nickel, and zinc (the percentage in the table refers to percentage of nickel), Tends 
to become brittle if repeatedly heated and cooled and has comparatively high temper- 
ature coefficient (0.0002 to 6.0004 per degreé les Resistance pet mil- foot, 195 and 290 

olims, respectively. ” 

Matiganiti. Alloy of copper, hickel, and manganese. Véry low temperatiite coefficien 
(o.cobot per degree C.). Permadntat’ i Hot héated excéssively: Used extensivély for 
Standard resistanéés: Resistatice per mil-foot, 250 ohitis. 

“Nichrome.* Trade fame for a nickel-chromium alloy: Practically non-corrosive 
and has extremely Righ meltitig point (2800 des. F.). Used extensively in heating appli: 
aries and smal! electric furnaces: Resistance per inil-foot; 600 ohms: 

Advance.” Trade name for a coppér-nickél alloy: Température coefficient practi= 
cally nil. Durdble at mbderate teniperatures. Used extensively in electrical instruments. 
» Resistancé per mil-foot, 295 olims. ; 

““Therlo.” Trade name for a copper-manganese-aluminum alloy: Temperdtire 
coefficient practically nil and has a very low thermal emf against copper. Used in 
electrical instruments, particularly Shuits of dmmeéters. Resistance pet mil-fodt, 280 
ohms. 


Resistance Wire Table + 
Olitis per 1000 feet 
Size, | Diam.; 
B&Ss mils 18% 30% eee ON esl : 

if ely ?: 
: : coe soete nin |chrome”| vance”? | _ Heo” 
14 64.1 47 7X 60 146 11.7 68.3 
16 50.8 75 112 94 230 11g 107 
18 40.3 119 179 153 375 184 175 
20 © 32.0 190 285 244 [ 586 287 aya, 
22 25:3 302 453 382 937 460 437 
24 20.1 480 720 605 1 485 725 693 
26. 75:9... 764 I 140 979 2375 I 160 I 107 
28 12.6 * £210 I 820 I 540 3 780 I 850 1765 
30 io.0 1930 2 890 2 480 6 doo 2940 2 860 
32 _ 8:0 3.070 4 610 3 825 9 375 4 G60 4375 
34 6.3 4.880 7.330 6173 | 15 t10 7 400 7,050 
36 5:0 7770 II 600 9 790 24 000 11 760 II 200 
38 4.0 12 300 18 500 15 690 37 500 18 400 I7 500 
40 si 19 600 | “29 400 25 000, 66 700 32 700 31 100 


13. Direct-ctitrent Generators and Motors 


Deéfinitions: A Generator is 4 machine for converting mechanital power 
into electrical power; and 4 Moror is a machine which converts eléctrical power 
into mechanical power. A direct-cyrrent generator can also be operated-as & 
motor, but conimercially it is not customary to make motors dnd generators | 
interchangeable because thére are minot différerices ini desigii. 

When 4 loop of wire is revolved in a magtietic field, ati electromotive force is indiiced; 
the value of whith, at any instant, depends upon the speed of rotation, the strength of 
the magnetic field, and the size of the loop; The direction of the e m f in such a loop will 
reverse twice each revolution; hence to obtain direct current a commuTaToR is used to 
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reverse the connection between the external ehenit and this coil at the proper moment, 
thus keeping the polarity of the potential at the terminals the same. A number of such” 
loops wound on an iron or steel core together with a suitable commutator constitute 
the ARMATURE of a generator. The magnetic field is produced by two, or any multiple 
of two, electromagnets, called poLEs, which surround the armature. These poles and 
the supporting frame which completes the magnetic circuit constitute the FELD of the 
machine. 

Types of Generators. The various types of direct-current generators may 
be classified according to the method of exciting tle field. Series GENERATORS 
have the field windings connected in series with the armature, and hence the 
voltage depends upon the load. This type can be designed to give potentials 
of 2000 to 6000 volts, and a special form is used extensively for series arc-lighting 
systems. SHUNT GENERATORS have their field windings connected in parallel 
with the armature. The field contains many turns of relatively small wire and 
requires only a small current. The voltage is regulated independently of the 
load by increasing or decreasing the field current by means of.a variable resistance 
(rheostat) whichis in series with the field. This type is little used, the compounD 
GENERATOR being the standard type. In this, both a shunt field and a series 
field are provided, one winding being placed over the other. 


In the plain shunt generator the voltage decreases somewhat as the load increases 
unless the field current is increased. By wirding a few turns of heavy conductor on the 
-poles and passing the load current thru them, the field is automatically increased so that 
the voltage can not only be kept automatically constant, but even raised to compensate 
for the drop in voltage in the feeders and mains. This form of compound generator is 
said to be over-compounded. The compound generator is universally used for lighting 
and power at 125 and 250 volts, and for railway purposes at 550 to 1200 volts. Any 
number of compound generators can be operated in parallel, but a special connection 
between the series fields of the several machines, called an equalizer, is necessary to obtain 
satisfactory operation. 


A Separately Excited Generator is a generator in which the field current is 
obtained from a source other than the generator itself. It is used only in special 
cases, such as low-voltage generators for electroplating and for storage-battery 
charging. Boosters are separately excited low-voltage generators in which 
the armature is connected in series with a circuit in which it is desired to raise 
the voltage. "They are frequently used on circuits where the voltage is below 
normal on account of the excessive drop due to heavy loads or long length. 
MacGNETO GENERATORS have permanent magnets and are only built in small 
sizes for telephone signals, gas-engine ignition, and similar purposes. 

Types of Motors. There are three general classes of motors,—SERIES, 
SHUNT, and compouND; ‘like generators, they are distinguished by the method 
of exciting the field. The field of the series MoToR is in series with the armature 
and the characteristic feature is a large torque at low speed, which makes it 
particularly adapted for railways, hoists, and cranes where a high torque is 
required at starting. SHunr morors have the fields in parallel with the armature 
and are essentially shunt generators operated as motors. This is the type in 
most common use for general power purposes, as its speed decreases only a few 
per cent from no load to full load. Fig. 24 shows the characteristic relation 
between speed and torque, also between current and torqué for both series and 
shunt motors. CompounD motors have both shunt and series fields, and are 
either accumulative or differential, according as the series field strengthens or 
weakens the total field when the load increases. The accumulative form is 
ordinarily used, for it combines the high-starting-torque feature of the serie: 
motor with the constant-speed feature of the shunt motor. Where very uni- 
form speed or an increase in speed is desired, the differential form is used. To 
prevent excessive sparking in motors subject to rapidly changing loads over wide 


; 
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ranges, interpoles are provided. These are small poles placed between the 
' regular poles and provided with a winding which is in series with the armature. 


. Speed Regulation can be 100 
' effected by changing the volt- 
age applied to the armature 300 
or the amount of magnetic 
flux passing thru it. The 
former is done either witha 
regulating rheostat in series 
with the armature or by hav- 
ing several different voltages 
available to which the arma- 
ture can be connected. The 
usual method of changing the 
magnetic flux is to change the 
field current by means of a 
rheostat. There are also in 
“commercial use, in small mo- 
tors, methods in which the 
distance between the pole 0 0 
pieces and the armature can 0 20 40 60 80 100 
be readily changed with a Per cent of Full load torque : 
hand wheel and thus alter Fig. 24 
the field strength. 


Starting. Motors are not connected directly to the line when starting because the 
resistance is so low that an excessive current would flow which would injure the motor. 
When the motor is running, a generator or counter e m f is produced which opposes the 
line voltage, and limits the current to the amount required by the load. A motor is 
started by redueing the line voltage to a low value by inserting resistance (starting rheo- 
stat) in series with the armature, the resistance being gradually cut out as the motor 
comes up to speed. These rheostats are usually provided with attachments which 
automatically cause the lever to return to the starting position if the voltage is cut off 
the line. 


The Capacity of generators and motors is determined by the temperature that their 
insulation will withstand continuously without injury. The rating of such. machines is 
therefore more or less indefinite, but the Amer. Inst. Elec. Eng. prescribes in its Stand- 
ardization Rules that, at rated load and with a room temperature not exceeding 40° 
C., the maximum rise in temperature above the room of any part of the insulation shall 
not exceed certain stipulated values for the various types of insulation in general use. 
These range from 55° to 85° C. 


Specifications for generators should state the class of service on which the machine is to 
operate; type of machine; kind of prime mover; and whether direct-connected or belted; 
kilowatt capacity; voltage; speed; allowable temperature rise of commutator, field, and 
armature under continuous operation at full load and two hours at 25% overload; that 
no sparking should occur at any load from no load to full load with brushes stationary; 
that the machine should carry 50% overload one hour without injury or serious sparking; 
efficiency at 25, 50, 75, 100, and 125% loads; and change in voltage from no load to full 
load. Specifications for motors include similar clauses, except that speed regulation 
replaces voltage regulation. 


Cost and Efficiency of generators and motors will vary with the conditions of use. 
In the table on p. 1612 are given figures for average, conservative conditions. ~ 


The cost of motors and generators varies greatly with the speed. Standard slow-speed 
machines are 30 or 40% more expensive than standard high-speed machines of the same 
capacity. The efficiency falls off, with decrease if load, about 1% at 75% load, 2 to 3%. 
at 50% load, and 7 to 15% at 25% load. 


[S) 
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Per cent of Full load speed 
Per cent of Full load current 
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14. Alternating-current Generators and Motors 


Alternating-current Generators, frequently called alternators, are essentially 
direct-current machines without commutators, the armature circuit being con- ~ 
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} average Efficiency and Cost of Direct-Current Generators and Motors 
Generators . Motors 
Si Efficiency at Cost, Size Efficiency at | Cost, 
4 ing full load, dollars ae full load, dollars « 
sa per cent per kw P per cent per hp 
5 87 7° I 15 70 
B co} 88.5 5° 2 80 65 — 
25 go 4o 3 82 6o 
50 gr 35 5 85 5° 
100 92 30 7-5 87 42.5 
209 93 25 10 88 35 
500 94 22 15 89 30 
1909 94.5 20 20 89 25 
1500 95 19 5° go 20 
2900 95 18 100 QI L725 


For a standard starting theostat, add for example about 10% for a 1-h p motor and 
about 5% for a 100-h p motor. 


nected directly to the outside circuit. The connection between the armature | 
and the outside circuit is not reversed, every time the winding passes from a 
north pole to a south pole, and vice versa, as in a direct-current generator. 
Thus an em f is produced at the machine terminals which rises from zero to a 
maxi m value in one direction, decreases to zero, reverses, increases to 2 
maximum in the other direction, and again decreases to zero in the time that 
the winding passes ynder one north pole and one south pale. Such a cyglic 
period ‘is called a cycre and the FREQUENCY of the current is the number of 
cycles per second. ' 


Types of Generators. The most common forms of alternating-current 
generators may be divided into two types. In the REVOLVING ARMATURE type; 
the armature is the maying member and the field is stationary, current being 
delivered to the circuit by means of BRUSHES resting on the revolvin collector 
rings. In the REVOEVING-FIELD type, the field is the moving mene while 
the armature is stationary, It is wound in the frame which surrounds the field. 

The revolving-armature type is confined to generators of less than 200 or 300 kw 
capacity. The stationary-armature type permits the direct generation of potentials up 
to 15 000 volts and the economical construction and operation of large capacity genera- 
tors for a wide range of speeds, from that of the low-head water wheel-to that! of the 
steam turbine. / : 5a 
} Windings. There are three kinds of alternators, based on the number of circuits in the 
‘armature. A SINGLE-PHASE generator has only one circuit in its armature and two termi- 
nals. In a TWO-PHASE generator there are two circuits which generate e m f’s go electri- 
cal degrees apart. When each circuit or phase is brought out separately there are four 
terminals, for connection to a two-phase four-wire circuit. Frequently, the two phases 
are connected to each other and to the middle one of three terminals, for connection to a 
two-phase three-wire circuit. In a THREE-PHASE generator there are three circuits or 
phases in which three e m-f’s 120 electrical degrees apart are generated. These circuits 
are interconnected with either a delta or a star connection requiring three or four terminals 
respectively. : 

The following diagrams indicate the relation between the currents and voltages in these 
various forms of generators and the circuits to which they. are ordinarjly connected. 
J and i are the amperes per phase, and E and e the volts per phase in armature and circuit 
respectively. $ ; 1s 
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Fie. 7a Popene ag, Tes Be Faq, 8, Thess phase, Fourie Cipuly 
Field Excitation. Alternators are usually separately excited. Small ma- 
ines are sometimes’ provided with a commutator device by means of which 
ufficient current is rectified to excite the field. A common practice is to pro- 
idé a separate generator or exciter for each alternator. ‘This machine i is driven 
the alternator shaft by a belt or by direct mechanical connection. In large 
ions, a source of excitation common to all the generators is usually provided. 
jency and Cost. The following table gives average conservative figures for the 
hey ‘and cost of epoyphese alternators. Tle cost figures, in particular, are neces- 
arily approximate. Slow-speed machines cost more than high-speed machines, and high- 
oltage more than low-voltage machines. Hence there may be a difference of at least 
5% in the cost of generators of the same capacity. 


Efficiency and Cost of Polyphase Alternators 


Efficiency ate 

‘ Cost, dollars 
Size, kw cat 

50% load 75% load | 100% load 

50 81.0 83 0 86.0 18.90 
75 82.5 84 5 87.5 15.00 
100 84.5 86 5 89.0 13,00 
200 85.5 87 5 90.0 IT.00 
300 87.0 89 0 Qt.0 19.00 
509 88 0 99-5 92.0 9.50 
75° 89.0 ATS 93 9 9.25 
1000 90.5 93 0 94.0 9 00 
1500 gr.o 93 5 94.5 8 00 
2000" 91.5 94 0 95.9 7.52 
3000 92.0 945 95.5 6 50 
5000 92.5 95-9 96.9 5 90 


Motors. There are two general types of alternating-current motors,—the 
ynchronous and the induction. The syNcHRONOUS MoToR is essentially an 
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alternator operated as a motor. It has to be brought up to synchronous speed 
(the speed at which it would run if operated as a generator at the line frequency) 
by external means before it can be connected to the line. It will operate only at 
synchronous speed. 


Synchronous motors are used as a rule only in large sizes (200 hp and over) and 
where it is not necessary to stop the machine frequently. Such cases are in substations 
where power is converted from one frequency to another or from alternating current to 
direct current, and in large factories. Shy 


_ Induction Metors are, theoretically, transformers in which the core and the 

secondary winding are free to move, and the force which the windings of a static 

“ transformer exert on each 

100 Ss 500 other is utilized to pro- 
tort 


When the rotating mem- 
ber (rotor) runs at syn- 
chronous speed, no mag- 
netic flux. from the station- 
ary member (stator),which 
is connected to the line, 
cuts the conductors, and 
hence no torque is exerted. 
When a load is applied to 
the motor, the speed falls 
below synchronism (called! 
slip), and a current is in- 
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Per cent of Synchronous speed 
Per cent of Full load current 


0 100 200 300 ductors which will pro- 

Per cent of Full load torque duce the necessary torque 

Fig. 29 to carry the load. Fig. 29° 

shows the characteristic 

relation between speed and torque, also between current and torque, of a poly- 
phase induction motor. 


Polyphase Induction Motors (both two and three phases) are the most commonly 
usedtype. Their characteristics are similar to those of the shunt motor, in that they have 
a comparatively low starting torque and operate at approximately constant speed. Poly- 
phase’ motors are built in all sizes from fan motors to 1000 h p and over, and are used for 
all power purposes. There are two forms,—the SQUIRREL CAGE, in which the winding of 
the rotor consists of heavy copper bars short circuited on each other, and with no external 
connections; in the si1p-r1Nc form, the rotor has a regular polyphase distributed winding, 
into the phases of which an external variable resistance is connected thru collector rings 
on the shaft. The slip-ring form has a larger torque at starting than the squirrel-cage 
form, but its efficiency is somewhat lower. When induction motors are overloaded a 
certain definite amount they will stop. This load is called the maximum torque, or 
“stalling” load and is two or three times normal load. 


Single-phase Motors are infrequently used because special devices are necessary to 
make them self-starting, and they are more expensive and less efficient than polyphase 
motors. ' Q : 


The Series Alternating-current Motor is essentially a direct-current series 
motor with certain modifications which are necessary for operation on alter- 
nating current. It is a single-phase motor and is used in traction work where 
variable speed and variable torque are required. The repulsion motor is one of 
several forms of the series alternating-current motor. 


Operating Data and Cost. In the following table are given approximate 
average values for. the slip, power factor, efficiency, and cost of standard 60- 


+f 


duced in the rotor con-- 


duce mechanical power. - | 
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cycle polyphase motors. The efficiency and cost of 25-cycle moters are slightly 
higher. As with all rotating electrical apparatus, the cost varies greatly. with 


the speed—as much as 50% in some cases. 
Polyphase Induction Motor Data 


Standard Slip, 
sizes, h p per cent 

y% 20 

% 15 

I 10 

2 8 

3 7 

5 6 

71% 6 

> fo a 6 

15 6 
20 5-5 

30 5 
59° 4-5 
75 , 4.0 
100 Ses 
150 30 
200 2.5 
300 2.0 
500 2.0 


= 


Power Efficiency, | Cost, dollars 

factor, per cent perhp 

per cent 
7° 65 99 
75 70 80 
75 75 70 
78 78 60 
80 80 35°55 
82 82 45 
84 84 40 
85 85 35 
86 85.5 30 
87 86 25 
88 87 20 
89 88 17.5 
go 88.5 15 

* or 89 13 
gx go 12.5 
92 go 12 
92 90.5 10.5 
92 gr 9 


Starting. If an induction motor is connected directly to the line when starting it will 
take a current two to four times the normal full-load running current. To avoid the 
disturbance which this produces in the system, it is customaryto start at a reduced voltage. 
This is obtained by means of a COMPENSATOR..a single-winding transformer with several 
taps on it to which the motor is successively connected. The slip-ring type is started 
with full-line voltage on the motor but with resistance in the rotor circuits. This resist- 
ance is gradually cut out as the motor speed increases. 


Speed Variation. The inherent characteristics of induction motors are such that the 


speed is practically constant at a value depending on the frequency and the number of ° 


poles in the stator winding. Certain fixt changes in speed are sometimes obtained by 
providing a special winding by means of which the number of poles can be changed, 
Change in speed may also be obtained with a variable resistance in the rotor circuits of 
a slip-ring motor, but the efficiency is materially decreased. 

Rating. Alternating-current apparatus, like direct-current apparatus, is rated on the 
basis of the load which it will carry without overheating. In alternators, this rating is 


the output in kilovolt-amperes, and in motors it is horse-power. 


The recommendations 


of Amer. Inst. Elec. Eng. for the limiting temperature rise above a room temperature 
not exceeding 40° C., vary from 55° C. to 85°-C., depending upon the class of insulation 


used. 


Specifications for ALTERNATORS should include, in addition to a description of the type 


of machine desired and the class of service in which it is to be used, certain performance 
requirements as follows: Efficiency at various loads from 50% to 125% normal load;! 
voltage regulation (per cent rise in voltage when the load is reduced from normal value 


to zero) at 100% and 80% power factor; maximum voltage required to excite the field 
with 125% normal load at 80% power factor; temperature rise of the various parts after 
continuous operation at full load and 25% overload; ability to withstand 50% overload 
for one hour without injury; and ability to withstand running at 100% overspeed without 
injury. Specifications for INDUCTION MoToRs should include: description of type of motor 
desired; purpose for which they are to be used; efficiency; power factor and slip at various 


a“ 


. 
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joads tip t6 25% overload; faxiniim torgtie at starting when connected directly to the, 
lihe} maxiifitin current fequired when starting; maximum torqué and maximum load 
which motor will carry without stopping; temperature, rise after continuous operation 
at full load and after two hours at 25% overload; and ability to carry 50% over oad one 
hour without injury. 


15. Power Plants 


The terih Céhtral Station usually refers to a plant operating under a fran- - 
chise, for the manufacture and sale of electritity to the general public. It is 
therefore a. semipublic enterprise as distinguished from a private plant, in which 
electricity is generated for private purposes. Central stations vary in size 
from 5o-kw plants in small villages to thé-large stations in New York and Chicago 
of over 100 660-kw capacity. Privaté plants range from single-unit plants 
for lighting buildings to the large traction plants of over 50060 kw capacity. 


Location. The location of HYDRAULIC PLANTS is obviously at the source of 
water power. Many conditions govern the lotation of a stEAM-DRIVEN central 
station. Thé more important are: kind of service to be rendered, whether 
alternating of direct current; concenttaited or scattered area Of distribution; 
size of plant; cost of real estaté; and transportation facilities. Large steam 
plants are located on waterways Wherever possible. on account of cheap trans- 
portation and ample water supply for condensers and boilérs. Where a water- 
way is hot available, cheap land, railroad facilities, and water free from scale~ 
forming imputifies are thé more important considerations. On the other hand, ' 
it might be more economical for d smallér plant to be located as near the center | 
of distribution as possible; regardless of other digadvaritages: GAS-DRIVEN 
plants are usually private plants, and hence are located on the same premises 
as the load. Private plants in buildings primarily used for other purposes 
should be located with due regard to the following points: effect of vibration and 
noise, ventilating facilities, facilities for handling coal and ashes; value of the 
Space for other purposes, and coal storage facilities. 

Prime Movers. The prime thovers itt Common uée for electric power gener 
ation are reciprocating steam engines, high- and low-pressure steam tiirbines, 
internal combustion engines, and hydraulic turbines. a 

The Reciprocating Steam Engine is the most commonly used steam-driven prime 
ittover; ‘The principal types used for electric power generation are the simple and com- 
pound high-speed. engines int small sizes, the various forms of slow-speec orizontal 
Corliss engines in medium sizes; and the special vertical types which have been developed 
in 5000 to 10000 hp sizes for large central stations. Small single-cylinder engines 
receive steam at 75 to 100 lb pressure per sq in, and exhaust it at about atmospheric pres- 
sure. Large,engines receive steam at 100 to 200 Ib pressure and discharge it into 4 vacuum 
at 2 to 4 lb absolute pressure. 

Ta Stéatn Turbines the steam issues from nozzles at a high velocity and impinge: 
on blades set in the periphery of a disk frée to move. Turbines are ra idly supersedi 
reciprocating engines for power-station purposes because they are siaplet, occupy muc! 
less space, ate more efficient, can be used with steam superheated to a much highe 
degree than is permissible with reciprocating engines, aad can be built in much large 
units,—machines up to 70.000 kw capacity are now in daily operation. Furthermoté 
high-speed generators; which are cheaper than low-speed generators, can be used. i 

Low-présstite turbines receive steam at about atmospheric pressure and discharge it int 
avaciuin. A miich greater percentage of the energy jn steam below atmospheric pressur 


- ean bé utilized in a turbine than in the low-pressure cylinder of a reciprocating, engine 


The capacity of existing plants. using condensing engines can be. increased 10 to 309 
by éxiiaiisting froin the engines at atrhospheric pressure into low-pressure turbine: 
This additional capacity is obtained without additional fuel consumption, At th 
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same time: the range of loads at which maximum economy is obtained is greatly in- 
creased. 


Internal Combustion Engines are operated with natural, illuminating, producer, and 
blast-furnace g gases, with kerosene oil.and with gasoline. Where liquid fuels are used, an 
auxiliary device vaporizes the liquid before it is admitted to the cylinders. This very 
eflicient class of prime movers has been handicapped for électric power plant work because 
of non-uniform angular velocity, unreliability of operation, limited overload capacity, 
and high maintenance cost. These faults are rapidly being overcome and gas engines 
are being used quite extensively, particularly where very cheap fuel is available, such as 
the waste gases from blast furnaces. Engines of 2000-hp capacity are in successful 
operation on this fuel. The thermal efficiency of the gas engine is from 20 to 30% and 
is the highest of all heat engines. The cost of power is therefore very low even in small 
sizes, especially in connection with producer-gas plants, where cheap grades of coal can’ 
be utilized. 


Hydraulic Turbines in power plants where the head is less than 150 ft are usually of the 
pressure type. The turbines in the older plants are of the vertical type, but the lower 
cost and more reliable operation of horizontal generators has led to the general use of 
horizontal turbines. Whére the head is high the impulse type of turbine is used. 


Approximate Steam and Fuel Consumption of Prime Movers 


Pounds of 


steam per Pounds of coal 


he per kw-hr 


Steam Reciprocating Engines: 
Simple, non-condensing, 25 to 200 hp 200 to 75 | 30 toro 
High-speed, automatic, compound, condensing, 200 

to 1000 hp i ys tos0|10 to 
Simple, Corliss, condensing, 150 to 500 h p 60to40 | 7 to 
Compound, Corliss, condensing, 500 to sooo hp.. 4oto2z0] 5 to 
Compound and triple, four-cylinder, condensing, 
2000 to rococo hPp............. re pen He stein oc 22.t0 17 2.2 to 

Steam Turbines, high pressure: ; 
Non-condensing, 200 to 500 kw... 60 to 40 | 10 to 
Condensing, 500 to 3000 kw < peste @5- SOULS: || Stra bO: 
Condensing, 5000 0 2000 kW... 2.220 rresveces 17 to 13 1.7 to 1 

Steam Turbines, low pressure, combined with recip- = : 

rocating engines: 
One r000-kw engine with one turbine....... 
8000-kw engine plant with one turbine. . ; 
One 7500-kw engine with one turbine...... 

Gas Engines: 

Natural gas, 50 to 200hp , eva cisieitie ele ee we tO LCE 
roducer gas, 50 to 200 hp*.. ee ares 3.0to 2.0 

Illuminating gas, 10 to75 hp .........- 5 35 to 25 cu ft 

Gasoline, 10 to 75 hp 2.0to 1.2 pints 

Oil Engines: 
roo to 500 hp 1.5 to 1.0 lb oil 


* Complete plant. 


Boilers for the production of steam are built in several different types, the 
most commonly used for power-plant purposes being the water-tube and fire- 
tube. The WATER-TUBE BOILER is the safest, most efficient, and can be operated 
at the highest pressure. The small riRE-rUBE BOILER is cheaper and easier to 
operate than the small water-tube boiler, and hence is preferable for small 
plants. Boilers are arranged to redtce the piping to a minimum and make firing 
as convenient as possible. They are usually placed side by side in one row or in 
two rows facing each other. All are piped to a common pipe or header, but in 
such a way that each boiler and group of boilers can be cut off by conveniently 
located valves. 
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Rating. Boilers are rated in horse-power, an arbitrary unit equal to the evapora- 
tion of 34.5 Ib of water per hour from water at 212° F. to steam at 212°. Boilers 
properly rated should develop their rated horse-power when fired by an ordinary fire- 
man and with ordinary steam coal. They, should be capable of giving 30 to 50% over 
their'rating when forced. és 

Steam Piping should be well lagged and free from pockets where condensed steam can 
collect. All valves should be easily accessible. The following table gives the approximate 
size of piping required to deliver any quantity of steam at any distance from the boiler. 
This table is based on Babcock’s formula which is as follows: 


S ( a6) EE 
p = 0.0001321\T + a) Dd 


where » = difference in pressure between the two ends of the pipe, Ib per sq in; 

d = internal diameter of pipe. inches; 

M = amount of steam, lb per min; 

L = length of pipe, feet; 

D = mean density of steam, Ib per cu fits 

It is to be noted that authorities do not agree on what is the correct formula for steam 

flow so that for exact calculations reference should be made to the more extensive dis- 
cussions of the subject in Lucke’s “‘ Engineering Thermodynamics,” Marks’ “Mechanical 
Engineer’s Handbook » (p, 360), etc, 


Flow of Steam through Pipes (Babcock) 


Pounds per minute with 1 lb loss of pressure 


Tnitial F 
gage Diameter of pipe, inches. Length, 240 diameters 
pressure, 
nites I 1% 2 3 4 5 6 8 To 
50 4.04 | 11-2 | 20.0% 49.48 gr.34 | 150.8 226.0 | 412.2 | 665.0 
60 4.32 | 11-9 21.38 | 52.87 97.60 | 161.1 | 241-5 440.5 | 710.6 
70 4.58 | 12.6 22.65 | 56.00 | 103.37 | 179-7 255-8 | 466.5 | 752-7 
80 4.82 | 13-3 23.82 | 58.91 108.74 | 179.5 269.0 | 490.7 | 791-7 
go 5.04 | 13.9 | 24-92 6r.62 | 113.74 | 187-8 | 281.4 | 513-3 828.1 
100 6.25 | 24-5, 25.96 | 64.18 118.47 | 195.6 | 293-1 534.6 | 862.6 
120 5.63 | 15-5 | 27-85 | 68.87 | 127.12 209.9 | 314.5 | 573-7 | 925-6 
150 6:14 | 17-0 |-30-37 | 75-09 138.61 228.8 | 343.0 | 625.5 | 1009.2 


For any other loss of pressure, multiply by the square root of the proposed loss. For 
any other length of pipe, divide 240 by the given length expresst in diameters, and multi- 
ply the table figures by the square root of this quotient to get the flow for one pound loss 
of pressure. : 

The resistance due to steam entering pipe = 60 diameters additional length; to a globe 
valve = 60; to an elbow = 40, or two-thirds of a globe valve. 

Furnaces should be designed for the particular class of fuel to be used. The object 
of a furnace is to transfer the heat in the fuel to the water in the boiler with the least 
loss; hence there is @ certain kind of grate and arrangement of fire-walls, bafiles, plates, 
etc., best suited for each fuel. The average grate surface provided per boiler -horse-power 
js about 14 to 14 sq ft. Furnaces for oil or gas fuel are the same as coal-burning furnaces, 
except that special burners are substituted for grates. 

Combustion. The sources of inefficiency in a furnace are, coal passing thru the grates 
unburnt and incomplete combustion. The unburnt coal in the ashes should not, exceed ” 
2 or 3%. Complete combustion means that the carbon — the’ source of heat in the 
fuel —is completely oxidized to carbon dioxide. If oxidized only to the monoxide, 
about two-thirds of the available heat is wasted. Incomplete combustion js usually 
caused by insufficient air supply. Too much air, on the other hand, not only lowers the 
temperature of the furnace but absorbs heat which is carried up the chimney, Frequent 
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analysis of the flue gases and ash is SEY to insure that the furnace is being prop- 
erly operated. 


_ Draft. Air i is supplied to the furnaces by natural draft thru chimneys or by toned 
draft. NATURAL DRAFT is more commonly used and various formule have been developed 
' to express the relation between the internal area and height of chimney required per horse- 
power of boilers. Kent’s formula, based on the rather liberal allowance of 5 lb of coal 
~per boiler hp, is HP = 3.33 (A — 0.64/A) H, where HP = horse-power of boiler plant, 
A = inside area in square feet and H = height in feet. Self-supporting steel chimneys 
cost about one-third as much as brick chimneys, and -are therefore replacing brick for 
plants of roo-h p capacity and less. Forcrp pRart, either by pressure in the ash pit 
made air-tight or by suction in the flues, is used to a considerable extent in large power 
plants. The maximum capacity of the plant can be greatly increased with forced draft, 
and greater economy, under fluctuating load conditions, is obtained. 
Mechanical Stokers are devices for automatically carrying the coal under the boilers, 
"properly burning it, and depositing the ashes in the ash pit. The principal forms are the 
rocking grate, endless chain grate, and the screw feed. They have many advantages 
when used in large plants, principal among which are economy in labor, economy in fuel 
because cheaper fuels may be used, and more uniform fires, Their use is not advisable 
in comparatively small plants where the total load varies thru wide ranges, hand firing 
under such conditions being more flexible and economical. 


Approximate Cost and Heating Value of Fuels (1912) 


Btu 
per dollar 


Cost, dollars Btu 


6.50 per ton 13 000 per lb 4.000 000 
.oo per ton 14 000 per lb 9 300 000 
-0o per ton 13 roo per lb 5 250000 

| Wood, hard, dry... .00 per cord 6 250 per lb 7 000 000 
Crude petroleum. . . -035 per gal 19 ooo per lb 4.000 000 
Kerosene -12 per gal 17 000 per Ib I 100 000 
Tiluminating gas.. .oo per M cu ft 750 per cu ft | 750000 
Natural gas .25 per M cu ft I ooo per cu ft | 4000000 
Gasoline -15 per gal 18 ooo per lb 620 000 


Generators. The type of generator used in a power plant varies with the con- 
ditions.. Where the load is concentrated, near at hand, and mixt lighting and 
power, direct-current generators are used. Since, however, the cost of power 
production decreases with the size of the units and the size of the plant, the 
trend of modern engineering is toward the concentration of power production 
in large stations with large alternating-current generator units (single units of 
70 000 kw capacity of the compound type are now in service), the power being 
distributed at high tension to distributing centers called substations. The 
selection of the size and number of units for a plant requires careful con- 
sideration, Both prime movers and generators decrease rapidly in efficiency 
below 50 or 60% load, hence the sizes should be such that those in use will 
always be well loaded. There should be enough units to carry the maximum 
load, with one as a reserve. For example, a 200-kw plant ought to have 
three 100-kw units, a 600-kw plant four 200-kw units, and a 10o00-kw plant 
three 500-kw units. 


The Foundations for all apparatus should be cenit from that of the 
building. They should be of ample dimensions and never less than those 
recommended ‘by the mamifacturer. Direct-connected generators, motor 
generators, and rotary converters, altho self-contained, should have substantial 
foundations in order to reduce the vibration and consequent wear on the bearings 
and insulation. Concrete foundations are the best and cheapest: they will 
safely carry loads of 7500 lb per sq ft. The safe bearing loads of various soils 
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dite ds follows: clay 4ooo lb, coarse gravel and sand 2500 to 3500 lb, tock 10 000 
to 30 000 |b. Ke : 


Switchboards are designed to provide not only independent, easy and quick 
control of each generator, exciter, and feeder, but to show by means of instru- 
ments mounted on them the amount and character of the load: They are made 
up in panels of slate, marble, ahd attificial stone placed side by side, one panel for 


each machine and feeder. The board is ustially installed along one side of the» 


generator room with ample space in-the front and reat. Th low-tension ‘alter- 
nating-current and direct-current plants, all circuits are brought to the switches 
and instruments on the board. Busrs or heavy copper bars are mounted on the 
back of the board (often in duplicate) and connected to the various panels so 
that any number of generators and feeders may be connected in parallel. The 
circuits of high-tension plants are not brought to the switch-board but are con- 
trolled by switches ‘under oil which are operated mechanically or electrically 
from the switchboard, the instruments being connected in the secondary circuits 
of instrument transformers. 

The following distribution of items which make up the cost of power in various kinds 


of plants has been made by H. G. Stott (Power-Plant Economies, vol. xxv, Trans. Amer. 
' Inst. Elec. Eng.). 


Relative Cost of Power 


Recipro- 
cating *Gas 
Recipro- | engines Gas- SREP. |t 
Items cating eas and engine and 
: engines Roubines steam plants steam 
turbines turbines 
combined combined 
Maintenance: 
1, Engine, room, mechan- ‘ 
Seal... .dseeeere nee 2.57 0.51 ey 2.57 1.54 
2. Boiler room or pro- : ~ 
R ducer room.......-- 4.61 4.30 see 1.15 1.95 
3. Coal- and ash-handling A 
apparatus.....--+++ 0.58 0.54. 0.44 0.29 0.29 
4. Electrical apparatus: .. I.12 I.12 1:12 1.12 Game | 
Operation: - 
5, Coal- and ash-handling, 
Vabories scriyerr <r pure 2,26 2:1t baa ee 1.13 1.13 
6. Removal of ashes.....- 1.06 0.94 °.80 0.53 0.53 
7. Dock rental........-.- 0.74 *| 0.74 0.74 0.74 0.74 
8. Boiler-room labor...... 4-15 6.68 5.46 1-79 3.03 
‘9. Boiler-room oil, waste, 
0.17 0.17 0.17 ola | em 
61.30 57.30 46.87 26.31 25.77 
7-14 0.71 §.46 +3557 2.14 
12, Engine-room, mechan- 
ical labor. ........-.. 6.71 1.35 4.03 6.71 4-03 
13. Lubrication...... 1.77 0.35 1.01 1.77 1.06 
14. Waste, etc......- Bi 0.30 0.30 0.30 0.30 0.30 
15: Electrical labor:......- 2.52. 2.52 2.52 2.52 2.52. 
Relative cost of mainte- i 
nance and operation...) 100.00 79.64 45.72 50.67 46.32 
Relative investment; ..| 100.00 82.50 77.00 100,00 QgI.20 


__* A proposed combination where the exhaust gases from the gas engine would be used 
to generate low-pressure steam for low-pressure turbines. Both of these machines have 
a high efficiency and each would be used under the most favorable conditions, - , 
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The very large modern stations generate high-tension alterhating current and 
all generators and feeders are controlled from a miniature remote-control switch- 
board. The main switches are operated by motors controlled by small switches 


_ ont this control board. One ere can thus handle all of the outgoing power 


_ of a very large plant. 


Direct-current generator and feeder panels are ustially provided with knife 
switches, an automatic overload circuit breaker, a voltmeter and ammeter. 
Low-tension alternating-current panels are similarly equipped, with the addi- 
tion of a wattmeter and a power-factor meter. 


Cost of Power Plants, The cost of power plants depends upon location, type of 
plant, class of service, size, etc. IHybRAULIC PLANTS are on the whole less expensive than 
steam plants, tho in many cases the cost per kilowatt has far exceeded that of the best 
steain plants because of the great cost of impouhding the water. The average investment 
per kilowatt will range from $50 to $50 per kilowatt, but some plants cost $400 per 
kilowatt. This is divided, in a typical case; about as follows: hydraulic works 50%, 
wheels and fittings 15%, building 5%, generators, exciters, and switchboard 20%, and 
stép-up transforméts 10%. STEAM PLANTS cost from $100 to $200 per kilowatt, and an 
average approximate division of the cost is: boilers and piping 15%, engines and condens- 
ers 25%, pumps and other auxiliaries 5%, generators and switchboard 20%, building, 
foundations, and smokestack 25%, coal-handling plant 5%,and engineering 5%. 

The Cost of Prodticing Ettergy depends upon a great many factors, principal among 
which are the kind and size of plant, the cost of fuel, labor, and supplies, and the load 
factor. In hydraulic plants it will range from 0.4 to 1.0 cent per kilowatt-hour delivered _ 
to thé transmission line. An average division of cost will be about as follows: interest and 
depreciation 65%, labor 15%, maintenarice and supplies 20%. The average cost per 
kilowatt-hour at the bus-bars in steam plants may be taken at about 3 cents for 250-kw 
plants, 1.75 cents for 500-kw plants, 1.5 cents for rooo-kw plants, and 1.25 cents for 2000- 
kw plants. Very large plants of 50000 kw and over probably ptoduce power for less 
that o.5 cétit per kilowatt-hout. The cost in gas-engine plants Will be less than in steam 
plants of the same size. This is particularly true of the smaller sizes. Producer-gas 
plants of 4oo or 500 kw can produce energy at a cost of 1 cent per kilowatt-hour. 


16. Transmission of Power 


Losses of Electrical Power occur in transmission, the principal one of which 
is that due to the resistance of the conductors. The amount of loss which may ~ 
be economically allowed. will depend upon several factors such as cost of pro- 
ducing the power, the line investment; size of the load, load factor and the value 
of the power at the point of deliyery. Much greater losses may be allowable 
and much larger distances covered under certain conditions than would be’ 


financially permissible under others. 


When current flows thru a conductor, a loss occurs which is equal re the product of the 
current and the fall in potential between the ends of the conductor. From Ohm’s law it 
follows that with a given percentage loss the distance that power may be transmitted - 
will be proportional.to the square of the voltage. High-voltage direct current is- not 
~ commercially practicable, for altho a moderately high voltage may be produced by con- 
necting generators in series, it cannot be readily reduced to low voltage for general dis+ 
tribution, On the other hand, alternating eurrent can be transformed from low to very 


* high voltage and vice versa with very simple and efficient apparatus called transformers. 


Tt is now standard practice in large concentrated systems to generate all of 
the power in oné station and transmit it_at 2200 to 15 000 volts to various sub- 
stations from which it is distributed at low potentials. The distance in such 

cases is, however, comparatively short. Where the electricity is generated by 
water power, it is usually necessary to transmit long distances to reach a suffi- 
ciently large market. In such systems it is customary to generate at 2200 to 
45 600 volts and transform to 6600 to 150 000 volts, depending upon the dis- 
tance. About 150 ooo volts is at present the highest voltage in commercial use 


. 


1622 
and about soo miles the 


the air (corona loss) begi 


Electricity 


Sect. 14 


greatest distance of transmission. Transmission at 
200 000 volts is being considered but at this voltage the energy dissipated into 
ns to increase rapidly, particularly at high altitudes 


and specially designed conductors may have to be 


employed. 


Transformers are essentially large induction coils without interrupters. Two 


coils are wound on a common core b 


insulated from the core an 


d from each 


materials. When alternating voltage is applied to 


an alternating flux is produced in the core. 


uilt up of laminated stecl. They are thoroly 
other with varnished cambric and similar 


one coil, the primary winding, 


This flux induces an emf in the 


other coil, the secondary winding. The ratio of the voltages will be practically 


the same as the ratio of the number of turns 0 


Classification. Transformers may be clas 
for power purposes OF for use with instruments. 


f wire in the two coils. 


sified according to their application, whether 
Power transformers may be either 


constant potential or constant current. ‘The CONSTANT-POTENTIAL transformer is the most 
usual form and is used for all general power transmission at constant potential. Power 
s transmitted with two transformers, one in each phase. 
Power from three-phase generators is transmitted with three transformers connected 
hase transformers in whlch three transformers are combined 
by placing three sets of windings on three parts of a common magnetic circuit, The 
three-phase transformer is cheaper than three single transfarmers, but the latter method 
is more flexible and permits operation with only two transformers if one burns out.” 


from two-phase generators i 


delta or star and with three-p 


ConSTANT CURRENT transformers conve 


rt power from low-voltage constant potential 


to constant current at variable high voltage. They are used for series lighting systems. ' 
are used only to insulate instruments from the line and ' 
power capacity. VoLTAGE transformers are connected to 


INSTRUMENT TRANSFORMERS 
have only ro to 200 watts 
voltmeters and wattmeters. 


volts. CURRENT transformers are 
late the instrument from the line, 


usually 5 amperes. 


Rating. The capacity of 
reached in operation. This 


insulating materials. The Amer. Inst. Elec. 
corresponding to 55° to alee 


They transform the high 


voltage of the line to about 110 


connected to ammeters and wattmeters. They insu- 
and also transform the current to a small value, 


transformers is determined by the maximum temperature 
is fixt at values which will not cause deterioration of the 


Eng. recommends a temperature limit 
rise above a standard room temperature of not exceeding _ 


4o° C. after continuous operation, the limit of permissible tise depending upon the class 


of insulation employed. Various methods are used to dissipate the heat and thus increase 


the capacity. In AIR-COOLED transformers (a type which is, however, falling into disuse 
required per kw; lower efficiency, higher cost, and greater 


because of the greater space 


fire risk) the case is open at the top and bottom and air is 
-by blowers. In SELF-COOLED. transformers the case is filled with oil. The oil, in addition 
carries the heat by natural circulation. from the core and 


to increasing the insulation, 
coils to the sides of the tank: 


S, 


The surface of the tank is made as large as possible ‘by 
of external pipes or reservoirs connected to the tank at the top and bottom, The 
same as the oil-cooled type, with the addition of coils of 


WATER-COOLED type is the 


pipe at the top thru which water flows ani 


to soo or 600 kw capacity are usually self-cooled, larger 


cooled. 


Losses and Efficiency. The losses jn transformers 
is due to the resistance of the windings and varies wi 
CORE Loss is due to the rapid reversal of the magnetic 
stant at all loads. In well-designed transformers these 
distribution transformers (so kw and under) where the 


the copper loss. - The iron loss in 
consequently is made a smaller proportion i 


(see article 17) where the load is on only a few hours a 
for 24 hours. In other words, the “all-day” efficiency becomes more important. 
The efficiency of transformers is comparatively high, as indicated by the following 


table: 


forced thru the core and windings 


from which it is dissipated by radiation and convection. 


corrugating and by the addition 


d carries off the heat. Transformers up 


transformers are usually water 


are of two kinds: CopPER LOSS 
th the square of the load. The 
flux in the steel core and is con- 
losses are about equal, except in 
iron loss is usually not over half 


a transformer is constant irrespective of the load and 
n distribution transformers for light and power 


day but the iron loss is constant 
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Efficiency of Power Transformers 


Per cent of normal load 


125 100 75 50 25 


5 96.75 97.0 97.0 97.0 96.0 

50 | 97-75 | 98.0 98.0 98.0 97-5 
roo | 97.0 97.0 97-0 96.25 | 94-5 
500 98.0 98.0 98.0 97.5 96.0 
1000 98.0 98.0 98.0 97.5 “96.0 
1500 98.25 98.25 | 98.25 | 98.0 97.0 
3000 | 98.5 98.5 98.5 | 98.25 | 97.5 
go0o | 98.75 98.75 | 98.75 | 98.5 97.7 


These are approximate average values. The efficiency is slightly lower for 25 cycles 
than for 60 cycles. Also the efficiency is lower for high voltages than for low voltages, 
In the above table, the 5-kw and 50-kw values are for distribution transformers for 2200- 
volts; the roo-kw and 500-kw values are for 22 ooo-volt transmission transformers and 
the others are for 66 oo0-volt transmission transformers. 


Regulation. With a constant primary voltage, the secondary voltage of a transformer 
will increase as the load decreases due to the resistance and inductance of the windings. 
The ratio of this increase to the voltage at full load is the REGULATION of the transformer. 
In designing, the aim is to keep the regulation as small and the efficiency as high as pos- 
sible. The regulation at 100% power factor of well-designed transformers will range 
from 3% for a 5-kw transformer to 1.5% for a 1ooo-kw. It will increase very rapidly as 
the power factor decreases. 


Specifications usually include the following: purpose for which the transformer is to be 
used, capacity, voltage, kind of cooling, efficiency at various 100% power-factor loads, 
regulation at roo% and 80% power factor, temperature after continuous operation at 
full load and after 2 hours at 25% overload, high-potential test of insulation at double 
normal voltage and an over-potential test by operating at double voltage for 5 minutes. 


Cost. The cost of transformers of a given rating will depend upon the high-tension 
voltage, the frequency and the method of cooling. For example the approximate cost 
of 5 kw, 2200-yolt distribution transformers is of the order of $25 per kw but for 22 000 
volts, the cost is $80 or $90. The cost of a 3000-kw water-cooled transformer will vary. 
from $1.75 to $2.00 per kw at 22 000 volts to $3.50 or $4.00 at 66 000 volts. Self-cooled 
transformers cost on the average 50% more than water-cooled. Sixty-cycle transformers 
are slightly cheaper than 25-cycle. 


The Transmission Line is the weakest part of a transmission system, and 
therefore, where continuity of service is at all important, requires great care 
in designing. It is essential to have ample insulation under all weather con- 
ditions; ample factor of safety in poles, conductors and insulators under all 
temperature, wind, and sleet conditions; effective protection against lightning. 


The earlier lines. are run on wood poles with wood cross-arms. They are set 100 to 
200 ft apart and the conductors are carried on rigid porcelain insulators. Modern lines 
are carried on towers built up of steel shapes thruout and set 400 to 800 ft apart. The 
conductors are suspended from the cross-arms by insulators made up of 3 to 8 porcelain 
disks fastened together with flexible joints. On large systems these towers are either 
rectangular, square, or triangular in shape and are very substantially built. The base 
will occupy a space ro to rs ft square, the, height will vary from 4o to 60 ft, and they will 
withstand loads of 10 000 to 15 000 Ib applied at the top of the tower. A two-legged 
flexible steel tower is being extensively used on transmission lines where a low investment 
charge is essential. Obviously such towers will not carry any stresses in the direction 
of the line so that substantial “anchor” towers or similar structures must be provided ~ 
at intervals to give the necessary stiffness, 
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A very high voltage transmission line is usually run over a private right-of-way 50 
to 100 ft wide with all tall and dead trees cut away on each side. To guard against com- 
plete shut down due to an accident to the line, large systems are frequently provided with 
a duplicate line. This line may be run beside the other, but is preferably run thru a 
different part of the country so that both lines would not ordinarily be subjected to a 
lightning storm at the same time. 


The kind of material to be used for the conductors depends upon various fac- 


tors such as topography (rough country may require some long spans where the © 


strength of the conductors would be unusually important), climate (excessive 
wind and sleet storms would require high-strength conductors), importance of 
continuity of service, length of line and the economics of the proposition. Copper, 
aluminum, stranded steel, iron and copper-clad steel are used, but hard-drawn 
copper is by far the most generally employed, 


Size of Conductor. The size of the conductors will depend upon many con- 
ditions including most economical energy loss, load factor, character of the installation 
(that is, whether temporary or permanent), strength required and voltage regulation 
necessary. With very high voltage especially at high altitutes, loss due to corona (which 
is greater with smaller conductors) must also be considered. So far as the energy loss 
is concerned, Lord Kelvin propounded the law that “the most economical area of conductor 
will be that for which the annual interest on capital outlay equals the annual cost of 
energy wasted.” : 

Line Drop, Efficiency and Regulation. The line drop is the difference between the 
voltage at the sending end of the line and that at the receiver end under prescribed 
load conditions. It will depend upon the resistance and reactance of the line. The line 
efficiency is the ratio of the power delivered by the line (that is, receiver load) to the 
power input at the sending end under prescribed conditions at the receiver end. The 
regulation is the change in voltage at the receiver end where the prescribed load changes 


from no load to full load, voltage being maintained constant at the generator or sending 


end. It will depend upon, in addition to the resistance, the inductive reactance and 


capacitance reactance, which will vary with the frequency, and with the size and spacing 
of the conductors. ‘ 


For calculations of these quantities for long lines and very high voltages, reference — 


should be made to the numerous reference books on the subject. The following formulas 
will, however, be approximately correct for short lines of moderate yoltage where capaci- 
tance reactance and capacitance current is negligible, Hs = voltage, sending end; 
E,; = voltage, receiver end; @ = angle of lag between current and voltage, receiver end; 
Z = current in one conductor in amperes; RK = total resistance of one conductor in ohms, 
x = total reactance of one conductor in ohms. f 


yim paalneelt wien alone oe reese S 
Es=V (Er cos 0 + IR)? + (Ey sin 6 + 1X)? (volts). 


Line drop = Es — E; (volts); 
. rae Es — Er 
- Regulation , ——— E X ro (per cent); 
' 7 
Power, receiver end = EyI cos 6 (kw); 
Power, sending end =E, I cos 9 + [2R (kw); 
‘ E,cos 9+ IR , 

Power factor, sending end = Ts HE ST X 100 (per cent): 

s 
F E;I cos 9 
Efficiency eae Te OD, (per cent). 


=~ EpI cos 9 + PR 


In application, it is more convenient to use conductor-to-neutral rather than con- 
ductor-to-conductor voltage and the power in one wire only, converting back again 


in the final results. dn a single-phase circuit this means ¥ line voltage and % total ; 


I 
power respectively, and in three-phase circuits, 7: line voltage and 14 power Tespec~ 


tively. Resistance and reactance tables will be found in various handbooks. 
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Conductor Spacings are fixed by sabeeehte: but for moderate voltages the distatice 

_ between conductors in inches may be made 20 + voltage in kilovolts between conductors. 
_ Conductor Stresses. The general formula usually applied to the spans assumes that 
the conductor takes the shape of a parabolic curve. It is ordinarily approximately 
true. This formula is ‘ 


where T = fotal tension at center of span in Ib; 
L = distance between siipports (assumed same height) in fts 
W = weight of conductor in Ib per ft; 
d = sag at center of span in ft. 


The tension at the point of SuRPOKE A is: 


=T+ud. 
The length of the conductor betwee supports is apptoximately 
ee 
3L 


_ The important factor of added load due to wind; sleet, snow and temperature changes 
depends of course upon the climate and for data, reference should be made, te electrical 
engineering hand-books. This.added load is taken as high as 0.75 inch of ice plus rr 
lb wind pressure per sq ft projected area (including ice). 

Lightning Storms are the cause of most interruptions to the service on high-tension 
transmission lines. The poles, conductors, and insulators are often struck by direct 
discharges. The potential of the conductors may be raised an excessive amount above 
that of the earth by electrostatic induction from the thunder cloud.. This may break 
down insulators, cause arcing over and grounding of the circuit, or set up waves of high 
potential), which would travel along the conductors to the power station or substation 
and seriously damage apparatus. LiGHTNING ARRESTERS are devices for allowing exces- 

ive voltages to be quietly dissipated without interfering with the service. The usual 
ae of protection for a transmission line is an iron wire along the topmost points of the 
poles of towers and connected to the ground at frequent intervals. This is supplemented 
with special arresters wherever apparatus is connected to the line. 

The voltage at the receiver end of the line will depend upon the inherent regulation of 
the line as mentioned above and the character of the load. With a. low-power-factor 
load, it is customary to connect either a static or a synchronous condenser (a form of 
syaclironous motor. operated without load and with a field current above the normal 
yalue) to the receiver end of the line, thus neutralizing the lagging curtent and i improving 
the voltage regulation by raising the power factor. 


Substations are stations at the various centers of distribution where the high- 
tension power is transformed by “step-down” transformers to low-tension power, 
It is then distributed either as alternating or direct current, by any of the 
methods described in article 17. 


With alternating-current distribution, the substation contains only the transformers 
which lower the voltage to the required value, and switchboards controlling the incoming 
and outgoing lines. For direct-current distribution, the alternating current is trans- 
formed to direct current either by rotary converters or motor generators. A ROTARY ~ 
€onveERTER is essentially a double-current generator, a machine which, when driven as 
a generator; will give direct current at one end and alternating current at the other end. 
If the alternating-current end is Connected to an alternating-current supply and operated 
as a motor, the machine becomes a rotary converter and direct current will be produced at 
the other end, The relation between the imprest alternating-current voltage and the 
direct-current voltage i is fixt, Variation of the direct-current voltage must, therefore, be 

»made kay auxiliary apparatus which will alter the alternating-current voltage. The 
principal devices of this kid are the sYNCHRONOUS BOOSTER, 4 generator in series 
"with an alternating-current stipply; the INDUCTION REGULATOR, a single-winding traris- 
former with a movable secondary coil by medns of which the supply of voltage can be 
raised or lowered in small steps; and the SPLIT-POLE FIELD by means of which the wave 
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form of the machine and therefore the alternating-curtent voltage can be altered. A 
MOTOR GENERATOR is a synchronous or induction motor mechanically connected directly 
to a direct-current generator. This method gives complete electrical separation of the 
direct-current from the alternating-current systems, and greater control of the direct- 
current supply. The rotary converter, on the other hand, has a higher efficiency, es- 
pecially at loads less than full load, occupies less floor space, and is som2what lower in 
cost. The switchboards in substations, like those in central stations, are designed to ~ 
give control over each machine and outgoing feeder. Control of the incoming high- » 
tension current is provided by means of remote-control oil switches. 


Rectifiers. Alternating currents of relatively small magnitudes are transformed to 
unidirectional current by several other methods. In the MERCURY-ARC RECTIFIER, the 
operation depends upon the fact that if a glass (or steel) tube is exhausted to a low pres- 
sure, filled with mercury vapor and has a pool of mercury at one end with a. metallic 
electrode at the other, the resistance to the flow of current is low in one direction and high 
inthe other. Thusa valve action is obtained which in the simple case and with alternating 
current, would permit current to flow only every other half cycle. It is necessary, to start 
the action by first producing a momentary arc between the mercury and the other elec- 
trode which is usually accomplished by tipping the tube for an instant. In commercial 
rectifiers there are two positive electrodes (the mercury being the negative electrode) 
which are so connected to a transformer, suitable reactances and the direct current load, 
that both. halves of the wave are utilized and a continuous but pulsating unidirectional 
current is obtained. They are built for use on two- and three-phase circuits as well as 
single-phase. 2 

Mercury-are rectifiers are available with current capacities up to 40 or 50 amperes with 
glass tubes and 300 or 400 amperes with steel tubes. Their most common application 
is for charging storage batteries in electric vehicles, operating moving picture arc lamps} 
etc., but the larger rectifiers have been used on electric locomotives, etc. High-voltage 
rectifiers are employed in conjunction with constant-current transformers to operate 
series, direct-current arc-lighting circuits (see article 18). 

The “TUNGAR RECTIFIER” employs the principle of the thermionic valve which is as 
follows: If one of two electrodes in a vacuum tube is heated to a red heat, the resistance 
to the passage of current from one electrode to the other is very low in one direction and 
very high in the other. These rectifiers are limited to about 5 or 6 amperes capacity 
at voltages from 7.5 to 75. , 

MECHANICAL RECTIFIERS of various types have been developed in which the connection 
between the alternating-current circuit and the direct-current load is reversed each half 

“cycle by means of a commutator driven by a synchronous motor having the same number 
of poles as the commutator has segments, or by means of alternating current electro- 
magnets and a pivoted, contact-making, polarized magnet which changes the connection 
everyshalf cycle. The former type is used with X-ray apparatus and the latter for chargin; 
automobile ignition batteries which require small currents at low voltages. 

Auxiliary Steam Plants. Many water-power transmission systems have 
auxiliary steam plants connected to the system. These plants, in addition 
to assisting the water-power plant at times of low water, are kept under a low 
head of steam, so that they will be available on short notice in case of failure of 
the transmission line. 


17. Power Distribution 


Distribution Systems. Electrical power is distributed to consumers in two 
forms, direct current and alternating current. D1RECT-CURRENT systems are 
the most suitable for general service purposes and are generally used in closely 
settled districts where the distances are short. Direct-current motors, particu- 
larly in small sizes, are somewhat more efficient and convenient to operate thar 
alternating-current motors. Direct current may also be used for many purposes 
where alternating current would be unsuitable, such as battery charging anc 
electroplating. ALTUZRNATING-CURRENT systems are used where scattered dis 
tricts are served because the distribution‘can be made at a higher voltage anc 
thus greatly reduce the investment: in copper. The power is usually distrib 
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uted at 2200 volts and reduced to a lower voltage at the consumers’ premises 
by small transformers called distribution transformers at each building or group 
of buildings. Direct current is distributed by series two-wire and three-wire 
systems. Alternating current is distributed by the series single-phase; two- 
and three-wire single-phase; three- and four-wire two-phase; and three- and 
four-wire three-phase systems. 


Series Systems. In both direct- and alternating-current systems all apparatus is 
connected in series and the same current passes thru all. This system is used only for 
street lighting, where the smaller investment in copper required is a great advantage, 
The current is kept constant by automatic apparatus in the station and the voltage varies. 
with the number of lamps in the circuit. Open-arc lamps require 45 to 50 volts each, 
inclosed-are lamps 75 to 80 voltS each, and series incandescent lamps 15 to 30 volts each. 
Forty to one hundred lamps may be burned on one circuit, requiring a total of 2000 to 
6000 volts. Provision is made in each lamp for automatically keeping the circuit closed 
when the electrodes of an arc lamp become too short or the filament of an incandescent 
lamp breaks. Incandescent lamps of different current ratings (and therefore different 
candle-power ratings) are used on the same alternating-current circuit by employing 
specially designed individual current transformers. 

Two-and Three-wire Systems. The series system is not feasible for general dis- 
tribution because lamps cannot be turned on and off individually without affecting the 
others on the circuit, series motors are not suitable for general use, and the high voltage 
of the series system would be dangerous to life and property if carried into buildings. 
Distribution to and within buildings is therefore made with constant-potential multiple 
circuits, either two-wire or three-wire. 

In a Two-wire Direct-current System, pairs of cables (feeders) radiate from the 
central station, each pair dividing and subdividing into other pairs (mains) running to 
the premises of the consumers. The voltage varies from 100 to 125 volts and each lamp 
and motor is connected directly across these lines, each being independent of the others. 
Single-phase alternating current is similarly distributed at 2200 volts to transformers 

_ just outside of the consumers’ premises and from which secondary distribution is furnished 
at 100 to 125 volts. The two-wire system requires a large copper investment to keep 
the potential drop within reasonable limits, Excessive drop in potential due to too high 
resistance in the circuit means not only lost power but flickering of incandescent lamps, 
since the candle-power of the latter changes 4 to 6% with 1% change in voltage. 

The Three-wire System was developed to decrease the amount of copper required. 
‘Two direct-current generators are connected in series and feeders are run from each outer 
terminal of the two machines and the common connection between them. The distri- ~ 
bution to the consumers’ premises is made with three instead of two feeders and mains. 
The lighting load is divided, half being connected between each outer wire and the middle 
or neutral wire. Motors are connected to the outer wires in order to decrease the flicker- 
ing of lamps which fluctuating motor loads produce. Furthermore, 250-volt motors 
are somewhat cheaper than 125-volt motors. In the three-wire system the advantages 
of the two-wire system are retained and at the same time only 38% as much copper is 
required for the same percentage loss. By keeping the load fairly evenly divided, the’ 
neutral feeders and mains may be made smaller and an additional saving affected. 


Secondary distribution on single-phase alternating-current systems is made by the 
same method by winding the secondary of transformers for 200 to 250 volts, and connect- 
ing the third wire to the center of the winding. 

Two-phase Systems. The two-phase system of distributing alternating current is 
very generally used where the load is both lamps and motors, the lamps being connected 
across each phase separately and motors across both phases together. Single-phase motors 
are not practicable except in small sizes, hence the two-phase system combines the advan- 
tages of a polyphase system for motors with those of the two- and three-wire systems for 

lamps. The current is generated with two-phase alternators and is distributed over 
four or three wires. In the four-wire system, each phase is distributed independently 
thru two wires. In the three-wire system, one wire of each phase is common. 

Three-phase Systems of distribution are only used where the load is principally motors 
and where the power has to be transmitted considerable distances. About 25% less 
copper is required than for two-phase, four-wire, systems under the same conditions. 


af ~ i 
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The cutrent is generated in thice-phuse altetnators, usually at 25 or 6o-cycles, and may be 
distributed directly to consumers up to 440 volts or transformed to a higher voltage for 
transmission to distributing centers, or directly. to the consumers premises, where it is 
transformed to a low voltage. The primary distribution is always three-wire, but the 
secondary distribution may be made-with four wires where there is a considerable lighting 
foad. In such cases, lamps are connected between each of the three main wires and 
the neutral, while motors are connected to the three main wires: 


) Pistribution Methods. The power is delivered to the consumers’ premises» 
from the power plant or substation thru feeders and mains carried on poles of 
placed underground. The former method is very much cheaper and is the gen- 
eral practice outside of large cities. In congested districts, the crowded condi- 
tion of the streets, the unsightly appearance of pole lines, and the handicapping 
of firemen have caused the development of the underground method, 


Overhead Distribution is made on wood, built-up steel, cast-iron, or reinforced con- 
crete poles 30 to 60 ft high, and spaced 50 to 200 ft apart, depending upon the local 
conditions. The wires are carried on insulators attached to wood cross-arms. Glass 
insulators are used for low-voltage circuits and small porcelain insulators for 2200-volt 
circuits. Wire with weather proof insulation is commonly used. The cost of overhead 
distribution depends upon the kind, quality, height, and spacing of the poles, upon the 
number of éircuits, condition of the streets, ‘and so forth. It varies from $750 to ‘$2000 
per mile exclusive of the cost of the wire. 


Underground Distribution can be divided into two general classes. . In one class the 
conductors with their protecting covering are placed directly in the ground, and in the’ 
other class, called conduit systems, tubes are placed in the ground through which the con-' 
ductors are afterwards drawn. Examples of the first class are the Edison tube system, 
now little used, and the wood-trough construction. In the Edison tube system, wires 
properly spaced in iron pipes are surrounded with a solid insulating compound poured 
in while hot. The lengths are joined together thru special junction boxes. The wood- 
trough construction consists of a wooden trough in which the conductors are laid on 
insulating spacers. The trough is filled with a hot compound which becomes solid when 
cold. This is the cheapest type of construction for underground distribution. Conduits 
are made of wood impregnated with creosote; sheet-iron pipe lined with cement, fiber, 
and vitrified clay. Wood conduit and sometimes fiber conduit is laid directly in the soil, 
while the other conduits mentioned are usually encased in concrete or cement mortar, 
a number of conduits being laid side by side. The conduit material most in use is vitri-- 
fied clay, Itis made in single-duct pieces about 18 in long, and in multiduct pieces, with 
any number of round or square holes (from two to sixteen), about 30 in long. On account 
of the greater strength and smaller number of joints, the multiduct conduit is frequently 
Jaid directly in the ground without cement encasement, the joints being wrapped in buflap, 
and well asphalted.. Manholes built of brick or concrete are provided every rod to 560 ft 
where service connections may be made, cables pulled in and oiit for repairs, and splices 
made. If distribution is made at 2200 volts, the step-down distribution transformers 
are installed in these’manholes. “ 


Interior Wiring. The system used for the distribution is usually continued 
thru the building. The materials and methods used in wiring buildings on 
which insurance is carried must conform to the rules of the National Board of 
Fire Underwriters. The building departments of all large cities also have rules 
which must be observed. The standard methods are open or cleat work, mold- 
ing, rigid steel conduit, flexible steel conduit, non-metallic tubing and armored 
cable. : 


In Cleat Work, the wires are exposed and supported on walls and ceilings by por= 
celain cleats or knobs. Porcelain tubes are used where the wires pass thru walls or 
ceilings. This class of wiring is the cheapest but is entirely satisfactory when: the work 
is properly done and appearance is of secondary importance. ‘ 


In Molding Work the wires ate imbedded in grooved strips of wood or metal, and 
covered witt a thin strip of the same inaterial. Special porcelain fittings are used where 
apparatus is connected. (Wood molding is no longer allowed in some of the larger cities.) 
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Rigid Steel Conduit Work consists of sprcial soft-steel pipe run thruout the building 
| and thru which the wires are pulled. Steel junction boxes are provided thru which the 
wires are pulled into the pipe and defective ones pulled out. This is the most expensive 
form of wiring, in first cost, but it completely protects the wires from mechanical injury, 
reduces the fire risk on the building to a minimum, and the maintenance cost is small, for 
old and defective wires can be readily replaced without injury to the conduit. 


Flexible Steel Conduit is a tubing of steel ribbon wound spirally in such a manner 
as to produce a very flexible steel tubing which is reasonably tight but not water-tight. 
Steel outlet boxes and junction boxes are used as with the rigid conduit. Altho this is 
a cheaper construction than the rigid pipe system it eliminates the unsafe features of 
molding work. | It is particularly applicable in wiring old buildings. 


Non-metallic Tubing is a stiff though sufficiently flexible hose of fiber composition 
which is a cheap substitute for the metal conduit. It is obviously not waterproof. 


. Armored Cable is similar to flexible steel conduit with the conductors included. The 

- conductors are covered with suitable insulation and the steel ribbon wound directly over 
this insulation. This form of wiring is rapidly replacing the flexible conduit method for 
old buildings because conduit and wire are installed together. 


Wires and Cables. There are three general classes of wires and cables used 
in electrical work: weatherproof, rubber insulated, and lead covered. 


Weatherproof Wire is insulated with two or three layers of cotton braid impregnated 
with insulating compounds. It is used only for exterior wiring, principally for overhead 
distribution. It is the cheapest form of insulation, but also the least efficient. While 
sufficient protection is provided for pole-line purposes where the wires are supported on 
insulators, it is entirely inadequate for interior wiring. 


Rubber-covered Wire forms the greatest percentage of wire used for electtical pur- 
poses. It is used exclusively for wiring buildings and extensively for high-tension cables. 
There are three standard grades of rubber insulation: National Electric Code Standard, 
thirty per cent Pata, and Navy Standard. All grades consist of rubber, ground and mixt 
with various kinds of powdered mineral matter to; gether with a certain amount of sulfur. 
After being applied to the wire by running thru dies, it is vulcanized by subjection to a 
high temperature. The difference in the grades is in the quality and amount of rubber 
used. National Electric Code insulation is made with various kinds of old and reclaimed 
rubber and rubber substitutes but must contain about 20% Para rubber. Before it can be 

. used, it must be tested, past, and sealed by the iitepeetoe of the National Board of Fice 
Underwriters. Thirty per cent Para insulation contains at least 30% of new Para rubber 
gum. It is more durable than the National Electric Code wite and is used in all first- 
class interior-wiring work. Navy Standard insulation contains not less than 40% of new 
Para gum. It is used by the government on all battleships and is the highest grade of 
wire regularly manufactured. 

Lead-coyered Wires and Cables include various forms of insulation and are made-up 
in a great variety of ways to suit any requirement for insulation and mechznical protection. 
Lead-covered cables are used whete protection from mechanical or chemical injury is 
essential, as in underground distribution and under water. One, two, or three conductors 
may be in one cable. The conductors in two- or three-conductor cables may be side by 
side or one inside the other (concentric). The standard insulations are 30% rubber, 
paper, and varnished cambric. Paper insulation is applied in a farrow strip wound spi+ 
rally on the copper to any desired thickness and saturated with. suitable oil to. increase 
the insulation and render the cable flexible. Varnished-cambric insulation is applied 
in the sare mannet. The capacity of wires and cables is fixt by the temperature at which 4 
the life of the insulation will be affected. The table on p. 1680 shows the carrying capacity 
of various kinds of wires and cables based on safe temperature limits. : 


The second column of this table gives, capacity for wire in still air, atr25° F. The 
third and fifth columns give the capacities allowed by the Fire Insurance Underwriters 
bea Electric Code). The limits given for rubber are those beyond which deterio- 
ration (when exposed to air) may begin. Seventh column gives capacity at 125 om 
Bi eighth column gives capacity at 175° F for still air at about 70° F. These data 
ly substantially to the conditions existing in a standard, single-duct, underground 
eondte, If the conduit is multi-duct with a loaded cable in each duct, the capacity 
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Current Capacity of Wires and Cables 


. Low-tension under- 
Interior wiring ground cable, | 
lead covered » 
Size, Bare 
B&s copper Corre- Corre- P 
gage” wire “Code” | sponding | All other | sponding a k 
rubber volts, insula- | voltsdrop| Rubber bri eee 
insulation| drop per | tions per insulaton ie ee 
000 ft ‘ rooo ft ation 
14 12 12 30.0 16 30.7.) \eleisie/otete atet|te aferers Rtas 
12 17 17 26.5 23 3502) ciileei alesty fuses 
Bie) 24 24 23-5 33 31-4 20 24 
> 8 42 33 20.6 46 28.6 30 36 
6 59 46 17.6 65 25.0 50 60 
4 83 65 15.8 92 22.5 75 95 
2 118 go i317 131 20.0 110 130 
) r70. | $527 12.7 185 17-7 160 200 
00 202 150 It.4 220 16.7 190 240 
000 240° 177 10:8 262 16.0 235 285 
0000 286 210 10.1 312 15.0 280 340 
300 000 373 270 9.5 400 14.0 37° 450 
400 000 463 330 8.7 500 13.8 460 560 
§00 000 549 390 Bisa) 590 12:4 550 660 
600 oco 631 450 7.9 682 IL.7, 625 760 
700 000 708 500 7.5 760 ITA 700 860 
800 000 781 550 7-2 840 II.0 77° g60 
I 9000 000 g22 650 6.8 1000 10.5 goo 1150 


* Sizes larger than No. oooo B & S are stranded and are given in circular mils. 


of each cable will be reduced from 5 to 25 or 30%, depending on the number and arrange- 
ment of ducts and cables. : * 

The temperature of paper cables will be about 10% higher than that of rubber cables 
for the same current and thickness of coverings. Paper cables should not be operated 
over 190°F and rubber cables over- 160° F. Cables immersed in water will carry, 
for the same temperature rise, 40 to 50% more current than indicated in the table, and if 
buried in moist earth, ro to 25% more current. 


The capacity of each conductor in a two-conductor, non-concentric cable is about 85% - 
of that of a single-conductor cable; in a two-conductor, concentric cable, 80%; in a three- 
conductor, non-concentric cable, 75%; and in a three-conductor, concentric cable, 60%. 


High tension cables should not be operated over 125° F. on account of the rapid de- 
crease in dielectric strength with increase in temperature. 


Wiring Table. The table on p. 1631 shows how far various currents may be trans- 
mitted with different sizes of wire and with given percentages of loss. Assuming the 
usual allowable loss of 2% and given the distance from the entrance of the service to 
the building, the size of a wire for a given load is at once found in the table. If the 
‘size found is less than that allowed by the Underwriters’ rules for that current, the 
latter size should be used. 

_ The current required at 110 volts by motors and lamps is as follows: Motors: 8 to 
gamperes perhp. Lamps: 16-cp carbon, 0.5 amp; 32-cp carbon, r.o amp: 4o-watt 
(14 cp) metallized, 0.4 amp; 25-watt tantalum (22 ¢ p), 0.25 amp; 40-watt tantalum 
(21-c P), 0.4 amp; 25-watt tungsten (18-c Pp), 0.25 amp; 40-watt tungsten (go-c P)» 
°.4 amp. ; 

The Sale of Power. Systems of selling power are based on the direct cost of manu- 
facturing; on the investment in power-station and distribution equipment; and on the 
reserve capacity of the plant required to meet unusual demands of the consumer. Among 
the numerous systems in use, the principal ones are BLAT RATE, STRAIGHT METER BASIS, 
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Distances in feet which power at 100 volts may be transmitted with various sizes of 
wire at various percentages of loss. 


Size, B&S ‘ 
gage, per cent Current in amperes 
loss 
: 4 8 12 20 40 60 
| 24450 | 12225 | 8150 | 4890 | 2445 | 1630 
| I9 400 9 700 | 6460 | 3875 | 1940 | 1290 
15400 | 7700 | 5130 | 3080 | I540 | 1025 
0000 ° I2 220 6110 | 4075 | 2445 | 1220 815 
000 bg 9 720 4860 | 3240 | 1945 972 648 
Te) 2 7720 | 3860 | 2575 | 1545 | 772 | 515 
Rc ° 3 | 12250 6 120 3 060 ,| 2040 | 1225 612 408 
0000 I 4 9 700 4 850 2425 | 1615 970 485 323 
000 2 5 7700 3 850 1925 | 1280 770 385 257 
00 3 6 6 100 3 040 1520 | tors 610 304 203 
° 4 7 4850 2 420 I 210 810 485 242 161 
I 5 8 3 845 I 920 960 640] 385 | 192] 128 
2 6 9 3.050 I 520 760 507 | 305 152 102 
3 7 10 "2420 I 210 605 403 242 I2r 8r 
4 8 IL 1920 960 480 320 | -192 96 64 
Sufus = 9 12 I 520 760 380 253 152 76 5r 
6} to] 13 1210 605 302 200 | 121 60 40 
8 12 15 760 380 190 127 76 38 25 
ae hal eae 480 240 120 80 48 24 16 
sanerGual...<: 302 Ist 75 50 30 


and MAXIMUM DEMAND. In the FLAT-RATE method a fixt price, depending upon the size 
of the installation, is charged per month, irrespective of the hours of use. This is used 
only where power is cheap or the loads small. The METER SYSTEM is the usual system 
employed by central stations. Various discount methods, based on the total kw-hr 
consumption per month and on the size of the installation, are used. The maxtmum- 
DEMAND system makes the price paid depend. upon the maximum power taken during 
any given period, as for instance during any s-minute period in 24 hours. This system is 
extensively used where large quantities of energy ate being consumed and is designed to 
fake care of the investment in equipment not used except fora short time during each day. 
Meters. The energy consumed is measured with watt-hour meters or ampere-hour 
meters. WATT-HOUR METERS, both direct and alternating current, are very small motors 
geared to a recording mechanism similar to that on gas and water meters. The speed is 
proportional to power and each revolution represents a certain amount of energy. Direct- 
current meters have their armatures connected across the circuit and their fields connected 
in series with the circuit. Alternating-current meters are induction motors with an arma- 
ture consisting of a metal disk and a field produced by one coil across the circuit and another 
in series with the circuit. AMPERE-HOUR METERS measure the product of amperes and 
hours. They are of two types, the ELECTROLYTIC METER and MOTOR METER. The 
principle of the electrolytic meter is the decomposition of liquids by the passage of current. 
This decomposition is strictly proportional to the current, and by noting the decrease in 
volume a measure of the ampere-hours is obtained. In the motor ampere-hour meter 
he field is produced by permanent magnets and the armature consists of a metallic disk 
Joating in mercury thru which the current flows to and from the disk. Ampere-hour 
neters may be made to read in kilowatt-hours by assuming a constant voltage and intro- 
jucing the proper constant in the calibration. - 


18. Electric Lighting and Illumination 


Lighting by electricity is accomplished by three methods: by the arc between 
‘wo carbon pencils automatically kept a short distance apart, by the passage 
of current thru rarified gases, and by the eating of a refractory Cao Es to 
ncandescence, 


I 
i 
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The intensity of a source of light is measured in terms ofa unit source called a cardle= 
power. The four principal standard sources of light are (a) the British standard candle, 
a spermaceti candle, (b) the English Harcourt lamp, which burns pentane vapor mixt 
with air in an Argand burner (c); the French Carcel lamp, which burns colza oil with a 
wick, and (d) the German amylacetate lamp, which burns amylacetate with a wick. 
The British candle is nominally the standard in this country but the amylacetate lanip is 
probably the most generally used standard lamp. All of these standards are of course 


arbitrary, and are made and used in strict accordance with very detailed specifications , 


in order to insure reliable and reproducible results. } 

Tlluminants are measured with a photomeler, an instrument which gives the value of 
the unknown source in terms of a standard lamp. Because of the much greater conven- 
jence in commercial work, this standard is usually an electric incandescent lamp that has 
been carefully standardized against one or more of the above primary standards, 


Rating of Iiluminants. The theoretical standard of intensity of light, the candle- 
power, is a point of light giving a candle-power in each direction. Mean horizonial candle- 
power is the average candle-power in all directions in a horizontal plane thru the center 
of the source. Mean spherical cavidle-power is the average candle-power in all directions 
from the center of the source. Mean hemispherical candle-power is the average candle- 
power in all directions in a hemisphere with the source as the center. 

Tiluminants are sometimes rated in tetms of the Iumen which is the unit of light 
radiation, A lumen is equal to the light flux emitted by a source of one candle- 
power in Unit solid angle. A source of one candle power emits a total light flux of 4a 
lumens. 4 


All commercial illuminants have a more or less itregular distribution curve, that is, 
the candle-power is greater in some directions than in others; and in making compari- 
sons between different illiminants it is therefore necessary to be specific. Formerly, it 
was customary to rate electric lamps on a basis of the maximum candle-power obtainable, 
Later incandescent lamps were rated on a mean horizontal candle-power basis and 
other illuminants on a mean spherical or mean hemispherical candle-power basis.. The 
present practice, however, is to rate all electric illuminants on the basis of the no- 
minal watts consumed. This applies particularly to incandescent lamps whith are 
all labeled and described on this basis, the candle-powet being Omitted. This practice 
is the result of the wide use of reflectors, each form of which gives a different appareht 
candle-power. 


Are Lamps are extensively used for lighting streets, large interiors, and simi- 

lar places where the illumination must be general but not necessarily high. 
In the open arc, the earliest form of electric light, an arc is maintained between solid 
carbon rods in the open ait. They are usually operated 40 to too in series, on both 
_ direct and alternating constant-current circuits. The standard sizes are 6.6 and 9.6 
ampere lamps, requiring 45 to 50 volts. Altho this type is relatively very efficient as-4 


gource of light, it has-been largely superseded by the ENcLOSED-ARC lamp, a lamp which © 


is less efficient but also mtich less expensive to operate and giving a much better distri-_ 


bition of light. The arc is surrounded by a small, close-fitting glass globe which excludes 
the air and retards the-consumption of the carbons, thereby increasing their life eight to 
tén times. These lamps are operated on both direct dnd alternating current, but more 
often on multiple circuits at 110 volts than on series circuits. The voltage per lamp is 


78 to 80 and the current varies from 3.5 to 7.5 amperes: The MAGNETITE-ARC lamp is oe 


direct-current open arc in which the electrodes ate metallic copper and ah oxide of iton. 
Its special features are long life of electtodes (about 50 hours), high efficiency, and light 
distribution particularly suited for street lighting. The rlAmmNc-akc lamp is an alter- 
nating and direct-current opeti arc with small-diameter carbons impregnated with sodium 
or other similar salts which enormously ‘increase the light emitted. They are the highest 
cahdle-power tnits in general use, 2500 to 4000 ¢ p being given if the maximum direction, 
and are extensively used for spectacular and show purposes: MINIATURE ARC lamps 
are enclosed carbon-electrode lamps which have been developed to meet the demand for 
a relatively small unit of high efficiency for interior illumination. 


Lamps with Luminous Ratified Gdses are not used for general illumina- 
tion but only where the special characteristics of the light are advantageous. 
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The Coorer Hiwitt lamp Consists of an arc ih a tube 2 to 4 ft long, in which the 
ithode is metallic mercury and the arc passes thru rarified mercury vapor. The light 
5 not due to the temperature of the arc, as in the ordinary arc lamps, but to the lumi- 
jescence of the vapor. The light is therefore green in color, red and yellow being almost 
sntirely absent from the spectrum. The actinic value of ‘the light is high; Hence it is 
ised for photographing and blue-printing. It i is also said to be less fatiguing to the eyes 
han white light, and is therefore desirable in drafting rooms. On account of the 
innatural greenish tint of the light it is not suitable for general use. When a QUARTZ 
ube is used instead of glass, the lamp canbe operated at a much higher current density, 
ind a higher efficiency as well as a whiter light is obtained. The Cooper Hewitt lamp 
jperates On either direct or alternating current. 


The Moore Licur is practically a Geissler tube about 114 in in diameter and 100 
ir more feet long. It is placed around the room to be lighted in one continuous length 
wid operated from a small high-tension transformer. The color depends upon the gas 
ised, pure nitrogen giving a light which has practically the same composition as white 
ight and is therefore particularly suitable for matching colors. 


Incandescent Lamps are almost exclusively used for interior illumination 
where relatively high and uniformly distributed illumination is required. 


An Incandescent Lamp is an illuminant where the incandescent material is in.the 
‘orm of a long thin wire of refractory material placed in a glass bulb. The types in 
nost general use are distinguished by the material of which the filament is made, the 
‘arbon filament being the oldest. The others in the order of development are metallized 
‘specially treated carbon), and tungsten. The essential difference between these is in 
he temperature at which the materials may be operated; the temperature of carbon 
yeing the lowest and that of tungsten the highest. For the same amount of light, 
hinner filaments may be used as the permissible temperature increases, and thetefore 
ess power is required, Where the power required per candle-power in carbon lamps is 
ibout 3.1 watts, that for tungsten lamps (gas-filled) is about 1 watt. All of these types 
yperate equally well on alternating and direct current. The thin filament types of lamps 
require more caréful handling than the carbon, altho they are now sufficiently rugged to 
oe used on trolley cars and other locations subject to vibration. Rapid improvements ‘6 
she manufacture of tungsten lamps are, however, making them more and more rugged. 


The tantalum lamp was developed next after the metallized carbon lamp and came 
nto quite extensive use but it has been completely superseded by the tungsten lamp. 
Jsmium, osram, and zirconium lamps are similar high-efficiency lamps developed abtoad 
n which the filaments are of those metals. They have also become practically obsolete. 
“Gem” and “Mazda” are trade names for metallized carbon and tungsten lamps re- 
spectively made by certain groups of manufacturers. 


There are two types of tungsten lamps. In ore type (known commercially as typé 
‘B’’)-the filament opetates in a vacuum while in the other type the bulb is filled with 
nitrogen gas at about atmospheric pressure (“type C”). The latter is operated at a 
lightly higher temperature and therefore a slightly higher efficiency than the vacuum 
type. The gas-filled type is made principally in the larger sizes where the increase in 
efficiency is most pronounced. I 

The table on p: 1634 shows the approximate candle-power, power consumption in watts 
per candle-power, and cost of carbon, metallized, and tungsten lamps.- The sizes given 
are those most commonly used. The prices are approximate for a basis of not less than 

§000 lamps purchased per year. 


The Nernst Lamp consists of a short stotit filament tetoreeey composed. of highly 
téfractory materials (thorium, osmium, étc.) and is operated in the open air. The resist- 
ance of the glower is high at normal temperatures, but decreases rapidly at higher tem 

ratures, An auxiliary heating device is therefore provided to heat the glower to the 

mperature where its resistance will be sufficiently low to permit the passage of line 
¢urrent. The lamp is manufactuted with 1, 2, 4, and 6 glowets. They are burned on 
multiple circuits, either direct or alternating current. This lamp Bas been practically 
superseded by the tungsten lamp which is more economital both in operation and in 
maintenance. Es 

Operation of Incandestent Lamps. Incandescent lamps are‘used on series as well 
as multiple circuits, but series lamps are a small per cent of the total. Series lamps have 


f 
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Candle-Power, Efficiency, and Cost of Incandescent Lamps 


Carbon” Metallized (“Gem”) 
Nominal |= re a ae 
watts . 3 
Nominal | Watts per | Approx. | Nominal Watts per | Approx. 
mhcp mbhcp cost mhcp mhcp cost 
10 2.0 5.0 CE? alll eA Sran Irina eR Ween Geist oS 5 
Prey Aye Ah tate Alo pmouritic idl Enea Daa 5.0 4.0 $.26 
go 9.4 3.2 22 10.0 3.0 .26 
* 50 16.7 3.0 22 20.0 2.5 -26 
| 
Tungsten 
= Vacuum (‘type B’’) Gas Filled (‘type C’’) 
Nominal : 
watts ° z a 
Nominal | Watts per | Approx. Nominal | Watts per Approx. 
mbhcp mhcp cost mscp mscp cost 
bo) 
20 
30 
50 
100 


Nore: Mhcp = mean horizontal candle-power, msc p = mean spherical candle- 
power. ; 


short thick filaments, requiring 15 to 30 volts, and are often connected in the same series 
circuit with arc lamps and placed in side streets, alleys, and similar places where’ high 
illumination is not required. Lamps of different sizes, that is different current ratings, 
can be operated from the same series circuit by employing a special type of current trans- 
former. The continuity of the series circuit is maintained when a filament burns out by 
means of an automatic short-circuiting device in the lamp socket. 

The life and candle-hours of incandescent lamps are seriously affected by changes in 
voltage for altho raising the voltage on a lamp increases its efficiency, the life is reduced 
at a much greater rate. The most economical operating voltage is therefore that where 
a balance is obtained between the decreased cost of energy consumption and the increased 
cost of lamp replacements. Fluctuating voltage also produces disagreeable flickering, 
consequently it is essential that the system be well regulated if satisfactory service is to 
be obtained.. The following table shows the effect of change in voltage on the candle- 
power and life of carbon, metallized, and tungsten lamps (vacuum type). 


Effect of Voltage Variation on Incandescent Lamps 


Per cent normal candle-power Per cent normal life 


Per cent 

normal 

voltage Carbon |Metallized | Tungsten Carbon Metallized | Tungsten 
‘90 53 60 — 68 830 650 350 
95 75 78 83 275 250 195 
r00 100 100 100 100 Too 100 
105 128 127 120 37 42 48 


IIo 170 157 144 15 22 26 
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Approximate Candle-power, Watts Consumed, and Life 
*) of Electric Iluminants 


Watts per ; 
Kind and type Candle-power, usual candle- beara 
sizes power Bours ? 
(m.s.) 
(Incandescent, carbon..+...... iN 5 to 20 (m h) 5.0-3.6 500 
[ncandescent, metallized 3 5to 40 (mh) 5.0-3.0 500 
Incandescent, tungsten (vacuum). 7 to 100 (m h) 1.8-1.3 ‘| 1000 
Incandescent, tungsten (gas-filled). 70 to 1500 (ms) 1.1-0.6 | 1000 
Nernst, 1 glower..............-. 22 (ms) 4.1 800 
Nernst, 3 glower...........+.+.. 65 (ms) 4.0 800 
Nernst, 6 glower.............- ae LOS 4 (m s) Cie 800 
Cooper Hewitt. oso. kee eee ys 500 (rated max) 0.8 Bick 
WEGOIUUE Te mie ante a die vane ee og 8 (m s per foot) bint Fotcihy 
Open arc, carbon, 6.6 amp....... 260 (ms) 1.3 15 
Open arc, carbon, 9.6 amp....... 410 (ms) 1.0 15 
Open arc, magnetite, 4.0amp....| 250 (m s) 1.3 150 
Open arc, magnetite, 6.6amp....| 720 (m s) 0.7 100 
Open arc, flaming............... I0oco-7oo (ms) ©.5-0.7 I5-r00 
Enclosed arc, series a.c..6.6 amp .| 130 (m s) we! 100-125 
Enclosed arc, series a.c,, 7.5 amp..| 155 (ms) 3,1 100-125 
Enclosed arc, series d.c.,6.6 amp..| 260 (ms) 1.9 100-125 
Enclosed arc, d.c. multiple. ...... 150-250 (ms) 3.0 100-125 


* Manufacturers claim several thousand hours, 

Notes: mh =-mean horizontal candle-power; ms = mean spherical candle-power, 
he watts per candle-power of incandescent lamp decreases as the size of the lamp 
\creases. 


The Relative Cost of Lighting depends not only on the amount of light produced 
er watt of power consumed, but also upon the cost of power, hours of burning, initial 
ivestment, repairs, life, and cost of maintenance (cleaning glassware, replacing incan- 
escent lamps, renewing ‘carbons, glowers, and so forth). Hence the relative standing 
f the various illuminants will vary with conditions applying to each case, and no genera} 
-atement can be made that will be universally applicable. For instance where the cost 
f energy is low or the lamps are burned only a small fraction of the time,,it would cost 
ss to use carbon lamps instead of any of the more efficient but also more expensive 
mMps. 


Illumination. Illumination is exprest in terms of the FooT-CANDLE, which is 
he illumination produced on a surface normal to, and one foot from, a source 
f one candle-power. The intensity of illumination varies inversely as the 
quare of the distance from the source. 


Iilumination of Interiors is usually effected by direct lighting, indirect, and semi- 
direct lighting. In direct lighting the illumination is received directly from the light 
purces but in the indirect method, the light sources are concealed from direct view 
nd the light is reflected into the room from a highly reflecting surface, usually the ceiling, 
n the semi-indirect method, a part of the illumination is obtained by reflection and part 
y direct lighting usually by means of an inverted, translucent reflector or bowl. These 
wo latter methods have the physiological advantage of removing the light sources from 
he field of vision of the eye, but it requires considerably more energy for the same amount 
f illumination: In direct lighting, the intrinsic brilliancy of the sources is (or should be) 
sduced by frosting the bulbs and by the use of enclosing, frosted or opalescent globes, 
‘his is accompanied, however, by a reduction of 8 to 15% in the amount of light.. 

The illumination generally accepted as sufficient for some classes of interior lighting 
| indicated in the following table. The Illuminating Engineering Society has prepared 
ather complete and detailed codes of lighting for factories and school buildings. The 
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candle-power required in the lamps can be readily computed for a given case if the distance 
to the lamps and the curve of distribution of light around the lamps are known. 


* Illumination, . Mllumination 
Class of service ioeaandles Class of service footennleey 
Auditoriums, .....5...0e++++ 1 to 3.5 Bookkeeping....,.s+.+++5 3to 5 
Theaters........- Ba Sisters taka 1. Tto3 Stores, general illumination 2 to 5 
“Churches... .. Bye ccfeilbic eeleusiotonets 1 to3 Stores, clothing........-. 4to 7 
Reading rooms... :..siee.5% 3to4 Drafting 
Residences... ...e ener eens 1to3- Engraving... ..2. «dwatwies ott 5 to ro 


Desk illumination.,........+ , 2tos Factories, gen. illumination 4to § 


Street Lighting. The best method of illuminating streets is that wu'ch will produce 
the most uniform illumination for the same average illumination, This lies between the 
two extremes, large units placed far apart and smaller units placed close together. 
Cost considerations have dictated the very general use of the former method, thy lamps 
being of such a'size and so spaced that the minimum illumination midway between lam Ss 
will be at least that of average moonlight or about 0.02 foot candle. Obviously, the 
amount of illumination may be as much greater than this minimum as cost considerations 
will permit. The prices obtained for street lighting by electric companies vary’ ftom 
$50 to $125 per arc lamp per year, and the cost per mile of street will range from $500 
per year in yillages to $5000 for the important avenues in cities, The cost varies greatly 
even for the same illumination because of the varying conditions such as hours of burn- 
ing, whether all night or only a part, and whether every night or on a ‘‘moonlight sched- 
ule”; type of construction, whether ornamental iron poles or wood poles, and overhead 
or underground distribution; cost of producing energy and so forth. 

Reflectors. Efficient artificial illumination requires that as much as possible 
of the light emitted from the source fall upon the surface or objects to be illum- 
inated. Care should be exercised to select the proper type and size of lamps 
for the particular case and to locate them where they will be most effective. 
Reflectors placed back of the lamps can be advantageously used to reflect the 
light from directions where it is useless to the object to be illuminated, Re- 
flectors are now scientifically designed according to the laws of reflection and 
refraction. They may be obtained with various forms of distribution curves, 


either extreme concentration, moderate concentration, or wide diffusion. 


19, Batteries 


Primary Batteries. If two metals are placed in a liquid, an em f is gener- 
ated at the plates, the value of which will'depend upon the nietals and the liquid. 
Such a combination constitutes a voLTAIC couPLE. Those couples which pro- 
duce the greatest. potentials are used to a large extent as sources of electricity 
for telegraphing, signals, telephones, call-bell systems, and other purposes where 
very. small amounts of power are required. They are called PRIMARY CELLS, 
and a number connected together form a primary battery. The various kinds 
may be divided into two classes: closed circuit and open circuit. Batteries ir 
the first class always use a fluid electrolyte. Those in the second class use 
either fluid or nonfluid electrolyte. : 

Closed-circuit Batteries are those which can be discharged continuously. The mos! 
common battery of this class is the gravity battery, with electrodes of copper and zini 
and a copper-sulfate electrolyte. Its construction is such that it operates best when kep 
connected to a closed circuit. The voltage of the gravity battery and the similar DANIEL 
battery is about volt per cell, but the current capacity is only a few hundredths of al 
ampere. The gravity battery is used extensively for telegraph and railway signal work 
POTASSIUM-BICHROMATE batteries usé carbon and zinc electrodes with a solution of bi 
chromate of potash. These cells have a potential of about 2 volts each and a compat 
atively large current capacity. Frequent renewal of the elements and electrolyte i 
necessary. The Epison-LeLanpR battery consists of zinc and copper electrodes an 
caustic-soda electrolyte. Its potential is about 1 volt per cell and the largest size wi 
deliver about 7 amperes for nearly 109 hours on one charge of material. 
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Open-circuit Batteries are intended to be used only on intermittent service, such as 
call bells and short telephone lines. Very large quantities are used for pocket flash 
lamps. Practically all batteries in this class are carbon and zinc in a sal-ammoniac 
solution, The emf per cell is about 1.5 volts. DRY BATTERIES are carbon-zinc-sal- 

ammoniac batteries made nonspillable by filling the space between the electrodes with 
sawdust or similar material which has been saturated with sal-ammoniac solution. They 
cannot be renewed when exhausted. 


Standard Cells are cells used as standards of emf. The two types in most general 
use are the Clark cell and the Weston cell,” The Clark cell is made with zinc and mercury 
electrodes and a solution of zinc and mercurous sulfate. Its potential when made up 
in accordance with certain conditions is 1.434 valts at 15° C, The Weston cell is made 
with cadmium instead of zinc and the potential is r. 0183 valts at 20° C. Both will 
temain constant for years if no appreciable current is drawn. The Weston celi has a 
much lower temperature coefficient and a longer life than the Clark cell. 


Storage Batteries are those in which the chemical process is reversible, and 
which, after being discharged, can be restored to the original chemical condition 
by sending current thru them in the opposite direction. In the best-known 
class, the elements or electrodes are metallic sponge lead (negativ plate) and 
lead peroxide (positiy plate) in a sulphuric-acid electrolyte. While discharging, 
both elements partially change to lead sulfate and when current is past thru 
the cell in the opposite direction (charging) they are converted back again. to 
the original state. The two important methods of making the plates are the > 
Planté method and the pasted or Faure method. In the Planté process the lead 
peroxide and the sponge lead are formed by chemical or electrochemical means . 
directly on lead plates from the plates themselves. - In the Faure process various 
oxides of lead are mechanically applied to the plates and then reduced electto- 
chemically to sponge lead and lead peroxide, respectively. The Planté type 
batteries are usually used fot stationary work where weight and volume are 
relatively unimportant, For motor vehicles, train lighting, and similar pur- 
poses where the maximum capacity per unit of weight and volume is essential, 
the pasted type is used. 


The Capacity of a battery is measured in ampere-hours. A capacity of one ampere- 
hour means the ability to deliver one ampere continuously for one hour. The capacity of 
a battery depeids upon the amount of active material; the area of the plates; the amount, 
temperature, and specific gravity of the electrolyte; and the current at which discharge 
is taking place. In order to get as great capacity as possible per unit volume, the effec- 
tive surface of the plates is increased by cutting or casting grooves and ridges in the plates 
and by laminating. Batteries of any capacity are obtained by putting additional plates 
in the same cells and connecting all positive plates together and all negative plates to- 
gether. The volts per cell, however, are the same irrespective of the size of the plates 
or the number connected in parallel, the total voltage required being obtained by con- 
necting cells in series. 

The capacity of a battery will vary with the temperature, increasing as the temperature 
of the electrolyte rises. The change per degree varies with the type of battery. The 
capacity is greater with currents below the normal rate and smaller with currents abové 
the normal rate. Lyndon gives the following approximate figures for the capacity at 
high rates: 200% normal rate, 75% normal capacity; 300% normal rate, 58% normal 
capacity; 400% normal rate, 50% normal capacity. 

Rating. The standard method of rating a storage battery is the current which it will 
give continuously during 8 hours for stationary batteries, and 5 hours for vehicle batteries. 
Automobile lighting and starting batteries are rated on two bases, One, the lighting 
rating, is the ampere-hour capacity obtained when discharging at 5 amperes and the 
other, the starting rating, is the current the battery will deliver continuously for 20 
minutes. 

Voltage. During discharge at normal rate the voltage falls rapidly at first from about 
2.10 or 2.15 to 2.0 volts per cell, and then drops slowly to 1.90 or 1.85 volts. Beyond 
this point the voltage drcps rapidly. In order to maintain constant voltage on the load 
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END CELL SWITCHES are often used by means of which an additional cell is cut in when 
the total voltage drops 2 volts. 


Efficiency. There are two efficiencies of storage batteries, the WATT-HOUR and the 
AMPERE-HOUR. Watt-hour efficiency is the ratio of the total energy delivered during 
discharge to the total energy received during charge. Ampere-hour efficiency is the 
ratio of the product of amperes and hours during discharge to that of amperes and hours 
during charge. The watt-hour efficiency of lead batteries averages 75 to 80% and the 
ampere-hour efficiency about 85 to 90%. 


Application. Storage batteries are used extensively in connection with power plants 
of all sizes. In small, isolated, or private plants, a battery is often used to carry the load 
during parts of the day when the load is too small to warrant running a generator. In 
the largest direct-current central stations and substations, large batteries are often 
installed for the sole purpose of carrying the load in case of an accident necessitating the 
shutting down of the regular source of power. Such a battery is designed to deliver 
very large currents for short periods of time. It is often connected across the buses all 
the time, so that it will deliver current automatically when the bus voltage falls below the 
normal value. pith : 

Care. Storage batteries require intelligent care and use if reasonable life is to be 
obtained, High rates of charge and discharge, repeated discharging to voltage below 
1.70 volts’per cell, and charging longer than necessary will rapidly disintegrate the-active 
material and decrease the life. The specific gravity must be kept within che proper 
limits, the battery must be charged immediately after discharge, and should be charged 
at occasional intervals when not in regular use, 

The most reliable indication of the state of charge or discharge is the specific gravity, 
hence in large plants readings of the specific gravity are taken at frequent intervals on’ 
certain representative cells called pilot cells. Autographic hydrometers have been’ 
devised which indicate and record the specific gravity at a point some distance from the 
cells, as for instance the switchboard. 

Cost and Depreciation. The cost of stationary type storage batteries, installed, will 
range from-about $1.50 per ampere per cell for small batteries of 5 amperes capacity 
to $1.00 for 500 ampere batteries. The cost will decrease slightly with larger capacities. 
Small portable batteries cost from $4 or $5 to $1.00 per ampere per cell. The depreciation 
of batteries varies enormously with the care and amount of use which they receive. The 
rate of depreciation for stationary batteries varies from 8 to 15% and for vehicle batteries. 
from 20 to 50% per year. 


The Edison Battery is an alkaline battery quite extensively used for vehicle 
and other purposes where weight is specially important. The elements are 
nickel and iron, and the electrolyte is sodium hydrate. It is considerably 
lighter than a lead battery and, according to the manufacturers, requires less 
care and attention. On the other hand it is considerably more expensive. The: 
output per pound of cell is about 2.5 watts and 16 watt-hours, compared with 
about 1.25 watts and 12 watt-hours respectively for the vehicle-type lead bat- 
tery. The efficiency of the Edison battery is, however, lower than that of the 
lead battery by about 15 to 20%, 
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GENERAL DATA 


1. Preliminary Investigations 


A Reconnaissance Survey is of relatively as much importance in highway 
location as it is in railway location. Altho the elimination of distance is desirable 
from several standpoints, the distance and grade are so intimately related that 
in some cases a shortening of the distance will necessitate either the adoption 
of a steeper grade or an increased cost in the excavation to obtain a grade of a 
lower rate. The shortest rotite betweeh two points may not be desirable for 
esthetic reasons, as is evidenced by a study of the roads of our park systems. 
Within the city limits and on suburban or country highways thru built-up 
districts the location already occupied can rarely be changed. A change of 
location that would improve the grade will sometimes be apparent in making 
a reconnaisance. % 

Grades.. A maximum grade should be determined which should not be 
exceeded except in extreme cases. This limiting grade will depend to a large 
extent upon the locality; the nature of the traffic, and the loads to be hauled. 
Grades as high a8 20% and more are found in mountainous districts, and as 
high as 15% within some cities. Many of the State highway departments 
‘never establish grades over 7%. The maximum grade established determines 
in many cases the type of road ot pavement which may be used: for example; 
the maximum grades for stone block are 10 to 15%; brick pavement, 6 to 15%; 

* earth, gravel and broken stone roads, 7 to 12%; bituminous concrete, bitumin-' 
ous macadam, bituminous surface, and cement-concrete, 5 to 8%; sheet asphalt, 
4 to 5%; wood block; 3 to 4%. Minimum grades are governed by longi- 
tudinal surface drainage requirements. 


Curves and Widths. All curves on country highways should be carefully 
investigated with a view to increasing the radius and eliminating obstruction. 
The First International Road Congress recommended a minimum radius of 164 ft 
for curves wherever possible. The width should be considered from the stand- 
point of future requirements in designing new highways. The New York Cit; 
ordinance prescribes the following widths where no car tracks exist: Stree 
60 to 66 ft 8 in, roadway, 50% of street width; street, over 66 ft 8 in, roadway, 
80% of street width less 20 ft. The 1912 Standards of Newton, Mass., call 
for the following relative widths of streets and sidewalks: 

30-ft street with curbing, sidewalks 4 ft 6 in; without curbing, 3 ft 6 in. 

35-ft street. with curbing, sidewalks 5 ft 4 in; without curbing, 4 ft 4 in. 
| 4o-ft street with curbing, sidewalks 6 ft; without curbing, 5 ft 6 in. 

so-ft street with curbing, sidewalks 7 ft 8 in; without curbing, 7 ft. 

60-ft street with curbing, sidewalks 9 ft 6 in; without curbing, 8 ft 6 in. 

In English cities and towns a multiple of 9 ft has been adopted for width of 
traveled way, number of units depending upon number of lines of vehicles. 
‘Widths vary from 18 to 36 ft. In the United States interurban and country 
highways are built with an improved surface from 12 to 20 ft wide; in England, 
from 18 to 22 ft wide; and in France, National Roads, 23 ft wide. 

Materials and Foundations. In connection with the reconnaissance, an 
investigation should be made relative to the materials suitable for road building 
that occur thruout the area. A knowledge that a certain material may be found 
in the vicinity may considerably reduce the cost of construction. The character 
of the natural foundations and the soil formation encountered along the different 
routes should also be ascertained. When rebuilding old roads the condition of 
the present surface should be carefully studied and the same be _used, if pos- 
sible, as a foundation. © : 


Survey and Design. A survey should be made of the different routes determined 
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‘upon by the reconnaissance. Full information should be recorded relative to center 
profile and cross-levels and the location and elevation of curbs, gutters, property lines, 
manholes, abutting property, intersecting roads, culverts, catch-basins, car-tracks, 
“hydrants, and bridges. Plans and cross-sections should be prepared from the survey notes. 
‘Grades can then be assumed and preliminary estimates of the cost of the work can be 
‘made. With the help of the plan; a further study should be made of existing conditions 
in the field in order te determine the best and most economical improvement, after which . 
final estimates can be made, In connection with the proper selection of type of road or 
‘pavement, preliminary investigations should be made covering the following points: 
shade, methods in vogue for cleansing and watering, methods of maintenance, climate and 
Tange of temperature, the location of the street as to whether it is in a residential or busi- 
‘es district or outside the built-up area, the character and amount of traffic, cost of ma- 
_ terials, and character and cost of available labor. 


2. Traffic Census 


General Information. In connection with the preliminary investigations 
incident to the construction of.a highway, a traffic census should be taken 
which will cover all classes of traffic to which the road. is subjected at different 
seasons of the year. Other facts relative’to traffic should be obtained, as, for 
example, the amount of loads, the direction of travel, the portion of the road 
occupied by various classes of vehicles, the relation existing between reduced 

rades, which incur increased distance between two points, and probable traffic, 
the kind of shoes worn by horses at various seasons of the year, the use of non- 
skidding devices employed by motorists, and the enforced traffic regulations 
governing the use of the road, especially with reference to limitations upon speed 
and loads to be carried, 


he Classification recommended by the Special Committee of the Am. Soc. C. E. 
on Materials for Road Construction, in its final report in 1918, is as follows: Horse-drawn 
vehicle traffic: 1-horse vehicles, 2- or 3-horse vehicles, 4-or more-horse vehicles. Motor 
yehicle traffic: motorcycles, motor runabouts, motor touring cars (open or closed), 
motor-busses, motor trucks. These classes of traffic are further subdivided as empty 
vehicles, loaded vehicles and passenger vehicles. An estimate in pounds of the maxi- 
mum load per inch of tire is also requested. Motor truck traffic should be also sub- ~ 
divided based upon total weight of truck and load, and kinds of tires. 


Method of Taking Census. After the classification of the traffic has been 
adopted, the methods of securing traffic data must be considered. As a practical, 
economical and efficient plan, the following method is proposed for adoption 
under average conditions for the season from April to October inclusive for 
country highways in the northern States. The traffic should be taken during 
four periods of three days each, one period being in April, May or June, one in 
_ July, one in August, and one in September or October. As local conditions 
may dictate, either Friday, Saturday and Sunday, or Saturday, Sunday and 
_ Monday could be taken, thus insuring information relative to the usual abnor- 
+ mal Sunday motor-car traffic and, in some cases, the traffic above the week-day 
average on Saturdays, while the Friday or Monday traffic would give a fair 
indication of the normal week-day traffic. From a study of the meteoric records, 
it will be found that the climatic conditions are favorable to the adoption of the 
_ plan proposed. In the months from November to March, inclusive, two 3-day 
_ periods would be taken in certain cases; oné in November or December, the 
other in February or March. This distribution of the periods would furnish 
_ statistics of the normal traffic in this season and would also afford opportunity 
_ for a study of traffic detail and condition of the road during the winter season. 
In many cases only a month will be available in which to make all the pre- 
“Timinary investigations. Under these conditions the traffic should be observed 
for 3-day periods using three sets, one of Friday, Saturday and. Sunday, and 
two of Saturday, Sunday and Monday, one period in the first week, one in the 
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third, and one in the last week. The number of consecutive hours which shoul 
be taken during the day will depend upon local conditions and the period of tk 
year when observations are made. In many cases 24 hr will be absolutel 
necessary, while in certain cases 8, 12 or 15 hr will be satisfactory. While it 
feasible to lay down general recommendations relative to traffic-census perio 
_ for country highways, in the case of city streets the plan adopted will var 

jn detail dependent “upon local traffic characteristics and other condition 
Tillson points out that “ traffic has been measured in this country by countit 
the number of vehicles passing over a Street in a given time, so arriving : 
an approximate tonnage without regard to width. In Eng'and efforts have bee 
made to arrive at more definite results, and the tonnage per yard of widi 
of roadway per day or year has been taken as the unit. This reduces it all to 
common standard, so that the traffic in one city can be easily compared wi 


that of another.” 

Since traffic is only one of several factors which affect the durability of a pavemel 
other facts should be given due weight when examining a surface which has failed. Cc 
siderable data on the relation between the traffic and the wear of the surface must 
collected and studied before definite conclusions can be reached as to the most economi 
and efficacious wearing surface to take a known traffic. 

The following recommendations contained in the 1918 Report of the Special Co 
mittee on Materials for Road Construction of the Am. Soc. C, E. should be genera 
adopted in practise: “Your Committee desires to emphasize the fact that experier 
has demonstrated the value of traffic censuses taken both preliminary and subsequent 
the construction of a highway. ‘The traffic census should be considered one of the m 
important variable factors in the solution of that important problem, the selection 
that type of road or pavement best suited to local conditions considered from both 1 
standpoints of economy and efficiency. In connection with the census returns on a 
road should be considered the traffic on cross and parallel highways, and the effect 
improvement of these highways on the traffic of the highways under considerati 
The bald return of a traffic census, however, should not be the sole basis of the select 
of the type of construction, but should be considered a guide. In considering the eff 
of traffic and its relation to the design and cost of maintenance, it is necessary to t 
into account the speed as well as the weight of the vehicles,” 


8. Comparison of Roads and Pavements 


An Ideal Pavement should be durable, noiseless, sanitary, efficacious 
road users, easily éleaned and ‘made dustless, provide good foothold for hor 
be non-slippery for all’ classes of vehicles under varying climatic conditic 
yield neither dust nor mud, have a low tractive resistance, low first cost, - 
annual cost, low maintenance charge, and an esthetic and impervious surf 
The following table gives assigned values for some of these characteristics of 
different types of roads and pavements on the basis of ro for the value of 
characteristic in an ideal pavement: 


Ideal Relative Values of Pavements 


| o o ae 
S| 2 a> 
| . 4 Ba4ed B n a gy BS 
| BL al aiS ere]. |2e/2812 eles) 
Characteristic 8 Fy 2 3 ASIAS 2 4 5 4 3 ER Seca. ee 
I i) no) it ala s 
BSl82(25/ 2 8/88] & |s0]ga| 24/33) & 5 | 
3 jf |8 jf f= |o |e. ja [A jaala|o 
First cost........+- PMS ol oneal ee fu) dy fn Sho Oo” Shee 
Ease of traction.,...| 10} 10 Bi) eaile gihero Iegi| ns 8 6) 6) 15 
Non-slipperiness....| 19 | 4 Sil birreslice cael PE: zeit ihe Rll da 8| x10 | 10 
Ease of cleaning....| 10] 10| 9| 7) 9 Bh 9d 9) 9 dese 
Noiselessness. ... - ah pLONe Falak Qt Sila Boil Gy Oa g| 10] 10} 10 
Dustlessness......-+| 19] 10] 9) 81.71 7 9| 8) 8.1) (Gh Aula 
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Earth Roads. In some sections of the country where other material is not 
ailable, earth roads are the most economical proposition. If proper care is 
cen in their maintenance, they may be kept in fair condition thruout the year. 
ey are inexpensive and easy to build and maintain. Unless treated, however, 
th a dust palliative, they will be objectionable from the standpoint of dust. 
wet weather, if built of certain materials, they will be muddy. Sand-clay 
ids, when built with the proper grades of material, give a much more durable 
‘face than ordinary earth roads, and hence eliminate some of the worst fea- 
es of the last-named type. 


Gravel Roads are not as durable as broken stone roads. They are dusty in 
y weather unless treated with some dust palliative or built with a bituminous 
rface. They are practically noiseless. Water readily finds its way thru a 
wvel road. The surface should be well crowned. This type of road furnishes 
excellent foothold for horses. A gravel road during continued wet weather» 
periods when frost is coming out of the ground will usually have a muddy 
face. 


Macadam Roads, if properly built, withstand a horse-drawn traffic remark- 
ly well, but are not able to withstand a high speed heavy motor-car traffic. 
<e gravel roads, unless treated with a dust palliative or constructed with a bitu- 
nous surface, macadam roads are dusty. They are not noisy. Macadam 
ids do not absorb moisture as readily as gravel. Horses can obtain a good 
‘thold on a macadam surface. Unless the dust, which results in part from 
> abrasion of the stones by the traffic, is cleaned off, the surface will be muddy 
wet weather. . 

Palliatives. If a road is properly treated with a dust palliative, the daxt 
ll be effectively laid. In wet weather, however, certain oils will emulsify with 
> water and cause a muddy condition which is very objectionable. There are 
© some materials used as dust palliatives which have an offensive odor. 
Bituminous Surfaces. A superficial coat of bituminous material, if applied 
a gravel or macadam road surface, will render the road more durable and better 
le to withstand the automobile traffic. A superficial coat of tar will not be. 
sty if the road is in an exposed location. In general a surface treated with a 
avy asphaltic material will not be as dusty as a tarred surface. Roads haying a 
perficial coat of tar are a trifle more noisy than ordinary macadam. The 
ythold furnished and tractive effort required depends principally upon the 
ture and amount of the bituminous material used. For instance, a certain 
ide of tar may furnish a poor foothold, under certain conditions, but decrease 
2 tractive effort, while the results would be just the reverse in the case of 
‘tain asphaltic materials. Both types of surfaces are easily cleaned and are 
actically impervious. : 
Bituminous Macadam Pavements are more durable than superficially 
ated macadam roads, Otherwise their characteristics are practically the 
ne as those of bituminous surfaces. 

Bituminous Concrete Pavements are more aaetle than bituminous 
cadam pavements. Their surfaces are impervious, easily cleaned and 
intained, usually are noiseless, and have a low tractive resistance. 

Cement Concrete Pavements are more durable than bituminous macadam 
verments. They are easily cleaned, practically impervious, non-slippery 
en dry and when wet if clean, and have a low tractive resistance. 

Wood Block Pavements are not as durable as brick. Unless the blocks 
treated with some preservative, they are liable to decay rapidly. Altho the 
icks themselves are permeable, this does not seem to be a serious objection. 
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This type of pavenient is practically noiseless, neither the noise from the horses’ . 
hoofs nor from the wheels being objectionable. Wood block pavements are very 
slippery under certain conditions. They afford a smooth surface, with little 
resistance to traction, and are easily cleaned. 

Stone Block Pavements, if laid on a concrete foundation, are suitable to 
take the heaviest kind of traffic. Thoro sweeping and flushing are necessary to 
keep them from being dusty. All types of stone block pavements are noisy. 
These pavements are slippery in wet weather and when the pavements are . 
sufficiently worn so that the surfaces of the blocks become smooth and rounded. 
Stone block pavements are not as easy to clean as some of the payements with 
smoother surfaces. If constructed with a joint filler other than sand or grayel, 
a stone block pavement is impervious. More tractive effort is required on a 
food stone block pavement than on a good macadam surface. Durax pavement 
composed of machine-made cubes, is used in England on many of the inter- 
utban highways. It is durable, non-slippery, and not productive*of much noise. 


Brick Pavements on a concrete foundation are not as durable as stone block 
pavements, but, if correctly built, they are smoother riding. Having a smoother 
surface than stone block pavements, they are easier to keep clean, and are hence 
more sanitaty. They offer a very good foothold to horse-drawn traffic, and 
very little resistance to traction proyided they have an even surface. When 
constructed with a bituminous or cement grout filler, these pavements are 
impervious. If properly constructed and maintained, a brick pavement with a 
bituminous filler is generally not as noisy as pavements with a cement grout filler. 


Sheet Asphalt Pavement is one of the most durable types of pavement ' 
next to stone block and brick: It has a smoother surface than any other type. 
On this account it has some advantages over many of the other pavements in 
that it is easier to clean and that it offers less resistance to traction. This pave- 
ment is impervious, and outside of the noise resulting from the horses’ hoofs, 
it is noiseless. When somewhat dirty and enough rain falls to just moisten the 
dirt, the pavement becomes particularly slippery. Asphalt block pavements 

_ present a surface very similar to that of a sheet asphalt pavement. The surface 
has about the same characteristics as an asphalt surface, except that it is not so 
slippery. 

4. Capitalized Cost : 

The Relative Economy of different types of roads and pavements can only 
be ascertained by comparing the annual costs. The annual cost is a combina- 
tion of the following variables: interest on the initial cost of the road, the 
annual maintenance charge and an annuity which will in V years, the so-called 
life of the road, provide a fund equal to the cost of reconstruction. If we let 
C=annual cost, A =first cost, r =rate of interest, J =annual maintenance charge, 
and +=annuity (Sect. 12, Art. 7), the annual cost may be exprest by the formiila: 


C=Ar+I4+e 


Tn the case of types of roads permitting partial reconstruction every M years, 
f second annuity y should -be included in the above formula to take care of 
this periodical reconstruction thru NV years or the total life of the road. In order 
to make a fair comparison between the different methods, the same standard of 
maintenance in each case should be insisted upon. The ideal maintenance 
which should be striven for in every case is a method by which the surface of the 
highway is kept in as good condition as when accepted on the completion 3 
construction. ; : 
Selection of Pavement. ‘Altho theoretically the pavement giving the lowes 
annual cost would be the most economical one to build, there are other con 


Art. 5 * Soils , 1645 


sidetdtions which sometimes make it necessary to select some other type of 
pavement. For instance, the arnount of money at hand fot the improvement 
may not be sufficient to pay for the first cost of construction of a pavement 
which would give a low annual cost. In large cities the cost of cleaning the 
javements is an item that should be taken into account, since the saving in 
is respect might be more than offset by the difference in annual costs between 
two pavements. Again, a road or pavement that might be the most economical 
would require such frequent repairs as to interfere with the traffic and business 
conducted on it, and would have to be seriously considered in a business district. 
Esthetics also influence the selection of the type of road or pavement. 
Life of Pavements. Fixmer estimates the life in years as follows: 
BPARYER! DOC Efo2 5 ais iste Ue aie Wid wl Nib od lela bie HALE REG ae SES 
Creosoted wood block. 
PRR a|-sishorais sib « vais 
Sheet asphalt......... 
IBSHRIEIE/CONCKELE. . ..- <= sipie tc dF ayipeses cence 
Wemant-conciete.....cisscseeseneeessessens 
Bituminous macadam. .. 
Broken stone: ............ #1052 AG: seeeae tadeal. .eeaaeenay 
Application of Formtila. In ofder to show the applicatioti of the formula, the annual 
sost of a granite block pavement laid on a 6-in concrete base will be computed. It will 
be assumed that the first cost is $3.50 per sq yd; interest at 4%; annual maintenance 
sost is 2.4 cents; that life is 25 years; that at the end of this time new blocks are laid 
on the old concrete foundation at a cost of $2:50 per sq yd, and that in this manner the 
life of the pavement is renewed for another 25 years, The annual cost then for go years, 
considering the whole pavement to be renewed at the end of that time, will be found as 
follows: 
C=$3.50 X $0.04+-$0.024+$0.023 +$0.060 =$0.247 for the first 25 years; 
C=$0.187 for the second 25 yeats, and the mean of these gives C=$o.217 average for 
50 years. 


5. Soils 


Classification. Soils are formed by the decomposition of mineral, animal, and 
vegetable matter. They may be designated as sedentary or transported. Seden- 
tary soils are those which remain near their source of formation, while transported 
soils haye been carried by some geological agency from the place where they 
were first formed to some other, Soil as far as its composition and properties 
are concerned is extremely variable. The principal constituents of any soil, 
however, whatever its soutce, are nearly always silica, with varying amounts 
of alumina, oxides of iron, lime, magnesia, and the alkalies. A small amount of 
organic matter is also usually present. Soils are generally classified as gravel, 
sand, clay, loam, marl, peat, and muck. 


Gravel consists of small pieces of rock, worn stiiooth by abrasive antiols, 
mixt with sands and clays in varying proportions. Gravels occur thruout the 
United States and Canada in: those districts which were at one time covered 
with the glacier. Gravel should contain enough binding material, mixt with the 
stone particles, to bind the whole into a solid mass. Clay is the ‘most common 
form of binder found in gravel in its natural state. If present in too large quan- 
tities, however, it is detrimental. If grayel does not have sufficient binding 
material, this can be remedied! by adding some cementing material such as clay, 
shale, marl, loam, or stone screenings. Some gravels contain so much earthy 
material that it is necessary to scréen them before they are suitable for road- 
mice purposes. An indication of the binding qualities for pit gravel may be 

\ed by noticing the gravel in the pit. If the bank faces are vertical and the 
a breaks off into chunks, good bitiding qualities may be expected. River 
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gravel generally contains less clay and more silica than the pit gravel of the 
- same locality. Soil classified as hardpan may mean either a very compact clay, 
or a gravel which is cemented with clay or an iron oxide. ‘ 

Sand is largely the result of the breaking-down of sandstone rocks and a 
sandy soil so-called probably contains over 80% of pure sand, A sandy soil 
is hard to compact, and possesses little binding power unless wet or mixt with 
some cementing material such as clay. Quicksand is sand saturated with water, 
and possesses no stability. ; 

Clay results from thé decomposition of feldspar, oligoclase, and micaceou: 
rocks. A clayey soil might be termed such when containing at least 60% of clay 
Clay when wet will swell and puddle with water, becoming very plastic. Wher 
mixt in the proper proportions with sand or gravel, it makes a very satisfactor} 
road material in localities where stone is unobtainable. Clays used for fire clay: 
in the manufacture of brick, besides being plastic, must possess certain refractor} 
qualities which enable them to withstand long periods of heat at high tempera 
tures without fusing. Shales are chemically the same composition as clays, but 
they have a laminated structure, and are similar in appearance to slates. Shales 
however, will* rapidly disintegrate on exposure to the atmosphere. In the 
southwestern States a clay of which mud bricks might be made is called ‘‘adobe.’ 

Loams may be any soil between sand and clay. They contain more or les 
of each of these two materials. They may be classified as heavy clay loams 
clay loams, sandy loams, and light sandy loams, depending upon the quantit; 
of the sand or clay content. In the Middle West a black loam which contain 
so much clay as to be sticky when wet is known as “gumbo.” 


Marl is a term which applies to all calcareous clays-containing as a minimun 
15% of carbonate of lime, and as a maximum 45% of clay. 

Peat and Muck are generally distinguished from other soils by the presence 
of humus or vegetable matter. They are formed by the decomposition of vege 
table matter under water, and are undesirable materials for road building. 


6. Stone, Brick, Wood 


Rocks used for road-building purposes are trap, granite, limestone, sandstone 
chert, slate, and field stones. The Special Committee of the Am. Soc. C. E. 0 
Bituminous. Materials for Road Construction recommends in its 1912 repot 
that “whatever method of construction may be used, it is essential, as in water 
bound macadam construction, that a suitable quality of road meta] be used.” 

Diabases and Basalts, which are dark-colored igneous rocks, are commonly know 
astrap. Trap is extremely hard and tough, and its excellent wearing qualities have cause 
its widespread use thruout those sections of the country where it is found. When use 
in the construction of broken-stone roads subjected to a light traffic, the wear on th 
stones will not be sufficient to make enough binder to hold the stones together. To pr 
vent the surface from raveling, more binder or a bituminous material must be applied 


Granite is made up chiefly of quartz and feldspar. In trade, gneiss, syenite and po 
phyry are commonly known as granite, altho not so ina geological sense. If the structur 
is close, even and granular, these stones make excellent road material for broken-stor 
roads. If of a coarse structure, they are not so desirable. Granite and syenite are mo! 
largely employed for paving stones than other materials, the latter being one of the bes 
materials for this purpose. Stone blocks made of porphyry have been found to wes 
slippery, and their use in Hurope is being discontinued. 

Limestone possesses excellent binding qualities, but is neither hard nor tough and 
therefore only suitable for roads taking a light traflic. It is rarely used as a mateni 
for the manufacture of paving-blocks. ; 

Sandstone, due to the fact that it easily breaks up under the action of traffic, and 
lacking in binding qualities, is generally only considered as a fair material for broke: 
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tone roads. Stone blocks, however, made of Medina, Potsdam, and Colorado sand- 
tone have been used to a considerable extent with excellent results. ¥ “a9 
Quartzites, which are metamorphosed sandstones, give better results when used for 
roken-stone roads than sandstones, as they are harder. 

Chert is a variety of quartz of a flinty structure. It occurs in certain parts of the 
yuntry either as a solid mass or in a broken-up state, mixed with clay similar to gravel. 
Field Stones are boulders which have been carried along by the glacier and are found 
jainly in those districts which were covered by the glacier. They are composed of a 
ariety of different kinds of rocks, some of which make good road-building materials. 
hose stones which show signs of weathering and decomposition should not be used. 
obblestones used for paving gutters and streets are small boulders which have been 
‘lected from field stones. 

Slate, an indurated or hardened clay, is of not much value as a road-building stone 
n account of its fracture and low cementing value. 

Chats is a term used in the West to denote the tailings of lead mines. It is a dolomitic 
mestone, and considered good for use in road construction. 
Tests for Broken Stone. By making petrographic: and chemical analyses, a 
ock can be identified and its constituents ascertained. For the purpose of 
etermining the value of a rock as a road-building material, several tests have 
een devisetl which are used both in this country and in Europe. The usual 
ests made of broken stone are for abrasion, toughness, absorption of water, 
pecific gravity, hardness, and cementing power. Results of tests on different 
inds of rocks are given in the Table on page 1648 prepared by the U. S. 
sureau of Public Roads. 


The Abrasion Test, as adopted by the Am. Soc. for Testing Materials, is made 
y means of the Deval machine, and consists of placing 5 kg ot broken stone of 
certain size in one of the cylinders, the cylinder being rotated for 10 000 revo- 
itions, at the rate of between 30 and 33 to the minute. The weight of the 
etritus that will pass a sieve of 1/16-in mesh is determined, and the percent of 
rear computed. The coefficient of wear, also known as the French coefficient, 
quals 400/W, in which W is the weight in grams of the detritus passing the 
bove’sieve, obtained per kilogram of rock used. The number 20 was adopted 
s a standard of excellence. In interpreting results of this test a coefficient of 
ear below 8 is called low; from 8 to 12, medium; over 12, high. (See Form 168, 
J. S. Bureau of Public Roads.) 


The Test for Cementing Capacity is made by preparing a small cylindrical 
riquette, 25 mm’in height and 25 mm in diameter, of rock powder, which will 
ass thru. ‘a 0.25 mm mesh sieve, mixt with a small amount of water. The 
ylinders are made in a die and are subjected to a uniform compression of roo kg 
ersqcem. The briquettes are dried in the air and steam bath, cooled, and then 
ested in a specially designed machine. The test consists in noting the number 
f blows of a 1-kg hammer falling 1 cm that it will take to destroy the briquette. 
‘he machine is provided with a self-recording apparatus which measures the 
umber of blows. The test is interpreted so that cementing values below 25 
re called low; from 25 to 75, average; over 75, high. (See Form 168, U. S, 
Sureau of Public Roads.) 


The Test for Toughness, as adopted by the Am. Soc. for Testing Materials, 
; made on rock cylinders, 25 mm in diameter by 25 mm in height, which have 
een bored out of the rock by a diamond core drill. These cylinders are placed 
2 an impact machine underneath a plunger of 1 kg in weight, and the latter is 
ubjected to the blow of a 2-kg hammer. The hammer falls 1 cm for the first 
low, and the fall is increased 1 cm for each succeeding blow. The number of 
lows required to destroy the test piece is used to represent the toughness, Re- 
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sults of this test are interpreted so that rocks which run below 8 are called low; 
_ from 8 ta 12, medium; and above 12, high. 


The Test for Hardness is made on cores 1 in in diameter, cut from the solid 
rock, faced off and subjected to the grinding action of sand, fed upon a revolving 
steel disk against which the test piece is held with a standard pressure... When 
the disk has made 1000 revolutions, the loss in weight of the sample is deter- 
mined. One-third of the resulting loss in weight in grams is subtracted from 
20; thus a rock losing 6 grams has a hardness of 20 — 6/3 or 18. Below 15, 
rocks are called soft; from 15 to 18, medium; above 18, hard. . 


Crushing Strength of Stone. (Recommended by Special Committee, “ Ma- 
terials for Road Construction,” Am. Soc. C. E., 1918 Report.) ‘“ Cylinders shall 
be cut from a suitable block of the material to be tested each of which cylinders 
shall, as nearly as practicable, be 2 in in diameter and 4 in in length. After 
cutting, the dimensions of- each cylinder shall be accurately measured and 
recorded. Each cylinder shall then be subjected to compression and the ulti- 
mate stress at which its failure occurs shall be noted. ‘This stress divided by 
the average area in cross-section of the cylinder in 8q in shall be reported. It 
is desirable that the test of the material shall be made on at least three such 
cylinders separately and the average of the three or more specimens: shall be 
taken as the average resistance to crushing of the material. In making the 


Maximum and Minimum Results on Rock Samples, Corrected to January 1, 1915 


Weight} Water : French : 
ae Pounds | Absorbed] - Per- Co- Hard- | Tough Cement - 
Oe per | Pounds | cent of | efficient uA [eta cter (tes 
SH Name Cubic | per Cubic] Wear | _ of BESS he DSS an ieiienie 
Ag Foot Foot Wear : 


IMax.(Min.) Max. |Min.|Max.|Min.|Max./Min. |Max./Min, |Max.|Min. |Max, 


Min, 

24| Amphibolite. .| 196] 172| 1.65 |o.04|10.3) .5|4T-7| 3-9/19-0/13-5) 40) 7 235| 3 
69| Andesite... ..| 184] 115)/12.50 |0.05|17-4) 1 4|28.6| 2.3|/19-4| 5-0] 44 | 5 |500] 9 
2x0| Basalt....... 199| 143] 6.40 |o.02|16.6) 1.3/30-4) 2.4/19-3) 5-7) 47) 5 |500) 2 
67'@hert 7.2... 187| 125] 8.27 |0.25|29.2| 2.7/33-3| 1-4|19-7|12-7 26’) 3 | 500] 2 
13| Conglomerate) 172| 156) 3.31 0.36/26.8] 3.5/1.6] 1.5|18.4) §.3| 10] ro | 500] 4 
289| Diabase..... 200] 165| 2.73 |0.04| 6.3] 1.136-4) 6-4|/19.4/T0.7) 54 §o0| 2 
85| Diorite...., .| 209| 168] 1.00 |o.05|12.0) 1.7/23.8) 3.3|19.4 16.6) 38 164] 5 

| 4x4] Dolomite. ... 187| 143] 9.40 |0.07|22.5| 1.2|33-3| 1-8|18.8) 0.5] 27 317| 8 


4 
4 
2 

9| Eclogite. ... .|'231|'184| 0.28 |o.05| 2.9 1.8|22.7|\r3.8/18.8/17.4| 32 | 14 | 130 
18 


° 

13| Epidosite. . . .| 206) 168) 1.65 0.22) 7.4| 2.0|19.6} 5.4/19.5|10.7| 29 83| 3 
12| Felsite.......| 178] 156] 3-13 |0-02| 3-4) 1.9/21.3/11.8 18.7/18.7| 16| 16 |Tor|* 2. 
g1| Fieldstone. . .|...|esesJeeeees|ees [E03] 2-1/T9-0) BeBlied ysl reid a'owcle|> os «|e alee 
50| Gabbro......| 228] 172| 2-62 |o.04| 5.9) 1.3)30.8) 6.8 18.8|13.3} 23 | 6 1325) 5 
Gneiss. . 200] 162| 1.28 |o.02|16.4| 1.7/29-0] 2.4/19.5] 9-0) 26| 2 | 209) Fr 

{| 187| 125] 3.00 |o.04|24.6) 1.1/37.0] 1-6/19.7 13.6] 33 | 2 |255| 2 

Bi hie desl ee ene eres ices) FAS a OE SSE |e re 

178) 125|13.22 |0.02|34.2| 1.8]2r.7] 1.2/19.2| 0.0] 25 | 2 | 500 8 

74| Marble...... 181| 165] 2.19 |0.06)27.0| 2.3/r7.5| I-5|17-3] 4-5] 23 | 2 85] 9 
16| Marl........ revel ce cerelaruete erallatete ol lsieselfotary. ol oto/are,\o\o's) | imlond (8.9 iatetaneR 500| 6 
19| Mixed Stone.]....|...-]...++- av efLOs3| 2LITQ-T| 3-9] iio -|enenfewe s jv sll tat 
5| Peridotite... .| 221] 165) 1.02 [0.27] 5.3) 3.0)13-2 7.6/15.0]13.3} 12 Qt| 25 . 
135| Quartzite....| 196) 147] 2.95 |o.04| 7-6) 1:6)24.5) 5.3|19-7/15-3 58 200] 0 


9 

4 
48} Rhyolite..... 181| 128| 7.15 |o.03| 9-7) 1-7|24-1) 4-1|19-7|15-3| 42 6 | 500] = 
465| Sandstone... .| 203) 119/14.00 |0.07|43-9 t.0|40.8| 1.0|19.5| 0.0] 60] 2 | 500) =» 
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est the iia shall be so fixt in the testing machine as to be unsuppotted - 


m its sides and to rest squarely on its ends and the compressive sttess shall be 
pplied cumulatively. The ends of the cylinder shall be at right angles to the 
ong axis of the cylinder and the blocks or pieces of the machine in contact with 
nds of the cylinder and thru which the pressure is transmitted shall haye such 
sition and freedom of movement in the machine as will insure the application 
f the stress directly along or parallel to the long axis of the cylinder.” 


Common Commiercial Sizes of broken stone are screenings, ¢-in chips; 
4, 94; 1, 14, 1%, 2, 24,24, and 3 in.. The size of the crusht stone depends 
ipon the kind of stone} the crusher, and the screen, and the details of opeta- 
ion: The inclination of the screen and, if a rotary screen; the speed at which 
t is run, will make a vatiation in the separation of the sizes of the screened 
roduct. The form of specification recommended in 1918 by the Special 
Jommittee, “ Materials for Road Construction,” Am. Soc: C. E., is as follows: 

The | broken stone shall consist of one product of the operation of a stone-crushing 


nd screening slant, without recombining or mixing, and shall conform to the following 
mechanical dnalysis, using laboratory scteetis: 


Passing . .-in screen (having smallest holes-selected) from Fr Oona 
Passing ...-in screen (having next to largest holes selected) from ...to...% 
Passing .. .-in screen (having largest holes selected) from esto Bye, 9 


Example of mechanical analysis to be used in a specification: 

Wacnine Pe-m sere|en! 2. Ls, See, PS UE Tee ae 

Passing 1-in screen and retained on 14-in screen. .. 

Passing 1}4-im screeti and retained on r-in screen 
Specifications for Stoné Blocks should call for a close; fine-grained, homo- 
‘neous material, durable, sound and uniform; with no outcrop, soft, brittle or 
aminated stone. The stone is tested for crushing, abrasion, and toughness. 
Sobble should be sound, durable and uniform stone, 4 to 8 in in diameter. 

Cost of Broken Stone and Stone Blocks varies greatly, being governed to a great 
xtent by local conditions, occurrence, and freight rates. From 1914 and 1915 quota- 
ions, the price delivered at New York was 85 cents to $x per cu yd, and at Boston, 60 
6 85 cents f o b at the quarry, varying slightly for different gages, at Pacoima, Cal.; 53.5 
ents per short ton at the plant. . Price quotations of stone block rgt0 and r9tt at vatious 
joints: Quincy granite, $35 to $50 per thousand; granite, $2.15 per sq yd f o b Chicago; 
tochester, Medina sandstone, $1.15 per sq yd fo b at the quarry; Cape Ann granite, 
1.60 to $1.75 per sq yd delivered in New York; same, drest; $2 to $2.15 per sq yd; 
saltimore, granite (1908), $68 per thousand; Toronto (1909), granite, $67 per thousand. 


Clays for Making Vitrified Bricks are not often found in a natural state. 
\ clay for this purpose should be fusible, plastic, and be able to be heated to a 
igh temperature without losing its shape.  Vitrification is obtained by sub- 
ecting the clay to heat, which changes the chemical properties of its constituents, 
naking them coalesce with each other into a new and homogeneous solid. All 
lays are composed mainly of silica and alumina and certain impurities such as 
juartz, lime, magnesia, potash; and soda. The impurities, with the exception 
f quartz, act mainly as fluxes. An excess of silica will cause a weak and brittle 


pecimen, while an excess of alumina will cause shrinkage, cracking, and warping. ~ 


kn excess of lime and magnesia hastens disintegration upon exposure. Shales 
ire also used for the manufacture of paving-bricks. They produce a harder 
ind more brittle brick than one of fire-clay. Paving-bricks are manufactured 
yy crushing and screening the properly mixt clays or shales. This material is 
~ mixt with water in a pug-mill to the right state of consistency, and is then 
thru a mold, the clay being fed to the mold by means of an auger. The 
vat of Clay ds it comes from the mold is cut by machines into the size of brick 
lesired. rene. bricks are made with plane faces and also with some pro- 


« 


% 
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jections on the faces so that, when laid, there will always be a space between 


~ the faces which will later, be filled with the joint filler. Some machines are 


designed so as to cut the brick with lugs on one side and grooves on the other. 
Other bricks are represt after being cut, and lugs or grooves, together with 
the curved edges, are formed by the die used in repressing. The raised letters 
on the brick serve this same purpose. After being cut or represt, the bricks 
are dried and then burned for from seven ‘to ten days at temperatures varying 
from 1500 degrees F. to 2300 degrees F. The bricks are slowly cooled in the 
kiln after the fire is withdrawn, which serves to anneal and toughen them. 
Tests for Paving Brick. Numerous tests Have been devised, both abroad 
and in this country, for testing paving brick, the methods adopted in this country 
being almost without exception those proposed by the National Paving Brick 
Manufacturers Association as follows: the rattler test, which gives the amount 
of wear or abrasion on a number of identical sample test bricks, when subjected 
to a certain number of revolutions for a given time in a cylindrical hopper; the 
.compression; the cross-breaking; and the absorption tests. Of these the first- 
named is essential, and according to the 1918 Standard Specifications of the 
Am. Soc. of Munic. Imps., any sample should not lose by weight more than 22% 
and the brick should not vary more than 8 points. 


Cost of paving brick f o b at plants, 1915, varies from $12 to $21.50 per 
thousand, the average price being about $15. 

Wood Blocks that have not been treated by some preservative process 
have given unsatisfactory results. Rectangular-faced blocks of Southern long- 
leafed yellow pine, Norway pine, and tamarack are usually specified, only one 
kind of wood, however, to be used on any one contract. Black gum and short 
jeaf pine .may be satisfactory under certain conditions, but require a different 
treatment than the woods first mentioned. The Australian hard woods, Jarr 
and Karrah, are slippery, and are considered too costly for use in this country 
The common method of preserving wood blocks is to treat them with some pre: 
servative fluid, the most common being a pure creosote oil or a water-gas or ¢ 
coal-tar product. In the United States the blocks are impregnated with th 
oil under ‘a pressure of from 70 to 200 lb per sq in. The amount of oil absorbe: 
by the wood varies from xo to 22 lb per cu ft. In Paris one method of incor 
porating the preservative fluid, which consists largely of creosote oil, is t 
immerse the blocks in a bath of this material for a short period. The resultin, 
penetration of the fluid is of small amount. 

Tests for Wood Block. The French practise is to conduct careful tests fo 
resistance to wear when saturated with -water, absorption, compression, an 
jmpact, but in this country the most common tests of the treated blocks ar 
the determination of the amount of clear water absorbed after 24 hr and th 
analysis of the oil content to determine if it conforms to specifications fc 
creosote oil. Wood paving-blocks should conform to the following specification: 
blocks shall be of sound’ timber with no sapwood and free from bark, loose « 
rotten knots; they shall be .close-grained, sound and well seasoned; all block 
for a given contract shall be of same material, and dimensions must not vat 
more than % in in different samples. 

Cost of wood blocks from 1915 quotations is about $2 per sq yd surfa 
measure f o b New York, blocks to contain 20 lb per cu ft of creosote oil. 


7. Bituminous Materials 


The Bituminous Materials used in the United States may be classified | 
follows: asphalts, asphaltic and semi-asphaltic oils, coke oven tars, coal-gas ta 
water-gas tars, combinations of coal-gas and water-gas tars, combinations 
asphaltic materials and tars, rock asphalts. 


4 
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Nomenclature of Bituminous Materials and Their Uses. Definitions 
adopted by the Special Committee on “ Materials for Road Construction ” of 
Am. Soc. C. E. are noted thus, f; others adopted by the Am. Soc. Testing Ma- 
terials are designated thus,* and others proposed by the Committee on “‘ Stand- 
ard Tests for Road Materials’’ (Committee D-4) of the Am: Soc. Testing 
Materials have been indicated thus, f. 


Asphalt.t* Solid or semisolid native bitumens, solid or semisolid bitumens obtained 
by refining petroleums, or solid or semisolid bitumens which are combinations of the 
bitumens mentioned with petroleums or derivatives thereof, which melt on the applica- 
tion’ of heat, and which consist of a mixture of hydrocarbons and their derivatives of 
complex structure, largely cyclic and bridge compounds. Z 

Asphalt Block Pavement.t One having a wearing course of previously Prepared 
blocks of asphaltic concrete. 

Asphalt Cement.t A fluxed or unfluxed asphaltic material, especially prepared as to 
quality and consistency, suitable for direct use in the manufacture of asphaltic pavements, 
and having a penetration of between 5 and 250. 

Asphaltenes.t*: The components of the bitumen in metIEARe: petroleum products, 
malthas, asphalt cements, and solid native bitumens, which are soluble in carbon disul- 
phide, but insoluble in paraffin naphthas; 

Bitumen.*t A mixture of native or pyrogenous hydrocarbons and their non-metallic 
derivatives, which may be gases, liquids, viscous liquids, or solids, and which are soluble 
in carbon disulphide. 4 

Bituminous Concrete Pavement. One composed of broken stone, broken slag, 
gravel, or shell, with or without sand, portland cement, fine inert material, or combina- 
tions thereof, and a bituminous cement incorporated together by a mixing method. 

Bituminous Macadam Pavement.t One having a wearing course of macadam with 
the interstices filled by a penetration method with a bituminous binder. — 


Bituminous Material.t Material containing bitumen as an essential constituent. 
Liquid Bituminous Material.j Bituminous material showing a penetration at 
normal temperature under a load of so grams applied for 1 second of more than 350. 


Semisolid Bituminous Material.t Bituminous material showing a penetration at 
normal temperature under a load of 100 grams applied for 5 seconds of more than 10, 
and under a load of 50 grams applied for 1 second of not more than 350. 

Solid Bituminous Material.t Bituminous material showing a penetration at nor- 
mal temperature under a load of 100 grams applied for 5 seconds of not more than ro. 
Bituminous Pavement.t One composed of broken stone, broken slag, gravel, shell, 
sand or fine inert material, or combinations thereof, and bituminous zement incorporated 
together. 

Bituminous Surface.t A superficial coat of bituminous material with or without the 
addition of stone or slag chips, gravel, sand, or material of similar character. 

Blown Petroleums.* Semisolid or solid products produced primarily by the action 
of air upon liquid native bitumens which are heated during the blowing process. 

Carbenes.{* The components of the bitumen in petroleums, petroleum products, 
malthas, asphalt cements, and solid native bitumens, which are soluble in carbon disul- 
phide, but insoluble in carbon tetrachloride. 

Coal-tar.}* The mixture of hydrocarbon distillates, mostly unsaturated ring com- 
pounds, produced in the destructive distillation of coal. 

* Coke Oven Tar.t* Coal-tar produced in by-product coke ovens in the manufacture 
of coke from bituminous coal. 

Cut-Back Products.* Petroleum, or tar Serena, which have been fluxed with 
distillates. 

Dead Oils.{* Oils, with a density greater than water, which are distilled from tars. 

Dehydrated Tars.{* Tars from which all water has been removed. 


Emulsion.t A combination of water and oily material made miscible with water 
thru the action of a saponifying or other agent, Yi 


¢ 
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Fixed Carbon.t* The organic matter of the residual coke obtained upon burning 
- hydrocarbon products in.a coyered yessel in the absence of free oxygen. 

Flux.{* Bitumens, generally liquid, used in combination with harder bitumens for 
the purpose of softening the latter. _ 

_ Free Carbon.{* In tars, organic matter which is insoluble in carbon disulphide. 

Gas-House Coal-Tar.t* Coal-tar produced in gas-house retorts in the manufacture 
of illuminating gas from bituminous coal. 

Native Asphalt. {* Asphalt occurring as such in nature. 

Normal Temperature.f{ As applied to laboratory observations of the physical 
characteristics of bituminous materials, is 25° C..(77°.F.).. 

Qil-Gas Tars.{* Tars produced by cracking oil vapors at high temperatures in the 
manufacture of oil-gas. 

Petroleum.{ Liquid bitumen occurring as such in nature. 

. Pitch.;* Solid residue produced in the evaporation or distillation of bitumens, the 
term being usually applied ‘to residue obtained from tar. . 

Hard Pitch.t Pitch showing a penetration of not more than ten. 

Soft Pitch.t Pitch showing a penenetration of more than ten. 

Refined Tar.{* A tar freed from water by evaporation or distillation which is con 
tinued until the residue is of desired consistency, or a product produced by fluxing ta 
residuum with tar distillate. 

Rock Asphalt.t{ Sandstone or limestone naturally impregnated with asphalt, 

Rock Asphalt Pavement.} A wearing course composed of broken or pulverized roc! 
asphalt with or without the addition of other bituminous materials. : 

Sheet Asphalt Pavement.t One’having a wearing course composed of asphalt cemen 
and sand .of predetermined grading, with or without the addition of fine material, it 
corporated together by a mixing method. 

Straight-Run Pitch.* A pitch run to the consistency. desired, in the initial proces 
of distillation, without subsequent fluxing. 

Tar.{* Bitumen which yields pitch upon fractional distillation and which is pr 
duced as a distillate by the destructive distillation of bitumens, pyro-bitumens, or organ 
material. ? 

Water-Gas Tars.{* Tars produced by cracking oil vapors at high temperatures in tl 
manufacture of carburetted water-gas. 


Tests and Specifications for Physical and Chemical Properties. Va 
ous tests have been devised in order to ‘determine the physical and chemic 
properties of bituminous materials. Tests are made for control of the man 
facture of bituminous materials, to obtain a record of the properties of materi 
used, and are employed: in specifications to secure the materials desired f 
use in the construction and maintenance of roads and pavements. ; 


The Special Committee on “ Materials for Road Construction ” of the Ame 
can Society of Civil Engineers, in its 1918 Report, recommended the adopti 
of the following lists of tests, as including all those probably of value in det 


mining and recording the characteristics of the bituminous materials. 
Asphalt Cements. Specific gravity at 26°C. Arg? Eds flash point; solubil 


in CS» (carbon disulphide); solubility of bitumen in CCly (carbon tetrachloride); ~so 
bility of bitumen in petroleum naphtha; penetration 4° C. (39° F.), 200 grams, I m 
penetration 25° C. (77° F.), 102 grams, 5 sec; penetration 46° C. (115° F.), 50 gral 
5 sec; float test; melting point by ring and ball method; ductility at 4c CoRgGon 
ductility at 25°C. (77° F.); fixed carbon content; paraffin content; jogs on ev 
oration at 163° C. (325° F.), 5 hours; penetration of residue (same as for asphalt cemei 
melting point of residue, by ring and ball method, float test 9n residue; ductility 
residue at 4° C. (39° F.); ductility of residue at 25° C. (7° B.). ; oe 
Tar Cements. Water; specific gravity at. 25° C. (77° F.); flash point; solubi 


jn CS2 (carbon disulphide); specific viscosity, Engler; melting point, by cube metl. 
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oat test; distillation by weight and by volume; up to 110° C.; x10° to 170° C.; 
70° to 235° C.; 235° to 270° C.; 270° to 300° C.; specific gravity of total distillate 
t 25° C. (77° F.); melting point of residue, by cube method;, float test on residue. 

The tests used ina given specification depend upon the kind of bituminous material 
mployed and the method used. For example, a sepcification for a refined tar to bé 
sed as.a bituminous cement ina bituminous concrete pavement in which the aggregate 
onsists of broken stone composing one product of a stone-crushing plant, would include 
eference to tests for specific gravity, solubility in carbon disulphide, consistency with 
he New York Testing Laboratory float apparatus or with a penetrometer, melting point, 7 
istillation, specific gravity of total distillate and melting point of pitch residue remain- 
ng after istillation.. In the case of an asphalt cement to be used in the above type of 
onstruction, . the tests referred to in the specifications would include specific gravity, 
ash point, penetration at 4° C., 25° C., and 46° C., melting point or consistency with the 
jew York Testing Laboratory float apparatus, loss on evaporation at.163° C. and pene- 
ration of the residue from evaporation, solubility in carbon disulphide, solubility of 
itumen in carbon ‘tetrachloride, solubility of bitumen in paraffin naphtha, and fixed 
arbon. 

For the purposes of this section it is not necessary to describe tests, the names of 

yhich give an indication of the method of performing the tests. Such tests include specific 
tavity, solubility in carbon disulphide, carbon tetrachloride, petroleum naphtha, evap- 
ration, and distillation. For detailed descriptions of methods of conducting all of the 
ests for tars and asphaltic materials, see 1918 Transactions, Am. Soc. C. E., pages 1448 
0 1462, 
Flash Point. The material is placed in a cup fitted with a glass cover having a small 
pening. The temperature of the material is raised and a testing flame is inserted in * 
he opening of the cover from time to time. The appearance, for a few seconds, of a 
uint bluish flame over the entire surface of the bituminous material will show that the 
lash point has been reached, and the temperature at this point is recorded. 


Melting Point. The material is melted and molded into a ¥4-in cube. The cube 
5 placed on a wire and suspended one inch above the bottom of a beaker. The tem- 
erature of the cube is then raised until the material softens and touches the hottom of 
he beaker. The temperature at this point of the operation is considered the melting 
joint of the material. 

“Consistency. The consistency of bituminous materials is determined by the Engler 
‘iscosimeter, the New York Testing Laboratory float apparatus, or the penetrometer. 

With the Engler Viscosimteter the viscosity of liquid bituminous materials is deter- 
nined by noting the time which is required for a given amount of the material, having 
_given temperature, to flow through a very small orifice. The result of the test should 
Ye exprest as specific viscosity, which equals the ratio of the number of seconds required 
or the passage of a given volume of the bituminous material at the temperature used 
ivided by the number of seconds required for the passage of the same volume of water 
25° C. (77° F.). 

The New York Testing Laboratory Float Apparatus consists of an aluminum float 
nda brass collar. The collar is filled with bituminous material and screwed into the 
ottom of the aluminum float and the apparatus placed on the surface of a water bath, 
\s the plug of bituminous material in the collar becomes warm and fluid, due to the 
leat from the water bath which is maintained at any temperature desired for the test, 
t is gradually forced upward and out of the collar until water gains entrance to the 
aucer and causes it to sink. The time in seconds between placing the apparatus on the 
vater and when the float sinks is taken as the measure of consistency. 


‘The Penetration Test is made by measuring the distance a weighted standard needle 
vill penetrate into the material at a given temperature in a given period of time. The 
emperatures, weights, and periods of time which are employed to a considerable extent 
re as follows: Penetration at 4° C. with a weight of 200 grams for x minute; penetration 
t 25° C. with a weight of roo grams for 5 seconds; penetration at 46° C. with a weight 
f so grams for 5 seconds. When the penetration of a material is mentioned without 
eference to temperature, weight of the load, or time, it is understood that reference is 
nade to the penetration at normal temperature of 25° C. (77° F.) with a weight of too 
‘tams for 5 seconds. The unit of penetration iso.r mm. In literature and specifications 
he penetration i is referred to in terms of the above unit cither as a penetration of 6. 4 
nm or 64. 


. 
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Ductility. In the ductility test a briquette of the material is formed in a standard 
briquette mold. The’briquette with clips attached is placed in a ductility testing ma- 
chine filled with water at a temperature of 4° C. or 25°C. The briquette is then 
pulled apart at a uniform rate and the distance in centimeters registered at the time of 
rupture of the thread of bituminous material is taken as the measure of ductility. 

Fixt Carbon. Fixt carbon is the organic matter of the residual coke obtained upon 
burning hydrocarbon products in a covered vessel in the absence of free oxygen. 

Paraffin, One hundred grams of the material is distilled rapidly in a retort to a dry 
coke. Five grams of the distillate is then thoroly mixt in a 60 cu cm flask with 25 cu 
cm of Squibbs’ absolute ether. Twenty-five cu cm of Squibbs’ absolute alcohol is then 
added, and the flask packed closely in a freezing mixture of finely crusht ice and salt 
for at least 30 minutes. The precipitate is filtered out quickly with a suction pump, 
using a No. 575 C. S. and S. 9 cm hardened filter paper. ‘The flask and precipitate is 
then rinsed and washed with a mixture of equal parts of Squibbs’ alcohol and ether 
cooled to — 17° C. (z° F.) until free from oil. When sucked dry, the filter paper 
is removed and the waxy precipitate transferred to a small glass disk and evaporated on 
a steam bath. The residue (paraffin) remaining on the disk is weighed, and from this 
weight the percentage on the original 5-gram sample is calculated. 

Extraction of Bitumen from Bituminous Aggregates. The aggregate is pre- 
pared for analysis by heating it in an enamel-ware pan on a hot plate until it is sufficiently 
soft to be thoroly disintegrated by means of a large spoon. The disintegrated aggregate 
is then allowed to cool, after which a sufficient amount is taken to yield on extraction 
from so to Go grams of bitumen. It is then placed in a mechanical extractor and carbon 
disulphide poured into the receptacle containing the aggregate. . After allowing the 
material to digest for a few minutes, the machine is started, slowly at first in order to 
permit the aggregate to distribute uniformly. The speed is then increased sufficiently, 
to cause the dissolved bitumen to flow from the receptacle. When the first charge has, 
drained, the machine is stopt and a fresh portion of disulphide is added. This operation 
is repeated from four to six times until the liquid flowing from the receptacle is clear. 
After the aggregate is thoroly dried, it is weighed. The difference between this weight 
and the original weight taken shows the amount of bitumen extracted. 


FOUNDATIONS AND DRAINAGE 


8. Subdrainage 


Object. It is of the utmost importance that the natural foundation of a 
road should be kept dry in order to provide a firm and unyielding sup- 
port. This can only be accomplished by subdrainage in certain instances. 
Tf the subdrainage system is correctly designed it may serve to lower the 
level of the ground water and thus allow the ground to dry out; to re- 
move water which is prevented from flowing off by an impervious stratum 
which underlies the road surface; to remove water which is always present 
in a road when the latter is thawing; to reduce the injurious action of frost 
by removing the moisture from the road; and to intercept water before it 
reaches the roadbed. ® 


Porous Tile and Vitrified Pipe are used for this purpose. The pipes are 
cylindrical in shape and are manufactured in 1-ft or 2-ft lengths with varying 
diameters. The porous tile pipe is made with plain ends, while the vitrified pipe 
is provided with a bell end. It is good practise not to use a size smaller than 4 
or 5 inches in diameter. Where a large quantity of water is expected, if its 
amount is known, the size of pipe may be determined by one of the.well-known 
formulas for flow of water thru pipes. 


The pipes should be laid in a properly constructed trench. The bottom of the 
4 trench should be covered with a layer of small-sized gravel or broken stone pass- 
ing a 14-in screen. The pipe is laid in the trench with open joints, or with the 
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joints protected with small strips of burlap, arid is then covered for a depth of 
about 1 ft with a material of a size similar to that used in the bottom. The rest. 
of the trench is then filled with large size broken stone. The filling should be 
carefully tamped around the pipe. Where a pipe with a bell end is used, the 
bell is placed toward the high end of the trench. On macadam roads it is cus- 
tomary to lay the side drains at a distance of from 1 to 2 ft beyond the edge of 
the stone. The pipes are generally placed at a depth of from 234 to 4 ft, and are 
usually laid to the grade of the road, but with a minimum of 2 in in too ft. The 
outlet end of the pipe should be protected by a small headwall of boulders to 
prevent the washing out of the pipe at this end. Whether a line of pipe is needed 
on one or both sides of the road is a matter of judgment. On side-hill work 
one line of pipe on the uphill side will generally serve. In constructing a road 
thru broad, flat, wet places, one line of pipe at the side of the road may not be 
sufficient, and a line on each side of the road will be necessary. Thru cuts two 
lines are Sometimes specified. In streets tile drains should be laid under grass 
parkings, or, if such do not exist, under the gutters. For sizes of tile pipe under 
Street pavements see Folwell’s Sewerage, pp. 44-73. The 1915 cost, fo b factory, 
per foot for carload lots of small size pipe, either vitrified or porous tile, was 
approximately as follows: 4-in, 3 cents; 5-in, 4.6 cents; 6-in, 5.8 cents; 8-in, 
9.5 cents. 
Capacity of Tile Drains in Cubic Feet per Minute 


From Spalding’s Roads and Pavements, 1911, p. 36 


_ Slope per 100 Ft Diameter of Pipe in Inches 
Inches ‘Feet 4 6 8 Io 
2 0.17 4.0 12.0 27.0 49.5 
4 0.33 5.5 16.5 38.0 70.0 
6. 0.50 6.5 21.0 46.5 86.5 
9 0.75 8.0 25.5 57-5 106.5 
12 1.00 9.5 29.5 66.0 122.5 
24 2.00 13-5 41.5 92.5 173.0 
36 3.00 16.5 51.0 II4.0 212.0 
48 4.00 19.0 59.0 132.0 245.0 
60 5.00 21.0 66.0 148.0 275.0 


s 


Box Drains may be used in place of pipe in localities where stone is available. - 
They should neyer be built of wood. 


Blind Drains. Subdrainage is sometimes accomplished by digging trenches 
either across or alongside the road, afterward filling them with stone. The depth 
and distance apart of the trenches will depend upon the conditions encountered. 


The V-Drain Foundation of the Massachusetts Highway Commission has 
given very good satisfaction on poor subsoils. It is built by excavating the full 
width of the surfaced roadway from 6 to 8 in deeper at the sides and from 12 
to 18 in deeper at the center than usual, thus producing a flattened V-shaped 
trough. This trench is filled with stone varying in size from 14 in to 12 in in 
longest dimensions. The large stones are placed at the bottom of the trench. 
The grade of the trench is parallel to the finished grade of the road. The 
water follows the trench to the low points, where it is led to the sides of the road 
by a culvert across the road. 


Soil Treatment. In places where the soil is very poor and is a hindrance to 
drainage, an improvement can be made by excavating the soil for a certain 


1656 : Foundations and Drainage Sect. 15 


depth, depending upon conditions, and refilling with field stone, broken stone, 
ot a good gravel. 


9. Surface Drainage 


Surface drainage is accomplished by giving the road or pavement surface a crown OF 
transverse slope, which sheds the water to the side ditches or gutters. ‘The ditches or 
gutters have a longitudinal grade which generally corresponds to the grade of the center 
of the road and the water js carried by them to the point where it is discharged. In 
this manner the flow of water is confined to a small area. 


The Crown of the road or pavement is formed by the intersection of two 
planes or as a parabolic curve. At street intersections, the crown will have to 
be modified to fit the grades of the intersecting streets. On curves of main trunk 
highways the crown should consist of one plane sloping up from the inside edge 
of the curve. On streets that are bordered with curbs the elevations of which 
cannot be changed, a uniform slope both ways from the center of the road can 
be obtained in some cases by making one gutter deeper than the other. Fre- 
quently, however, it is necessary to use a different slope each side of the center. 

Amount of Crown. The Special Committee on “Materials for Road Construction,” 
Am. Soc. C, E., in 1918, recommended the following crowns: 


Inch to the Foot . Inch to the Foot 
Kind of Roadway ~ Kind of Roadway ane 
: Maxi- | Mini- oy Maxi- | Mini- 
mum mum mum mum 
Asphalt block...-.-+ wy Vy Cement-concrete. ... % Y% 
‘Bituminous surfaces . % WA Graveliza ap aeciieasap I 1% 
Bituminous concrete. % Yy Sheet-asphalt....... % Vy 
Bituminous macadam Wy Yy Stone block.......:+ Y. \y 
Brick). « <} cam eimcie-s % % Wood block......+-+ yy % 
Broken stone....--- 4% Wy 


Ctown Formulas. The following formulas, originated by Mr. Andrew Rose- 
water, M. Am. Soc. C. E., give the crown for brick, stone-block and sheet 
asphalt pavements. Let C=crown of pavement in feet, W=distance between 
curbs in feet, and / =grade of street in feet per 100. For brick, stone-block; 
wood-block, and comprest European rock-asphalt, C =W(100-4f)/6000. For 
American sheet asphalt composed of sand and asphalt, or of comprest natural 
sand rock, C=W (100-4f)/5000- The formulas are based on the laws of the 
parabola, and the crown Cis the total rise at the center above the pavement 
at the curb.. The crown can be found for any other point by dediicting ffom 
C an amount equal to C times the square of the distance, exprest as @ 
fractional part of the half width, from the center to the point in question. 


Ditches for country roads are made by either cutting outa trapezdidal-shaped 
gection at the edge of the shoulder, or by a more gradual rounding off of the road 
dt this point, giving a flatter and shallower ditch. The latter is preferable 
particularly if a road-scraper is used to any extent in the maintenance of the 
road. Ditches to be more effective should be given a good bottom slope and 
should be kept clean. The slope of the ditch is made the same as the grade of 
the road surface, except in some cases where the grade of the road surface is 
very slight. : P 


— 
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Gutters. * Cobblestone, brick and stone-block gutters are laid on steep 
grades where water may wash out the sides of the road. They are also com- 
monly used on many city streets that are surfaced with macadam, bituminous 
macadam and bituminous concrete. Gutters are made from 1% to 6 ft in width, 


‘and have the same slope as the road surface. It is better, however, to drop 


the center so as to form more of a trough section. Concrete curbs and gutters 


‘which are built on the spot are coming into more popular use. On streets 


surfaced with brick, stone-block, wood-block and sheet-asphalt pavements, the 
pavement is carried to the curb in most cases. 


The Minimum Longitudinal Grade recommended by some, ere is 
o. 5%: If the road surface is kept in good repair and the water has a chance 
to run off at the sides, a flatter grade than 0.5% can be used. 

Methods of Construction. During construction the shape of the surface 
may be obtained in four ways: by measuring from a string at grade which is 
stretched across and along the road at intervals; by blocks. placed on the sub- 
grade and each course; by using a board template correspondinz to the curvature 
of the cross-section; and by a series of stakes set at intervals across the roadway. 
Where the cross-section is composed of two planes the string method is rapid 
and accurate. Where the cross-section is a parahpltc arc, the board template 
or stakes are preferable. 


10. Pipe Culverts 


Capacity. The size of opening may be determined by formulas, or an esti- 
mate of the run-off of water may be made and a size of pipe designed to take 
care of this amount. If the required area calls for a size of pipe that either 
is too large to be used, or cannot be obtained, two or three lines of smaller pipes 
may be substituted for it. It is, however, inadvisable to use a pipe less than 12 
inches diameter because a smaller pipe than this is liable to become choked up. 


Loads. Culverts are required to support the weight of the material which 
covers them and the weight-of any superimposed loads. - They may also be. 
subjected to severe expansive forces caused by water freezing within. The 
latter, however, would be a very rare occurrence in a well-designed culvert. 
The amount of load ‘carried to the culvert is indeterminate on account of the 
unknown action of earth pressure and the distribution of forces thru the same. 
The load reaching the culvert will have to be assumed. In using standard pipes 
of cast iron, corrugated metal, or vitrified clay, it is ordinarily not necessary to 
investigate their strength as far as load-carrying ability is concerned, since they 
have been used under sufficiently varying conditions to prove that they will 
resist successfully any load that they are likely to receive, provided the pipes 
are properly put in. 

- Construction. Pipe hiTyents of all types should be laid on a firm bedding. 
Tf the soil furnishes a very poor support, the pipes should be bedded in a Jayer 


of concrete or broken stone. This is more essential for culverts of vitrified pipe’ 


than for those made of the other materials. The trench should be excavated 
to the grade of the pipe. After the pipe‘is laid in the trench, good earth or small 
stone should be filled in around it and carefully tamped so that the pipe will be 
supported thruout its length. Headwalls should be constructed in every case. 
Concrete makes the best headwalls, since it is cheap, durable, and can be molded 
in any form desired. The headwall for small culverts are generally built parallel 
to the center line of the road, with a thickness of at least r2 in. The bottom of 
the headwall should be 8 in.or more below the bottom of the pipe to prevent the 
water from flowing around the outside of the pipe and thus washing it out. 
The headwalls must be made long énough to keep the earth away from the pipe 
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With the larger-sized culverts it may be advisable under certain conditions 
to construct the head walls with wing walls as would be done for an arch culvert, 


in which case the walls should be designed as retaining-wall sections. 


Vitrified Pipes used for culverts should be the best quality salt-glazed sewer 
pipe of the double strength type, with socket joimts. This pipe is made in 2-ft 
lengths with diameters from 12 to 36in. The pipes are laid in the trench with the 
socket end toward the inlet, so as to have at least 1s in of material over the top 
of the pipe. The joints are sometimes filled with cement. Under conditions 
ordinarily encountered in highway work vitrified pipe makes a very satis- 
factory as well as a cheap culvert. During 1911 the approximate costs per foot 
in less than carload lots were: y2-in, 35 cents; 15-in, 47 cents; 18-in, 66 cents; 
20-in, 79 cents; 22-in, $1.05; a4-in, $1.15; 27-in, $1.58; 30-in, $1.93; 36-in, 
$2.45. The cost per linear foot of vitrified pipe culverts in place, as given by the 
Massachusetts Highway Commission, is approximately as follows: 12-In, 75 
cents; 18-in, $1.50; 24-in, $2.50; 30-10, $3.75. 

Cast-Iron Water Pipe with bell and spigot joints has been used in culvert 
construction for a long time. Tt is manufactured in 6-ft and 12-ft lengths, and 
hence is not so easily adaptable for use. It is very strong and will last for many 
years. This'kind of pipe can be placed within 6 in of the road surface without 
danger of breaking. The principal objection to cast-iron pipe, outside of its 
cost, is its weight, which makes it expensive to handle. The cost will vary 
between 1.5 cents and 2 cents per Ib. The weight per foot of heavy-weight pipe 
for some-of the sizes from 12 to 72 inches diameter is as follows: r2-in, 85 Ib; 
18-in, 200 Ib; 24-in, 300 Tb; 36-in, soo Ib; 48-in, 850 lb; 6o-in, 1250 Ib; 72-in 
1750 lb. The cost per linear foot of cast-iron pipe culverts in place, as given 
by the Massachusetts Highway Commission, is approximately as follows: 
r2-in, $2.25; 18-in, $3.50. < 

Corrugated Metal Pipe is made in any length desired, ranging by multiples 
of 2 ft up to 36 ft or is made in nest sections. that are later bolted together in 
the field. The pipe may be laid to within 6 in of the road surface. Since it 
weighs about one-twentieth as.much as cast iron it is much more easily trans- 
ported. The nest sections are of a particular advantage in this respect. Care 
should be taken to select pipes made of the proper kind of metal. Wrought iron 
is superior to steel as far as its non-corrosive properties are concerned, and 


hence pipes made of iron generally have a longer life. The non-uniformity of ~ 


results obtained with metal culverts of different makes has been due’ almost 
entirely to the different kinds of material used in the manufacture. The approx- 
imate cost per linear foot’of a few sizes of one type isas follows: 8-in, 54 cents; 
q2-in, 72 cents; 18-in, $1.04; 24-in, $1.44; 36-in, $2.84; 48-in, $4.14; 60-in, 
$5.18; 72-in, $6.29. The cost per linear foot of corrugated metal pipe culverts 
in place, as given in the 1910 Report of the State Highway Commissioner of 
Maine, is approximately as follows: 12-in, $1; 18-in, $1.40. 

Concrete Pipes may be cast and laid as any other form of pipe. The joints. 
are made tapering, or with some form of socket. The pipes are built in lengths 
of from 4 to 8 ft, with thicknesses varying from 2 to 6 in, depending upon the 
diameter. Concrete pipes weigh more than cast-iron pipes, but may be con- 
structed so as to cost about. one-fourth as much. In the case of concrete pipes 
constructed in place, the use of reinforcement will not be economical until 
they exceed 4 ft in diameter. \ 


Special Forms. There are several types of special forms of culverts manufactured — 


of cast iron, all of which are cheaper and more easily handled than the ordinary cast- 
iron water pipe. : = 
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11. Foundations 


The loads due to traffic are transmitted by the wearing surface to the foundation, 
If the foundation fails, the pavement or surface above it will fail. The kind of founda- 
tion’and its thickness depend upon the amount of traffic, and the nature of the underlying 
subsoil. 

The Different Materials Used as a foundation are the subsoil encountered, 

gravel, broken stone, slag, broken brick, hydraulic cement concrete, bituminous 
macadam and bituminous concrete, and old pavements. When a poor subsoil 
is encountered, the poor material should be excavated for a depth of several 
inches and refilled with a good gravel. Sandy subsoils may be improved by 
the addition of clay, and clayey soils by the addition of sand. 
_ Broken Stone. The lower course of a macadam road, when the latter is built 
in two courses, is the foundation for the upper or wearing course. Ordinarily 
this course is about 6 in in depth after compaction. Where the subsoil is poor 
or the road is subjected to heavy traffic, or it is desired to aid the subdrainage 
of the road, the lower course should be increased in thickness, or an additional 
layer of broken stone should be used. This extra layer varies from 3 to 10 inches 
in thickness, and is composed of the larger-sized products of the crusher. Instead 
of this layer of broken stone, a telford base is sometimes constructed, which con- 
sists of placing by hand stones broken into sizes 6 to 8 inches deep, 3 to 8 wide, 
and 6 to 15,long. The stones are placed on edge with their longest dimensions 
at right angles to the axis of the road. The spaces between the stones are filled 
with spawls, after which the whole surface is thoroly rolled. Large stones laid 
flat instead of on edge are sometimes substituted for telford. The cost of either 
a broken stone or a telford base depends upon the amount of stone used. A 
telford base as described above has cost about 35 cents per sq yd. Slag and 
brickbats, where available, can be used in place of broken stone. Gravel founda- 
tions are usually laid 6 to 8 in in thickness. 


Cement-Concrete foundations should ordinarily be used under all types of 
stone block, wood block, brick, sheet asphalt, and bituminous concrete pave- 
ments. The thickness of the concrete foundation varies from 4 to 8 in, 6 in 
usually being employed. An 8-in foundation is necessary when the traffic is 
exceptionally heavy. The usual proportions of the cement, fine aggregate and 
coarse aggregate varies from 1:2:5 to 1 :3!4:7. Whenever a concrete 
foundation is constructed, traffic should be kept from it for 7 to ro days in order 
to allow it to set up thoroly. Concrete is manufactured by three methods: 
mixing, im situ, and grouting. 


Mixing methods. The proportions having been adopted, the various 
ingredients are measured out by volume and mixed together with water until 
the desired consistency is obtained. The concrete thus mixt is placed upon the 
‘prepared roadbed to the required thickness. The concrete is then tamped and 
smoothed with the backs of shovels until the free mortar rises to the surface. In 
pavements where a layer of some kind of material is interposed between the 
surface of the foundation and the wearing coarse material, any very slight 
irregularities in the surface of the foundation will not cause trouble. When a 
smooth surface is required the concrete should be struck with a template. 
Altho hand mixing is used, usually mixing machines of the batch or continuous 
type are employed. 4 


The im situ method consists of spreading and rolling a layer of broken stone 
of the required thickness in a manner similar,to the construction of the bottom 
course of an ordinary broken stone road. - A 1 : 3’ mixture of cement and sand 
in a dry state is spread over the surface and swept into the voids. The surface 
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js flushed with water, rolled, and more dry mortar spread during flushing and 
rolling until all voids are filled. 

Tn the grouting method, a layer of broken stone, of sufficient depth to make 
the requisite thickness of concrete, is deposited on the subgrade. The layer 
is thoroly rolled and is then poured with ar : 4 grout. The grouting and rolling 
are continued until the voids in the stone layer are filled. 


Bituminous Macadam and Bituminous Concrete foundations are frequently 
used under sheet asphalt and certain types of bituminous concrete pavements. 
They should be, used with caution, since they are not as stable as hydraulic 
cement foundations, and since the economical use of the wearing surfaces of 
sheet asphalt and certain. types of biturninous concrete usually implies a fraflic 
which requires first-class foundations. With a firm natural foundation allowing 
thoro compaction, good results have been secured. 


Old Pavements of brick, cobble and stone block have been used as founda- 
tions for asphalt pavements. Where the old surface is firm and unyielding, this 
method has given fair satisfaction, but where the original surface was yery 
uneven and required much relaying of the brick dr stone, or filling of depressions, 
the resulting surface has not been satisfactory. Old macadam surfaces have 
also been made to serve as a foundation for asphalt and other bituminous 
pavements. J 

Rough Stone foundation in Conriecticut, according to C. J. Bennett, con- 
sts Of a depth of from 12 to 18 in of rough stone laid on the subgrade of the 
7oad with frequent outlets to water courses and without great regard to the 
uniformity of the sizes of the stones themselves. Thig method should be used) 
in the building of roads thru clayey, material, which is liable to become satu- 
rated and flow; and should be extended beyond the edge of the roadway surface 
proper. 5 


ROADS 
42. Earth and Gravel Roads 


_A large percentage of toads in this country are constructed of earth, and these roads 
will have to’ be maintained as earth roads for many years to come. An earth road will 
be defined as one built of native soil, other than gravel. A gravel road will be defined 
as one built of gravel. Gravel roads are used to a large extent 11 the construction of park 
roads and on many of the State. county and town highway systems, where good material 
is available and the traffic is not very heavy. , A 

Characteristics: Since earth roads thay be constructed out of any kind 
of soil, it is difficult to compare their charactetistics. Soils act differently under 
different conditions. Sand makes the best ‘road in wet weather, and clay a very 
poot one. All soils contain mote or less of each of these materials, so that it is 
quite customary to find earth roads very dusty in dry weather, and muddy in 
wet weathet. They are, however, the most inexpensive type to build, and under ~ 
proper maintenance, can be kept in fair and passable condition at a very small 
cost, provided the traffic is not excessive for this typé of road. A gravel road is 
cheap, fairly durable, noiseless, and offers good foothold for traffic. On the 
other hand, a gravel road is dusty in dry weather, and muddy during continued 
wet weather, or when frost is coming out of the ground. fst 

Construction of Earth Roads. Good drainage is an absolute necessity in 
the construction of earth roads. Proper subdrainage and surface drainage must 
be provided. In providing for surface drainage the slopes from the center to 


vd 
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the latter being a maximum. The surface of the road may be made to coutaE 
_ to the arc of a circle or may be made up of two planes meeting at the center and 
sloping to the ditches.. Care should be taken in constructing the ditches to see 
- that they have sufficient fall to carry the water away. In places where the 
country is flat and the work involved is simply that of giving a crown to the 
road, earth roads may be constructed most economically. by means of road 
scrapers or graders: If the soil is not too compact, the use of the plow could 
be done away. with in using the road grader. The latter is usually worked 
by beginning at the sides, going down one side and back the other, gradually 
approaching the ceftter, the blade being so adjusted as to plow to the proper 
depth, and move the earth up from the sides toward. the center. The matetial 
deposited by the gtadér is sometimes harrowed and then rolled; when rolling 
is not resorted to, the material is left-to be packed down by traffic. Care must 
be taken to spread the material evenly and in layers usually recommended not 
to be over 6 in deep. Where much grading is involved, the bulk of the work 
will have to be done by the common methods of earth excavation, the road 
grader béing used to finish thé road to the desired surface. Among the tools 
used in the construction of earth roads are drag Scrapets, wheel scrapers, buck 
scrapers, rodd scrapers, elevating graders, plows and wagons. 


| the sides shadta not be made too steep; a slopé Of frota 37 in to x iti pet ft is tised, 
: 
: 


Some specifications require that in the construction of any embankment less than 2. ft 
deep, the old surface shall be ‘broken up and all sod and vegetable matter removed from 
the area to be occupied by the road, and that no sod will be allowed to be placed in the 
embirikment eater thah 4 ft froth the edge of the pavenient. 


Sand-Clay Roads are constructed somewhat differently, depending upon 
whether the subsoil is of sand or ot clay. The amount of clay necessary is that 
amount. which will just fill the voids in the sand. It will also depend upon the 
charactér of both the sand and the clay. It may be approximately determined 
by fin iding the quantity of water which is contained in a known volume of sand, 
the amount of water représenting the percentage of voids. Proper drainage must 
always be provided. ‘The construction of a sand-clay road is a slow process, and 
the best results can only be obtained by giving the road constant attention for 
some timé dfteér it is first finished: : 

Ifa sand-clay road is to be constructed of a sandy subsoil, the road bed is shaped up 
to the desired crown. The clay is. brought onto the road and spread in a layer of 6 to 8 
in at the center, tapering off to a thin layer at the sides. If construction is begun at 
the end of the road near the source of supply of the clay, the road will be somewhat 
compacted during construction by the teams on the work: It is necessary that tHe clay 
be thoroly mixt with the sand. All lumps should be broken up. Altho. in many cases 
this clay layer can be covered with sand and left for the traffic to mix and compact, 
quicker and better results can be obtained by plowing, harrowing and rolling. , Water 
is necessary to puddle the clay, hence it may be necessary to harrow and further mix 
the materials soon after or during rainy weather. More sand or more clay may be required. 
in places where the road tends either to be sticky or to pulverize. The surface should be. 
kept in shape by means of road drags or road scrapers. 


Maine 1918 Staté Highway Commission Specifications for corstruction of Sarid 
clay roads are, in part, as follows: 

“Sand and ‘clay shall bé furnished by the contractor from sources apptoved by the 
ehgineer, Sand shall be composed of hiard, shatp, angular particles, at least 50% of the 
volume of which, by dry,weight, shall be retained on a so-mesh sieve.. Rounded grdins’ 
of sand will not be accepted. . If plastic clay is used it shall be placed upon the road 
in pieces not larger than 3 in in size. Slaking clay shall be placed in pieces not larger 
than 6 in in size. 

“Sand Subsoil. Wherever the subsoil is sand, 6 in of clay shall be Fr 8 eae spread. 
over the surface to a width of 16 ft, unless otherwise directed by the engineer. Each 
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load of clay should be spread uniformly as soon as deposited and before being driven over. 
Immediately after the clay is spread it should be covered with a layer of clean sand 6 
in in depth unless otherwise directed by the engineer, and shall then be deeply plowed 
with a heavy plow until all lumps are thoroly broken up and the clay and sand are 
thoroly mixt to a depth of 14 to 16 in. as directed by the engineer. 

“Clay Subsoil. Wherever the subsoil is clay, 8 in of sand shall be uniformly spread 
over the surface to a width of 16 ft unless otherwise directed by the engineer, and on 
this layer of sand 4 in of clay shall be uniformly spread and then deeply plowed with 
a heavy plow as above specified to a depth of 14 to 16 in as directed by the engineer.” 


The Maintenance of Earth Roads consists principally in keeping the surface 
shaped up and the ditches cleaned out so that the water will not have any chance 
to stand either in the road or at the sides. Water, if it has a chance to soak 
into the road, soon softens it to such an extent that it is easily cut up by the 
action of traffic and is soon destroyed. Two of the most useful tools for the 
maintenance of earth roads are the road scraper and road drag. There are 
many different types of these machines. The road drag, which is the simplest, 
consists of two-blades about 7 to 9 ft long set parallel to each other about go 
inches apart. The blades may be made of steel, of plank, or of split logs. This 
device is so hitched to the team that it may be dragged along the road at an 
angle at about 45 degrees with the axis of the road. Work with the drag scraper 
is done in a similar manner as with the road scraper; namely, starting in at the 
side of the road and working up’toward the center. Dragging may be done 
at all seasons, but should be carried on only after a rain when the road is in a 
moist condition. If the road is properly drained it will be found that the surface 
can be kept in excellent condition by the use of the road drag or road scraper 
at frequent intervals. 


The Cost of Earth Roads is an extremely variable quantity, since it depends upon the 
width and,the number of cubic yards involved in the grading, The cost of ro sand-clay 
roads built in various sections of the country during the years from 1914 to 1916 under 
the direction of the U.S. Bureau of Public Roads, ranged from 4 cents to 23 cents per 
sq yd, with an average of 13 cents. This cost does not include the bulk of the grading, 
but does cover the construction of the sand-clay surface. 


Burnt .Clay Roads have been constructed to a limited extent in some of the 
Southern States where the soil encountered is mainly a plastic, sticky clay known 
as “ gumbo,” and the fuel is abundant and cheap. The road is first plowed and 
graded. Furrows are then dug across the road 4 ft apart for the full width of the 
roadway. Cord wood is laid across the ridges of these furrows, forming a floor 
on which is placed more cord wood, built up in a crib formation. The clay is 
packed on this wood. Successive layers of clay and cord wood are built up in a 
similar manner until three layers are obtained. The top layer of clay should 
not be less than 6 to 8 inches thick, and should be tamped and rounded off so as 
to keep the heat within the flues. The process of burning changes the gumbo 
to a light clinker which combines well with the plastic clay of the remainder of 
the road. 


. Gravel Roads may be constructed in several ways. The road bed should 


always be well drained and shaped to the desired crown. In one method, the. 


gravel as it comes from the pit or bank is placed at the side of the road or on 
dumping boards on the road, and spread to the desired depth on this prepared 
surface. Care should be taken to make the distribution of fine and coarse 
particles as even as possible, the coarser particles being placed in the bottom. 
The thickness of the gravel at the center is generally more than it is at the sides. 
The gravel, after it is spread to the desired surface, is thoroly rolled and com- 
pacted. A better form of construction is to build a gravel surface in a shallow 
trench in a manner similar to that used in building broken stone roads. The 


Art. 13 Broken Stone Roads 1663 


subgrade is formed with shoulders to the desired cross-section, which is the 
same as that of the finished surface. The gravel is spread on this surface in two 
or three layers, which are each individually rolled. The thickness of the separate 
courses varies, but the total thickness is about 8 in at the center, and is de- 
creased to about 6 at the sides. In constructing any road with a gravel surface 
water should be used to help the consolidation of the surface, but care should 
be taken not to use an excess of water, since it may wash out the binding material 
or soften the subgrade. ‘Whether or not the gravel should be screened before 
being placed in the road depends upon the character of the gravel in the bank 
or the pit. Some gravels have a very uniform composition, while others vary 
so much that they must be screened in order to produce the best results in 
the road surface. 


Specifications require that no sod, vegetable soil or strippings be mixt*with the gravel. 
Also in many cases that not more than 25% shall be binding material. For road work in 
Maine, gravel is specified to contain not less than 75% of pebbles that will be retained on 
a sieve of 4-in mesh and pass thru a sieve of either 144 or 2 inches mesh, depending 
upon the size required. Some specifications require that the gravel be graded into three 
or four sizes similar to those generally specified for broken stone for road construction. 
In this latter case’ the gravel surface should be constructed exactly the same as one of 
broken stone. 

American Society for Municipal Improvements 1918 Specifications covering 
quality and sizes of gravel are as follows: “All gravel shall be hard and tough. Gravel 
which contains over 10% of disintegrated stone shall not be used. No. 1 product (for 
2-in top course) shall consist of a mixture of gravel, sand and clay, with the proportions 
of the various sizes as follows: All to pass a 114-in screen and to have at least 60 and not 
more than 75% retained ona }4-in screen; at least 25 and not more than 75% of the total 
coarse aggregate, material over 14 in in size, to be retained on a 34-in screen; at léast 
65 and not more than 85% of the total fine aggregate, material under 14 in in size, to 
be retained on a 200-mesh sieve. No, 2 product (for middle and bottom courses 3 in each) 
shall consist of a mixture of gravel, sand and clay, with the proportions of the various 
sizes as follows: All to pass a 244-in screen and to have at least 60 and not more than 
75% retained on a 14-in screen; at least 25 and not more than 75% of the total coarse 
aggregate to be retained on a 1-in screen; at least 65, and not more than 85% of the 
total fine aggregate to be retained on a 200-mesh sieve.’ 

Maintenance of Gravel Roads. All ruts and pot holes should be filled up 
as'soon as formed with gravel as near the same size as possible as that used in 
the surface. Water, if allowed to soak into a gravel surface, will soften it and 
cause its rapid deterioration. The intelligent use of the road drag and road 
scraper will do much toward keeping a gravel.surface in good condition. In 
resurfacing a gravel road with gravel better compaction will be obtained if thin 
layers of gravel are put on frequently rather than thick layers not so often. 

The Cost of a Gravel Surface varies from about $x to $x.so per cu yd in 
place. The highest price includes screening. The above prices do not include 
cost of grading old surface. 


13. Broken Stone Roads 


Characteristics. -An ordinary macadam road, if properly built of the right 
kind of stone, is a very economical and satisfactory surface for méium horse- 
drawn vehicle traffic. It affords an excellent foothold, is noiseless, does not 
offer much resistance to traffic, and is comfortable to use. In dry weather, 
however, a macadam surface is extremely dusty unless the surface is treated 
with a palliative or coated with bituminous material. 

Foundation and Subgrade. The lower or foundation course of a macadam 
road may be strengthened by a telford base, 4 V-drain foundation, or by increas- 
ing its thickness. The construction of telford and V-drain foundations has 
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been described in Art. 11. When traffic and soil conditions are favorable, how- 
ever, it is customary to build the foundation course directly upon the subgrade. 
The subgrade is a shallow trench composed of two or more planes or a curved 
surface sloping from the center to the sides of the road. The trench is the 
same width as the broken stone surface. The sides of the trench are formed by 
the earth shoulders, generally 3 to 5 ft wide. The subgrade should be brought 
to true line and grade and be thoroly compacted with a steam roller. Any low 
spots which appear during compaction should be brought up to grade with good 
material and rerolled. ! 

Size of Stone. Broken stone roads are ordinarily built in three courses. The 
sizes of stone and the materials used vary in different specifications. For the 
first or foundation course the size of the stone is often from 1 to 3 inches in longest 
dimensions, while sometimes it is specified as from 14 to 274 in. Gravel and 
slag are sometimes substituted for broken stone in the foundation course. The 
second course is composed of stone ranging from 1 to 2 inchies, or from 44 to14 
inches in longest dimensions. The top course consists of screenings varying 
from 14 in down to dust. Since nearly all of the broken. stone used for road 
construction is screened through a rotary screen, it should be noted that the 
speed at which the screen is revolved, the pitch, the length and the size of holes 
gn the screen all influence the grading of the stone into different sizes. The sizes 
of stone as specified in some of the different States are as follows: 


State Foundation Course _ Upper Course 

Massachusetts... 124 to2}4 ins... see ieee ee see eee % to 14 im 

New Jersey.... 234-in stone or stone that will pass 1}4-in stone or stone that will 

: a 34n ring, minimum length pass a 2-in ring, maximum 
a IAB PL Me Te Dia ie length 2 in, minimum length 

I in. 
New York..... 2% to 334 in.....- Sidacinvniee, am 1% to 2% in. 
Maryland..... 234 tor in, maximum length 234 in. x1to2in, maximum length 2 in. 


Laying the Stone. Some engineers advocate laying the larger stone on top 
of the smaller in cases where the stone is low in hardness and toughness and is 
liable to be crusht during rolling. Large stones in the surface wear longer — 
than smaller ones, but more rolling is required to secure a smooth surface. In 
foreign practise larget sizes are used than is the custom in this country. To 
gage the thickness of a layer, wood cubes of a depth equal to the thickness 
of the layer are sometimes placed, at intervals in the roadway and the stone is 
filled in to the tops of them. Another method of obtaining the same result is to 
set longitudinal strings at the proper’elevation at the sides and center of the 
roadway. Stone for the foundation course, if brought in patent-bottom dump- 
wagons, may be dumped directly upon the subgrade and spread with stone forks 
or with a stone spreading machine. -Stone brought to the work for the second 
course should be’ dumped on boards and shoveled from there to the road to 
prevent the segregation of sizes which might occur if the stone was dumped 
directly upon the road from the wagons. , 

Rolling. The first and second courses are each laid to the required thickness 
and separately rolled, being sprinkled with water to aid compaction if necessary 
before the next course is placed. The roller used in compacting this material 
should be at least 10 short tons in weight. The process of rolling should be 
to begin at one edge of the roadway, roll longitudinally and work toward the 
center. After reaching the middle of the road, the roller should pass to the other 
side, again roll longitudinally, and work toward the center. This manner of 
‘rolling keeps the road in shape and prevents either pushing the crown out of 
line or flattening it.’ Careful rolling is absolutely necessary in order to obtain 
a good shépe to the road surface. Steam or gasoline rollers always should be 
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used as horse-driven ronlers: are not sufficiently heavy to properly aman 
broken stone. Usually 12 to 18ton rollérs should be used for hard, tough rock, 
and ro to r2-ton rollers for soft stone. 

Tri is stated in some specifications that the voids in the foundation course be filled with 

stone screenings, sand or gravel, the binding material to be thoroly swept in and tolled. 
No surplus material, however, is allowed to remain on the surface of the foundation’ course. 
This method of construction provides a firmer foundation than where the voids between 
the stones are not packed. This same treatment is also frequently used to facilitate the 
rolling of the foundation course, where the stone is of such a nature that it will not readily 
compact under the action of the roller without the addition of some mineral binder. 
If in the first passage of the roller over the surface any low spots are detected, they should 
be immediately brought to the proper level by the addition of more stone of the same 
sizes as are used in that course, before further compaction takes’ place. 

Applying Screenings. Having finished and-rolled the second course as above 
described, the surface is covered with a layer of stone screenings and thoroly 
sprinkled with water in order to fill the voids in the stone with the screenings. 
More screenings are added as desired and rolling is continued, the surface being 
sprinkled in’front:of the roller. - When the proper amount of water and screenings 
have been used, a wave of grout will be pushed along in front of the roller. A 
coating of screenings should be left over the entire surface, no more. being used 
than is necessary to cover the stone. The stone screenings resulting from the 
crushing of the rock with which the first two courses are built are generally 
used for the binder, When this material is unsuitable for this purpose, clay, 
loam, sand, or screenings of a different rock are substituted for it. 

The Thickness of the Courses varies in-different specifications, and is 
governed by the amount of traffic which the road is to receive, and the condition 
of the subgrade. Gommon values are 4, 6, and 8 in in total thickness after rolling, 
where the subgrade furnishes a good support. The upper course is from 2 to 3 
in in thickness after rolling: ‘—In some States the stone surfacing is the same 
thickness thruout its width, while in others the thickness is reduced at the sides 
from zr to 2 in. 


Maintenance. Water, if allowed to stand ona macadam_ surface, will soften 
the latter and cause it to wear out rapidly. When the frost is coming out of the 
ground the surface will also be in a soft condition and require attention. Thoro 
surface and under drainage is just as essential as it is in the case of an earth 
or gravel surface. The effect of horses’ feet is most frequently observed in the 
formation of the ‘‘horse-path” so-called at the center of the road. If the surface 
is given a flat crown this will be prevented to some extent, since it will tend to 
make the traffic use the entire width of surface. The grinding action of the 
wheels wears the stone and forms dust which, when in a dry state, is swept 
away. by the wind, thus leaving the stone in the top course exposed. The action 
of traflic will then displace the stone in the surface, and “raveling” results. A 
heavy traffic of motor-cars traveling at high speed will cause a macadam surface 
to ravel very quickly when the mosaic of the upper course is exposed. Tracking 
of traffic will concentrate the wear on the surface and form ruts.. This action 
is particularly disastrous when the road is in a soft condition. To maintain 
the surface under the above conditions, the side ditches should be kept clear, 
ruts and pot-holes should be filled up with stone, and the whole surface kept 
in as perfect shape as possible to facilitate the shedding of water. Sand, stone 
screenings, or other binding material should be spread on the surface, where 
Jacking, in order to prevent raveling. Two systems of maintenance are in 
yogue, namely, the continuous and periodic. The continuous method is to 
repair the surface constantly so that it is always kept in good condition. In 
maintaining a road by the periodic method, the top surface is allowed to prac- 
tically wear out and is then resurfaced. A scarifier is especially advantageous 


1666 Roads ve Sect. 15 


in breaking up the old surface of a macadam road to form a bond with any 
new stone that may be added. The work will be done better, quicker and.at a 
smaller expense than in any other way. \ 

Material Data. The weight of a cubic yard of broken stone depends upon” 
the specific gravity of the stone and the percentage of voids in the mass. The 
weight’ of stone will vary approximately from 2200 Ib to 3000-lb per cu yd, 


measured loose. It will take 1.5 cu yd of broken stone of the ordinary sizes ~ 


measured loose to make 1 cu yd compacted in place. 

The Cost of a Macadam Road per square yard varies with the thickness. The cost 
per cubic yard of stone compacted in place varies between $2.50 and $6. An average 
cost is $4.50. The average cost per sd yd, thickness 8 in, is $1.00. : 


Slag Roads. Blast furnace slags are produced in the manufacture of iron 
and steel, and, in some cases, are very similar in appearance to close-grained 
igneous rocks. In some cases, blast furnace slag may be excavated from slag 
banks by means of a steam-shovel, which serves to sufficiently break up the mate- 
rial so that it may be screened. The slag from the open-hearth process is 
generally run into molds. Usually itis broken up in a rock crusher into sizes 
suitable for road work. The methods used in building slag roads are similar 
to those described for the construction of broken stone roads. 

Shell Roads. The State of Maryland has built many miles of oyster shell 
roads along the eastern shore of Chesapeake Bay. ; 

Maryland State Roads Commission Specifications stipulate that the subgrade shall 


be firm and well rolled. The depth of the first course of shells is either 5 in or 5 in at 
the center and 3 in at the sides. The depth of the second course is either 3 in or 5 in at 


the center and 3 in at the sides. The shells are spread upon the roadbed with shovels * 


from piles along the road or from a dumping board. They are rolled with an’ 8-ton 
roller and are sprinkled with water or pound with sand during the process of rolling 
until the surface is firmly compacted. The third course is composed. of clean, sharp 
sand, spread just thick enough to cover the second course after the latter has been thoroly 
compacted. Shell roads cast from 40 to 50 cents per 5q yd. 


-14. Dust Prevention by Palliatives 


Classification: Dust preventives, which may be classified as palliatives 
requiring application with more or less frequency, imclude water, calcium 
chloride, salt solutions, tar and oil emulsions, and certain light oils and tars.! 
Palliatives are more especially adapted for urban and suburban districts, for 
parkways, and for use on highways before races, festivals and processions. 


Water is the oldest and most common palliative, its binding power consisting . 


solely in the mechanical bond produced, which varies to great extent with 
different rocks. The best practice stipulates careful regulation of flow, vary- 
ing with type of surface, and application one to four times per day, depend- 
ing on climate, temperature and local conditions. 

Horse-drawn carts are equipped with two types of sprinkling devices, one discharging 
vertically, the other horizontally. For use on pavements, the vertically discharging 
valves are preferable, as they are easily manipulated to avoid damage to pedestrians, 
and the action of the water flushes the dust to the gutters without damage to pave- 
ments. The vertical discharge has a destructive effect on waterbound broken stone 
or grayel surfaces, hence horizontal discharge valves should be used. : 


Sea Water has been tried in a number of instances, being applied with the 
ordinary water-cart. “Tn one instance it was found that in dry weather it formed 
a hard, salty scale, while in wet weather the mud contained’so much salt that 
it injured the iron and varnish of vehicles. 
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Calcium Chloride in granulated form is shipped in airtight steel drums. 
‘When applied dry to the road surface, a special distributing apparatus should be 
employed. (Cost of 1-horse machine with spread of 5 ft, $55, 2-horse machine 
‘with spread of 10 ft, $70.) About 134 lb should be used for an application per 
‘square yard. Usually two applications per season in the North will give good 
‘results. When applied wet, it is recommended that the calcium chloride 
‘should be dissolved at the rate of 1 Ib to 1 gal of water, using about 4 gal solu- 
tion per sq yd. For the application of solution ordinary watering-carts are 
generally used. The usual method is to distribute in two applications along 
the center of the street and one at the sides. To secure freedom from dust, 
about ten applications should be used per season in Northern States. 


Judges’ 1909 and 1910 Reports, The Roads Improvement Association, state that: 
“We are of opinion that the results of the tests of calcium chloride applied in granular 
form by the ‘dry’ method have shown that it is a very effective dust layer; that the 
treatment has the ill effects of causing, during the winter months, an abnormal quantity 
of sticky mud, a decided EBUCHCY) to mele up, and a disintegrating action upon the 
macadam surface.” : 


Oil Emulsions are made by the addition of some saponifying agent to water 
which, forming a chemical solution, renders it readily miscible with the oil. 
' Phey sometimes contain a deliquescent material as an aid in retaining moisture. 
Their ase is common where a light palliative is sought. Alkaline such as potash, 
soda, ammonia, crude carbolic acid, and various soap solutions are the mediums 
most commonly used with asphaltic or paraffin oils. Among the numerous proc- 
esses are: casein added to tar oil; water lyes from wood-pulp factories; fat or 
grease from wool scourings, emulsified with either deliquescent salt solutions or 
creosote; an oil emulsion containing a deliquescent salt; waste sulphite 
cellulose liquor; waste-molasses solutions; and mixtures of saccharine and lime. 
‘Tar emulsions are used to a small extent in this country. Distribution is usually 
made with an ordinary watering-cart on the unprepared surface, altho better 
results may be obtained by using some type of pressure distributor. In one 
place a light sand coat was added, but as a rule the surface is left uncovered. 
A typical emulsion (Wickes) consists of 5% resin soap added to 30% water at 
50 degrees Cent. The mixture is thoroly agitated and 65% oil added. A 20% 
solution mixed at 32 degrees Cent was Grst used, and for retreatments 5 to 10% 
solution (see Trans. Am. Soc. C. E., vol. 73). In Boston a 16% solution was 
first used with 5 to 10% solution for retreatments. Other reports give 5 to 
25% solutions, the latter figures being for first application, and the former 
for. retreatments. Applications vary from one to four weeks, according to~ 
requirements, generally using about 0.5 gal of material per sq yd. 


Light Oils and Tars are generally palliatives. Belonging to this class are 
vegetable oils, paraffin and asphaltic petroleums, certain tar oils, and the heavy 
dead or creosote oils. There is sometimes enough binding base to cement the 
particles, and such materials are preferable, as a number of applications result in 
an accumulation of binding material at the end of a season. They are fairly 
efficient, but should not be applied in too great an amount, as a soft greasy 
surface will result. Heavy rains may either cause washing or an oily, dis- 
agreeable mud and pools of oily water. Light coal-gas and water-gas tars have 
proved satisfactory for use as palliatives. Prior to application of a tar all dirt 
and surplus dust should be removed by light brushing over the roadway sur- 
face with hand brushes or machine sweepers. The. materials are usually 
applied cold. Pressure distributors should be used in order to secure uniform 
application of a small amount of the material. Two to four applications per 

Season are usual, altho in some instances one coat has lasted for the entire 


season, 
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Costs.. Watering in Boston (1907) three coats per day for 148 days, was 2.37 cents 
per sq yd; in 1909, 2-1 cents; East Orange, 2.8 cents per sq yd. Whinery states that 
20 to 70 gal of water will cover one season’s treatment, and ought not to exceed 3 cents 
per sq yd for the season. Calcium chloride: Metropolitan Park Commission, Mass., 
season 1908, 2.5 cents per sq yd; 1909, 18 cents; 1910, 3 cents; Pennsylvania, 3 to.4 
cents; City of Boston, 1.6 to 4.2 cents; Pisttict of Columbia, 2.1 cents. Oil emulsions 
jn numerotis American cities (1908 to igro) ranged from 1.25 to 3.8 cents per sq yd 

. (average; 2 cerits for the season). Light oiling is about 3 to.4 cents persq yd for the season, 
using from-013 to 0:4 gal of material per sq. yd. Treatment with a light tar was from 2.4 
to 5 cents per sq yd for the season. 


15. Bituminous Surfaces 


Bituminous surfaces are used principally on macadam and gravel roads, on bituminous 
and concrete pavements, and occasionally on brick and wood-block payements. The 
different kinds of bituminous materials used are asphaltic oils, cut-back asphalts, re- 
fined water-gas tars, refined coal-gas tars, combinations of refined tars, and combinations 
of refined tars and asphalts. 

Characteristics. A bituminous surface renders a road more durable. The 
ease of traction and foothold are closely connected and depend upon the char- 


acter and amount of the bituminous material used. Certain materials may 


increase the traction and offer a good foothold, while the use of others may . 


result in a surface that has about the same characteristics in regard to these 
two points as asphalt pavement. The surface can usually be easily cleaned. 
About the same amount of noise will result as is characteristic of a wood-block 
pavement when asphaltic materials are used, The surface is practically im- 
pervious, yields no dust, and is comfortable to use. ; 


, 

Preparation of Road Surface. Before constructing a bituminous surface 
on a macadam road all depressions, pot-holes, ruts or other irregularities should 
be careftilly repaired by filling the same with bituminous coated stone so that 
the whole road surface is even. All surplus dust should be removed from the 
surface by the use of horse sweepers oF fine bass brooms, or both, so that the 
surface of the stones in the upper course is exposed. When. the. application 
js made, the surface should be bone-dry. When certain asphaltic materials are 
used, however, if the surface is slightly damp when the matetial is applied 
better results may ensue in obtaining a more even distribution of the material. 
The road should be closed to traffic during the progress of the work, or if this 


is impossible, half of the width should be done at one time. Work should bey 


done only on pleasant days. ; a 
The Application of the Biturninous Material. may. be accomplished in’ a 


variety of ways, as follows: by hand-pouring cans; by hand-drawn distributors; » 


by. pressure tanks to which is attachéd flexible hose, provided with one or more 
nozzles; by gravity distributors; by pressure distributors. It is difficult 
to secttte uniform distribution with hand-pouring cans unless the material is 
brushed after application. The same objection is true of distribution wit! 
pressure hose. The selection of either of the last two types of machines wil 
depend pon the nature and amount of material used and. local conditions. 
The uniform distribution of material is accomplished in some cases by hand- 
brooming or squeegéeing after application by gravity distributors, or by brushes 
attached to the distributors. Bituminotis material suitable for this class of 
work should set up under average climatic conditions so that tracking is not 
noticeable in ftom 36: to. 72° hr. Many types of refined tars, combinations 
of refined tars and asphalts, and certain types of heavy asphaltic materials 
possess this property. it 


The Amount of Bituminous Material used per squire yard will depend 


somewhat upon the condition of the surface, but as a general rule from 0.25 


oa] 
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to 0.5 gal is ised in one treatrient. If it is necessary to allow traffic on the 
road at once, the coat of bituminotis material should be covered with a coarse 

sand, gravel, or screened stone chips varying from 14 in to 4% ih in longest dimen- 
sions. The amount of sand, screened stoné chips, or gravel used per square yard - 
will depend upon the quantity and nature of the bituminous matetial. Tiof 
5 to 22 Ib per sq yd have been used. The coat is improved by rolling. When 
heavy asphaltic oils are used the covering of mineral matter is an absolute 
“necessity. . With some grades of tar, however, satisfactory results have been 
obtained by omitting the covering of mineral matter. This practice is common 
in some sections of England where the traffic can be kept from the road until 
the tar has sét up. Gravel roads may be treated in a similar manner except 
‘that it is not possible to clean the surface as thoroly as it is in the case of the 
broken stone roads. 


Conclusions relative to Surface Treatments as included in the 1918 Repark 
of the Committee on ‘‘ Materials for Road Construction,” Am. Soc. C. E., 1918, 
Transactions, page 1404. 


“Tf the surface to be treated is a gravel, broken Stone, slag, or other porous and nol? 
bituminous crust, practise has proven that bituminous tiaterial of such consistericy that 
it can be applied at a temperature below 52° C. (125° F.) is preferable to heavier material; 
and that on any crust the application of 4 quantity i in excess of 14 gal per sq yd is inad= 
Visable. It is advisable to apply the material in.quantities not exceeding 14 gal per 
sq yd at a time. Heavier material in less quantity, however, should be used on bi- 
tuminous toadways; otherwise there will be tendency toward an objectionable softening 
of the material previously used in the construction of the roadway. 


“The surface to which a bituminous treatment is to be applied should be dry, com- 
pact, and free from depressions.and dust, The bituminous material, in all cases, should 
be applied by a pressure distributor designed so that the material will be spread uni- 
formly and with a pressure of not less than 20 or more than 75 lb per sqin. The appli- 
cation, in all cases, should be carried over the outside edges of the rolled metal. 

“After the bituminous material is applied it should be covered with the toughest 


grit obtainable, preferably of a size that will pass thru a screen having openings of not. 
less than % in nor greater than 5 in, just enough of such material being used to coyer 


the bituminous material. It is advantageous, but not entirely necessary, to roll with 


a steam-roller after the application of the grit.” 


Details of Methods, as used under various conditions in the United States 
and Europe, follow: 


Extracts from “General Directions for Surface Tarring’ recommended in x911 by 
The Road Board of England follow: ‘Surface tarring may be advantageously applied 
either to an old road surface in good condition or, to a new surface after it has been con- 
solidated and dried, but the tarring should never be carried out unless the road is thoroly 
dry. If there are any depressions, pot-holes, waves, grooves, or other irregularities, these 
should as far as practicable be made good before tarring is commenced so as to provide 
an even surface. [If it is intended to tar an old surface, it is advisable to take advantage © 
of the early months of the year to scrape or brush the road during wet weather as a 
preparation for subsequent tarring, and especially to keep the road free from caked mud. 
The road whilst being tarred should be closed to traffic over half its width, or, where 
practicable, over its whole width.” 

“The road should:be thoroly brushed and cleaned before application of the tar. Wet 
brushing should be used some time previous to dry brushing; if there is any caked mud, 
Any method of brushing may be used which will scour and clean. the road thoroly, the 
best being horse brushing, followed by hand brushing. . In order that the tar should be 
applied to the road as hot as possible, it is advisable, if the method of application is by 
hand, to use flexible pipes to convey the tar from the boiler to the point of application. 
If these are not available, it will be found convenient in case of hand pouring, to use 3-gal 
cans specially constructed for the purpose, fitted with spouts leading ditéct from thé bot- 
tom of the cans, and being not less than 1.5 in in diameter at the orifice. Immediately 
On applitation the liquid tar should be brushed so far as necessary to efisure regularity 
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“in thickness of the coating. The quantity of tar required will vary according to the phys- 
ical conditions of the road, but generally, in the case of a road to be treated with tar for 
the first time, the quantity should be x gal to coat from 5 to 7 sq yd.” 


“Tf the road must be opened to traffic before the tar has set hard, grit should be spread 
on the surface to prevent the tar from adhering to the wheels of vehicles, but gritting should 
be delayed as long as possible, and the quantity of gritting material to be spread should 
be no more than sufficient to prevent the tar from adhering to wheels. Stone chippings, 
crusht gravel, coarse sand, or other approved material (free from dust) not larger than will 


pass thru a 14-in square mesh should be used for gritting, in quantity not exceeding | 


1 ton for 300 to 350 sq yd if grit is used, and 1 ton for 200 to 250 sq yd if coarse sand 
is used.” 


“On heavily trafficked roads it is advisable to apply a second coat to either the whole 
width or from 9 to 12 ft of the center of the road in quantity of 1 gal to coat from 8 to 10 
sq yd about two or three months after the first application. Surface tarring’ should be 
renewed annually on all important roads, and as required on roads with light traffic. 
On such re-coatings the quantity of tar to be applied will vary with the extent to which 
the previous coating of tar has been removed by weather or by traffic.” 


“Tp all cases careful record should be kept of the condition of the road surfaces in winter 
and summer, both before and after tarring, the quantity and quality of tar used, the super- 
ficial area covered, the state of the weather when the work is being done, the time occupied 
in actual work, and in waiting whilst work is stopt owing to wet weather, the number of 
men employed, and full details of the cost of labor and material. Surveyors are recom- 
mended to have samples of the tar supplied to them under contracts properly tested by a 
qualified analytical chemist.” 


Maryland State Roads Commission 1917 Specifications for Tar and Oil for Cold 
Application-are as follows: ’ 

“Sweeping. The road surface shall be swept with a rotary rattan broom drawn by 
horse or motor power in such a manner as to remove from the surface all dirt or other 
foreign materials, and should the rotary sweeper not remove all the dirt or foreign material, 
giving a clean surface, then the contractor will be required to scrape the foreign material 
. from the surface with hoes or other tools, and cleanly sweep it with rattan brooms by hand. 


“ Applying the Material. No material shall be distributed except by a motor-drawn 


pressure distributor of a type satisfactory to the engineer, and no material shall be applied : 


when the surface is wet, frosty, or when, in the opinion of the inspector, it is unfit to 
receive the application. All material will be applied at the rate specified by the inspector, 
but in no case is more than 14 gal of material to the square yard to be applied to the 
surface in one application and where 4% gal per sa yd is applied, it shall be put on in 
two applications. When two applications are specified, all the stone chips’ Shall be 
evenly and uniformly distributed over the surface as hereinunder specified, after the first 
application of oil or tar has been made, and then the second application shall be made, 
but in no case shall more than 24 hours elapse between the first and second application 


of the tar or oil. In order that the traveling public may be accommodated as much as” 


possible, the contractor will apply the oil to one-half of the road surface at a time, and as 
soon as one truck load is applied to one side of the road it will be covered with chips by 
the contractor or the State, as the contract provides. : 


_ “Spreading Stone Chips. The stone chips or gravel required to be spread on the 
road after the application of the oil by the contractor will be deposited along the road 
on one side or the other in approximately even piles, at regular intervals of 25 ft. Approx- 
imately 80 tons will be used to a mile of 14-ft surfacing to be treated. The con.actor 
will be required to spread these chips or gravel evenly and uniformly over the surface of 
the road immediately alter the oil is applied and fill in all holes or inequalities, and in no 
case must more than 2 hours elapse between the application of the oil and the complete 
covering of the surface with the chips or gravel, and under no circumstames Willwo « ‘be 
permitted to remain uncovered during the night. The term ‘evenly and uniformly.” chall 

_ be construed to mean that each and every square yard of surfacing shall have the same 
amount as each other square yard within a variation of.not more than 10%.” ‘ 


Cement-Concrete Pavements. A bituminous surface constructed on the | 


surface of a concrete pavement protects the surface of the concrete from abrasive 
action of traffic, offers a better foothold with certain kinds of bituminous mates, 
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tials, eliminates the dust which is otherwise liable to form ona concrete surtace, 
and does away with the objectionable glare which results when a strong sun- 
light shines on the concrete. ‘The bituminous material used is either a refined 
tar, a tar-asphalt, or an asphalt cement. It is applied to the surface in the 
amount of ¥4 gallon per square yard, and spread by means of hand methods 
or by distributing machines. It is considered that the best bond and most 
even surface is secured by applying the bituminous material by a pressure 
machine in two applications of 14 gallon each. The bituminous material is 
sometimes swept in with either a rotary sweeper or with hand brooms. It is 
then covered with sand or fine stone chips to a depth of 4% to }ganinch. . 


Bituminous Concrete Pavements are in many cases finished with a seal coat 
either consisting of the same kind of bituminous material as is used in the 
upper course of the pavement, or a material more suitable for a bituminous 
surface. Certain types of asphalts, penetration 25° C., 55—75, and combinations 
of refined tars and asphalts have given excellent results. The amount of bitumi- 
nous material used per sq yd varies from \% gallon for Topeka bituminous con- 
crete pavement to from % to 1 gallon for a bituminous concrete pavement 
having a mineral aggregate composed of one product of a stone-crushing plant. 
The best method of applying such a flush coat is by the use of a hand-drawn 
gravity distributor and a rubber squeegee. 


Maintenance. The life of a bituminous surface depends principally upon 
traffic conditions and the nature of the bituminous material used, With the 
heavier grades of bituminous materials adaptable for this work, if a broken 
stone road carries normal traffic, retreatment is necessary every one or two years. 
Under extreme traffic conditions with the same grade of material, it may be 
necessary to retreat the road twice each year, as is done in the case of the Avenue 
du Bois de Bologne, Paris. Retreatments, however, can generally be accom- 
plished by using a smaller amount of bituminous material, about half the amount 
used in the first treatment. The same care should be taken in preparing the 
road surface as is done in the original treatment. An average price of main- 
taining a bituminous surface is 3 to 4 cents per year. : 

ost. An average cost of constructing a bituminous surface using 0.5 gal 
per sq yd of bituminous material, either an asphaltic or tar product, or a com- 
bination of the two, is 7 cents per sq yd. 

Philadelphia Cost Data. Table I gives the cost of labor and materials from 1913 to 
1916, and Table II gives detailed costs of construction in 1916. 


Table I 


‘ Unit Costs ee 
Labor and Material ; 


1916 195, 1914 | 1913 


Torpedo gravel, per 2000 Ib, delivered on the road. ./$2.10 |$2.03 |$2.14 |$2.50 
Trap rock chips, per 2000 lb, delivered on the road..| 2.02 94 |,2.30. | 2.30 
Tarvia A, per gallon.applied........0ss0eseeee eres 0.085 085 | 0.085 | 0,085 
Parvia. B, per gallon applied... .:....6sce0ee.ce0ees ees 0.07 0692| 0.07 0.07 
Ugite hot, per gallon applied....... 0.08 08 0.09 ©.09 
Ugite cold, per gallon applied........ 064 06 0.08 | 0,08 
Asphalt cut-back, per gallon applied 1403| 0.0791] 0.117 | o.12 
Asphalt, 150 penetration, per gallon applied. . OY OE | heavy Re dae 


0484] 0 

oo 2 

00 | 4.00 | 4.00 
3 
4 


Asphaltic road oil, per gallon epplied........ 
Laborers, per 8-hr day. , 

Foremen, per 8-hr day.......... wi 
Asst. foreman, per 8-hr day....... 


a ee oo 
MMOH aMS GR BT AAGN 2 o.ss.0: sjeais s\n" paldlal a,c. dbsayate 65s 4.80 
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Table II { | 
Average ; Average 
Materials Average oe per Material Costs 
per Sq ¥d : q per Sq Yd 
Character of Blog i 
Treatment 4 8 3B | Sweeping 
Materials Used |.) 2.5 S 3 © ai we 
a|\OA| o bo o bo 
o Ss ) ee tn o-8 be. 
Ele g oe | a | 8 Le lee, PES Sopa 
gisgi52) 2) 3) 8 128 | S| 28) 8s| 3 
B\O Ba foo an = i © ln NON = Ita Oe 


Refined coal tar* 
Refined coal tar* 
Refined coal tart 
Refined coal tart 
Refined coal tart 
Refined coal tart 
Refined water-gas 


0066] .0024] .0064].0020] .0r74].0295] .0187| 0482]. 
0058] .0013| .0075| .0022] -0168| 0246] .or68) .o4r4). 
9063|.0016] , 0063} .0018] .0160] .o1$0] .or 89] .0479) . 
.0032|.0010| .0052] .0006} .or00} .0209 -0168] 0377]. 
£0032] .0009] .00§2| .0007] .oT00| .01 88] .0163] .0351|. 
0030] .6008] .0051| .0006| .0095] 0168] .0164| .0332) . 


B&H DH 
Gok 
Ob 
wo 
Hon 
an 

DoH RE 


= 
S 
i] 
* 
H 
& 
ES 
co 
4 
co 
ES 


.0066].0024] .0064| .0020] .01 74] .0278] .0187| 0465). 


Pa te oe sys ys 2 |.319|15.9|.0026| .0007] .0050| 0004) .0087] .0256} .0164] .0420). 
Refined water-gas ; 

ATT atl ci Aershe 1 |.428]17.4].0063].0016] .0063| .o018} .o160).0274 .0180] .0454]|. 
Refined water-gas 

(liar. Te Lenn. 2 |.299|15.4|.0024|.0004| .0053] .0004| .0085] .0193] .or60] .0353}..0 
Refined water-gas 

HALT sne® oust! arp 4|-315]16.2].0011|.0002] .0022} .0006] .co4r| .o201 . 0168) .0369). 
Refined water-gas f 

TAT Yee. ose | 5 |.200]16.0}.,...].0002],0031].."... .0033] .0128] .0165} .0293}]. 
Asphalt cut-back. .267|17.9|.0027|.0004| .0068] .o004| .0703] .0380} .0178) .0558). 


ie} 

I 9 
Asphalt cut-back.| 2'|.418|17.3].0038|.0008] .0077| .0008] .or31| 0585 .0162| .0748}. 
Asphalt cut-back.| 3 | 362/18 .0].0026}. 0008} .9045] 0013} .0092! .0471 -O181] .0652| . 
Asphalt cut-back.| 4 |.320/17.9].0033|.0008] .0046) .0003| .0099) .0451) .0181} .0632). 


*Hot application. {Cold Application. 


16. Guard Rails and Road Signs 


Guard rails should be, placed at the tops of all embankments and at culvert 
ends where there is the slightest element of danger. Wood, iron and concrete 
are the materials used in the construction of guard rails. Guard rails on fills 
are placed 12 inches from the edge of the embankment toward the center of the 
road; on masonry headwalls they are generally in the center of the masonry. 


Wooden Guard Rails are usually built so that the top rail is 3 ft 6 in above the 
ground. ‘The posts are 6 inches diameter and 7 ft long: They are spaced 8 ft 
center to center. The top rail is 4 in square, set cornerwise in V-shaped notches 
sawed in the tops of the posts. The tops of the posts are sometimes sawed o 
slanting toward the center of the road and the top rail is then 2 in by 6 in, laid 
flat. The top of the lower rail is placed about x ft 3 in below the bottom of the 
top rail. The lower rail is generally 2 in by 6 in, nailed to the road sides of the 
posts, which haye-been previously notched to fit same. The posts are of chest- 
nut or of cedar withthe bark shaved off. The rails are planed timber, usually 
pine or spruce. All joints and exposed surfaces are well painted with a light- 
colored paint, white lead often being specified for this purpose. “The first cost 
of wooden guard rails in place is ordinarily between 20 cents and 30 cents per 
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n ft, and the cost of maintenance is trom 5 cents to 6 cents per lin ft per 
ear. - 

Tron Rods‘are used sometimes in place of wooden posts where a guard rail 
needed fot 4 culvert headwall or for a ledge. The top of the rod is forked 
) receive the 4-in square wooden rail. The lower rail is frequently omitted. 


Gas Pipe Railing is also used on headwalls of ctilverts, or on ledge. The pipe 
sed if 1.5 or 2 inches in diameter. The railing is 3 ft 6 in high, and is built 
ith two or three lines of pipe. If two lines are used, they are spaced about 21 in 
jart; if three lines ate used; they are placed about 13 in apart:. The iron posts 
“é spaced generally 8 ft center to center. The pipes are fixt at the bottom by 
ichoring the bases’in the ledge or concrete for a depth of g in; or else the 
ottoms are set in a cast-iron flange which is bolted to the ledge or masonry. 
he cost of gas-pipe railing, erected, is about 75 cents per lin ft. 


Concrete Guard Rails, as described in the 1910 New York State ngnwsy 
ominission Report, corisist of concrete rails set on top of concrete posts: The 
ils are built with an inverted rectangular trough section, and ate 8 ft long 
y 7 inches deep by 9 wide. Each rail is fitted with three cross diaphragms con- 
ecting the sides and top, one being placed at the center and:one.4 in back from 
ich end. The rails ate reinforced with four 34-in square rods, one being placed 
t each corner, and the diaphragms are reinforced with a loop of the same size 
od. The rails are set 3 ft 2 in above the ground on concrete posts, the sides _ 
nd end diaphragms of the rail forming a socket into which the top of the post 

s. The posts ate 6 ft 6 in long and 5 in by 7 in square, and are reinforced 
ith a %-in square rod in each corner. The posts are set 3 ft 6 ih in the groynd: 
he cost of concrete guard rails is estimated to be about 50 cents per lin ft; 
nd the maintenance cost is practically nothing. 


Road Signs. The New York State Highway Commission Standards contain 
tandard designs for a mile post, danger signal, and guide sign: _The mile. post 
; built of concrete, 6 ft long and of triangulat cross-section. The post is.set 
ft6inin the ground. The danger sign is a pine board 20 by 30 imches, attached ~ 
9 a galvanized iton pipe which is set into a concrete base. The sign is inscribed 
ith the word ‘‘Danger”’ in black letters on a large red arrow head. ' Small 
igns designating the highway number are also attached to the same standard: 
ruide Signs are concrete posts 14.5 ft long, tapering from a g-in section at the 
ase to a 6-in section at the top. The posts are set 4 ft into the ground. A 2-in 
yrought iron pipe extends thru the center of the post for practically its entire 
sngth. At a distance of 7 ft above the ground surface the sign boards are 
ttached, two being placed on one face of the post and two on a face at right 
ngles to the other.. The four sign boards are of white pine, 6 in wide and 3 ft ~ 
in long, spaced 2 in apart vertically, and faced with a galvanized sign. 


In Europe there has been considerable discussion as to the telative advantages of one 
langer sign meaning reduce speed arid a number of symibolic signs describing the specific 
anger. The signs generally adopted are four in number; each bearing a different symbol 
lesignating respectively, curves in the road; obstacles along the road; such as ditthes; 
jumps, and bridges; barriers, such as road crossings or railroad crossings when protected $ 
yy barriers, except where such crossings should be classed as dangerous crossings; and 
langerous crossings, such as road crossings or railroad crossings when not protected by 
arriers. ‘The signs are placed from 600 to 800 ft from the point of danger. ‘The signs 
a France ate 27 inches in diameter, the symbol being painted white on a dark blue- 
ackground, 
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PAVEMENTS | 
17. Stone Block Pavements 


Tn the United States, stone block for pavements usually are made from granites 
and sandstones. Limestone and trap blocks are used to a limited extent. | 
Durax, a special type of stone pavement developed in Europe, was first used in 
America in 1913. Square blocks and rectangular blocks of a smaller size 
than is common in this country are also used in some parts of Europe. 

Characteristics. The chief advantage of a stone block pavement is its || 
durability, and its chief defect is its rough and noisy surface. It is adaptable | 
to use on grades up to 15% if the joints are filled with bituminous materials, | 
and on grades up to 10% if cement grouted joints'are used. Some blocks become _ 
slippery from wear. Unless properly constructed and maintained, ‘a block | 
pavement is unsanitary. | 

Cobblestone pavement is now rarely laid except on unimportant streets or 
alleys, or as a substitute until a better pavement can be obtained. © The stone | 
should be hard and durable, from 4 to 6 inches deep, and from 2 to 4 across — 
the head. The stones are laid on end in a bed of loamy sand about 6 in thick. 
The stones are set compactly together so as to break joints as much as possible. | 
The surface is then covered with sand which is swept into the joints, after 
which the stones are tamped with a rammer weighing about 50 Ib. When | 
* there is no further settlement of the stone the surface is covered with a layer of | 

sand about 14 inch deep. A cobblestone pavement, if subjected to a heavy 
traffic, soon gets out of shape and the principal maintenance work consists in 
relaying such portions of the surface. The cost of a cobblestone pavement is 
about 70 cents to go cents per sq yd. One cu yd of sand will be sufficient for 
about 5 sq yd of pavement. : 
Belgian Block pavements were constructed with blocks approximately 6 in 
square on the upper face, with a bottom face smaller than the top, and of variable 
depths. Confusion as to the meaning of the name Belgian block is caused by 
the fact that many rectangular block pavements constructed with trap rock 
are now so named. The method of construction was similar to that described 
for laying cobblestones. A square yard of pavement required about 27 blocks. 
The cost per square yard of pavements was $1.25 to $1.45. t : 
Size of Blocks. Pavements are built usually of blocks having rectangular 
faces. From 1910 to 1918, the depth was reduced from 8 to 5 in in many locali- 
ties, thus saving in the cost of the blocks. The blocks should be drest so as - 
to be rectangular on the faces, having parallel sides and ends, with right angle 
corners. Some specifications do not allow bunches or depressions on a face 
exceeding 4% in. If the faces are not free from bulges and hollows, it is im- 
possible to get close and even joints in laying the blocks. Blocks are from 5 
to 8 inches deep, 3 to 4% wide, and from 8 to 12 long. The 1918 Report of the 
‘Am. Soc. of Mun. Imps, states that the blocks shall be so drest that the joints 
shall not exceed 14 in in width at the top and for 1 in downward and not more 
“than r in in width at any other part of the joint. ‘ 
Laying the Blocks. The subgrade should be rolled hard with a 10-ton roller, 
and should be shaped with the same crown as the finished surface. The concrete 
foundation is then laid as described in Art.11. The thickness of the foundation 
is variable, depending upon the traffic conditions, 6 inch being an average value. 
After the concrete has set, it is covered with a layer of sand 2 to 214 inches deep. 
which forms a cushion for the blocks to rest on and allows for any variation 
in the depths of the blocks. The blocks are placed by hand as closely together 
as possible, usually in straight parallel courses with the long dimensions per- 
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pendicular to the curbs. The blocks in one row should break joints with the 
blocks in another row, by at least 3 in. At street intersections, in order to prevent 
the traffic. of the cross streets from traveling parallel to the long joints and thus 
forming grooves, the blocks are laid with their long dimensions parallel to one 
or both of the diagonals of the square formed by the intersecting streets. The 
work of laying the blocks is started from the curb lines at either side and pro-" 
gresses toward the center of the street. The crown of a stone block pavement is 
usually parabolic in shape, and the amount of crown can be obtained from 
formula (see Art. 9). The blocks may be laid to the desired crown by the use 
of strings, cross-section stakes or a board template. After placing the blocks 
to the proper lines, they are thoroly tamped with a tamper weighing from 60 
to 70 Ib until no further settlement occurs. The blocks should all lie perpen- 
dicular to the sand bed. If any blocks settle more than others, they should 
be taken out and relaid. The joints should be filled with a suitable material. 


Sand Filler. A filler of sand works out of the top of the joint and leaves 
the edge of the block exposed so that it soon wears off, thus making a rough 
pavement. When a’sand filler is used, the sand is sometimes spread on the 
pavement and swept into the joints before ramming is commenced. After 
ramming, more sand is added to completely fill the joints. 


Tar-Gravel Filler. The theory of a tar and gravel joint is that the gravel 
will keep the blocks in place and the tar compound will fill the voids in the gravel, 
thus rendering the joint waterproof. It is not possible, however, in practise to 
uniformly attain this ideal condition, since the gravel will pack in some joints 
or the tar compound will cool in pouring and thus not enter the joints. The 
gravel should be of such a size that it will all pass a’ sieve of 14-in mesh and be 
retained on a 4-in mesh. A 34-in joint is necessary for this type of filler. The 
gravel should be heated and swept into the joints until they are filled to within 
3 in ofthe top. By using a small iron rod or stick the gravel can be poked down 
well into the joints. Enough bituminous material is poured to fill the joints 
to the top of the gravel. The joints are then filled to the top with gravel and 
poured again with the bituminous material until entirely filled. 


Bituminous Fillers are used as joint fillers without previously filling the 
joints with gravel, but it is necessary in this case, if successful results are ta 
be expected, that the blocks be so drest that very narrow joints can be ob- 
tained, Mixtures of sand and asphalt or tar also are used for fillers. 

Cement Grout composed of one part of Portland cement and one part of 
clean sand is also used as a filler. The blocks are laid with thin joints and 
poured with grout. Traffic should be kept off the pavement for a period of 
seven days, or until the cement has set up, otherwise good results will not ensue. 
This type of filler makes a smooth and durable pavement. The surface, however, 
-will be more slippery than where the other types of fillers are used. Repair 
work will also be more costly, since in removing the blocks more will be broken 
due to the bond furnished by the cement. 

The Maintenance of a stone block pavement, if properly constructed, is 
practically nothing for the first few years. The life of a granite block pavement 
constructed on a concrete foundation and with joints well maintained varies 
from 20 to go years. 

The Number of Blocks used per square yard will depend upon the size of the 
block and the width of the joints. Using the ordinary-sized blocks laid with 
¥-in joints, the number per square yard will vary from 25 to 32. 

The Cost of a granite block pavement laid on a concrete base with a bitu- 
minous or cement grout filler varies from $2.25 to $3.75 per sq yd, the average 
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price being about $3.50 per sq yd. When a sand filler is used the cost varies 
from about $1.50 to $3.00 per sq. yd. pane : 


Character and Cost of Stone Block Pavements in 1916 in Several Cities 
From Engineering and Contracting, April 4, 1927 : 


Concrete 
. Foundation 
¥ Price* | Guar- : 
S Kind of 
Gity Wale | Pet, [antes | titer 

Sod. | Wears Thick- |} Propor- . 

ness, In tions . 
Malden, Mass.... - 9 800 | $3.17 5 Cement Grout 6 cr cose 
Springfield, Mass ..| 9 041 BT) tes oP tai Pitch 5 Lt ge Sie 
Providence, R.1I...| 16.067 SPIN fal done Cement Grout 6 pay he; 
Albany, N.Y..... 32 391-| 3-21 5 gi seas 6 z 3 g2eG 
Little Falls, N. Y.. 669 3-751 5 Pitch 'y 1:24:58 
Bayonne, N. J..... 4340 3.90 I Cement Grout 6 tigate es 
Baltimore, Md....| 28 418 3.60 5 fy os 6 I gail 
Dayton, O... 5... 10 975 3.59 5 os iG 6 T 1 3 ee 
Appleton, Wis..... 1 880 Brpaswal teresa sts “ vs 5 eric ae 
Duluth, Minn..... 2 666 2.30T 5 sf ee 6 4 18g7 17216 
Louisville, Ky..... 24754 3.48t 5 Ss sf 6 133.56 

* Price covers pavement, foundation, and grading. + Does not include grading. 


Recut Granite Block Pavements on s-in concrete foundations cost, according to 
Howell, in one case in Newark, $1.82 per sq yd, and in the Bronx, N. Y., from 1909 to 
1914 an average of $1.72 per sq yd. 

Kleinpflaster is tised very extensively in Germany both for city streets and highways 
subjected to'a heavy motor-car traffic. The blocks are so cut that when laid they form 
circular or parabolic arcs. The blocks are roughly 214 by 214 by 234 in. They are laid 
on a foundation of gravel, macadam or concrete with a cushion coat cf sand and gravel, 
and with joints filled with sand or gravel or in some cases a cement grout. This type 
of pavement has given satisfactory service for nine years on automobile roads leading 
into Berlin. A kleinpflaster pavement ona gravel base costs from $1.06 to $1.48 per sq'yd; 
constructed on a’to-jn'to’r2-in stone layer the cost in one instance was $1.90. 


Durax, which isa small stone pavement used in England, is a modification of klein- 
pflaster. The small stones vary in size, according to the traffic to be taken. They are 
laid on a mastic cushion 14 in thick of bituminous material mixt with sand on a founda- 
tion of broken stone or concrete. The joints between the blocks of the wearing surface are 
filled with bituminous cement. Finally a coat of shingle gravel is spread over the surface. 


18. Brick Pavements 


Vitrified Bricks are now almost universally used in the construction of this 
type of pavement. Both represt and wire-cut-lug brick are used. The com- 
mon size ofa paving brick varies from about 244 by 4 by 8 in to 34 by 4 by 
834 in. 


"The dimensions of brick given in the 1918 Specifications of the Am. Soc. of Mun. Imps. 
are as follows: “The standard size of block shall be 314 inches wide, 4 inches deep, and 
814 inches long. They shall not vary from these dimensions to exceed 14 inch in width 

_and depth, and not more than 14 inch in length. If the edges of the brick are rounded, 
the radius shall not exceed 3/is in. Only brick with four raised lugs on one side not to 
exceed 14 inch nor less than 1% inch in height shall be used.” , 7 


Characteristics. A brick pavement is durable, easy to clean, offers light 
resistance to traction, is good from the standpoint of non-slipperiness and is 
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‘non-productive of dust. This type of pavement, however, whe constructed 
with a cement grout filler is sometimes objectionable from noise. _ 


_ Laying the Bricks. Broken stone and sand foundations have been used 
under brick pavements in some cases with good results, but for even medium 
‘commercial traffic a 4-in to 6-in conerete foundation should be built (see Art. 11), 
‘Generally the cost of brick would not justify its use on any but a concrete 
foundation. The subgrade should be well compacted with a roller. The con- 
crete foundation should conform to the same crown as the finished surface. 


Sand cushion. The concrete is covered with a 2-in sand cushion, which i is care- 
fully smoothed off with a board template and rolled with a hand-roller so as to be © 
parallel to the finished surface. For details of construction of template see r9rr 
Standard Specifications for Brick Pavements of thé Am. Soc. Mun. Imps. 
The bricks are laid on this cushion with their longest dimensions perpendicular 
to the curbs and so that the end joints are broken by at least 3 in, the work 
progressing from the sides to the center of the street. At street intersections 
the bricks are laid in a manner similar to that in stone block pavements. Care 
should be taken in laying the ‘bricks not to disturb the sand cushion. This 
may be accomplished by requiring the men to stand on the bricks as they are 
laid. The bricks are laid to the required crown by the aid of strings, stakes, or 

board templates. A formula for the amount of crown as given in Art. 9. 


Sand-cement Mortar Bed. In this method, the concrete is covered with a 
mixture of one part cement-and four parts sand which is smoothed by a template 
and rolled to a depth of r in. The brick are laid as described above, but this 
method presupposes the use of a cement grout filler. 

Green Concrete Foundation. In this type of construction, the concrete, 
as soon as deposited, is roughly surfaced. A thin coating of a mixture of one 
part cement to three parts sand is then spread by means of a double metal tem- 
plate, which first smooths the concrete and then a °/;¢-in bed of the mortar. 
Upon this bed the brick are laid in the usual manner. 


Expansion Joints. ‘To allow for expansion of the pavement, in cases where 
cement grout filler i is used, it is common practise to insert a board, 1 or more 
inches thick, between the curb and the pavement during construction, and after 
the pavement is otherwise completed to remove the board and fill the space 
left with a bituminous cement. The thickness of this cushion depends upon the 
width of the street, but it should never be less than 1 in. Some specifications 
provide for a transverse expansion joint, constructed in a similar manner, ata 
distance of evéry 25 to so ft along the street. In others, however, this require- - 
ment is omitted. 


Rolling. After the bricks are laid the surface should be swept and then be 
rolled with a roller, weighing from 3 to 5 short tons, in a longitudinal direction, 
starting from the curb at either side and working up.to the center of the roadway. 
After this is accomplished the surface should be rolled transversely in both 
directions at 45 degrees to the curb lines. It may be necessary to tamp by hand 
some parts of the pavement which are inaccessible to the roller. 

_ Joint Fillers. The joints between the bricks are filled with sand, with Port- 
land cement grout, or with a bituminous material. In places where the traffic 
is very light, sand has been successfully used, but as a general rule it will not 
make a desirable filler. 

A Cement Grout Filler is made of 1 : 1 mixture of Portland cement or 
clean sand, which is mixt in boxes. This mixture is spread on the payement 
and brushed into the joints. After a distance of from 45 to 60 ft has been 
covered in this manner, the same area is regrouted by the same gang in a similar 
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manner with two parts Portland cement to one of sand. The consistency of 
the grout is about that of thin cream. The pavement should be sprinkled both 
before and after tne grout is applied. While the initial set is taking place, the 
surface should be sprinkled and all surplus mixture should be swept into the 
joints, filling them flush with the top of the brick. After the grout has hardened 
a 14-in layer of sand is spread over the pavement, and if the weather is very 
hot, it should be dampened by occasional sprinkling. Traffic should not be 
allowed on the pavement for at least ten days. 


A Bituminous Filler is composed of a tar compound, an asphalt, or a mixture. 


of the two. In applying a bituminous filler, the joints are poured until they 
are filled to the top of the brick, after which, while the filler is’still soft, the 
surface is covered with a layer of sand. The use of a bituminous filler usually will 
result in a less noisy pavement than one in which the joints have been filled 
with a cement grout. A bituminous filler will also take up the expansion of the 
brick to a great extent. The use of a bituminous filler makes the brick pave- 
ment practically impervious. 

Cost Data. In the following table are given, for several localities thruout 
America, 1916 prices of brick pavements constructed with various types of 
fillers and different thicknesses of sand cushions and cement concrete foundations. 


Character and Cost of Brick Pavements in 1916 in Several Cities 
From Engineering and Contracting, April 4, 1917 


Concrete ' 
; Sand Foundation 
Price® |Guar- Kind Cushion 
» City Bou per |antee, of Thick- 
Sq Yd | Yrs Filler ness, | Thick- P 
Inches | ness topos 
2 tions 
Inches 
Elmira, N. Y....- 14 400 |$2.31 5 Pitch 1% 50 |b3 2475 
Altoona, Pa...... 60 350| 2.19 5 |Cement Grout) 1 B'Av, has See 
Baltimore, Md... .| 15 736 2.25t| 5 a I 6 Fahgre 
Columbus, O....-. 124 000] 1.77t 5 ih 1% 6 1:344:7 
Urbana, O.....-. 8141 | 2.0% 5 Mastic 1% 6 ae 
Chicago, Ill...... 50000] 2.12 5 |Cement Grout) 2 6 ie Fg Oe 
Ann Arbor, Mich.| 11 600 2.06f | 5 cs I 6 |r:2475 
La Crosse, Wis...| 3521} 2-20 re Asphalt 2 ge 0 2S 
St, Paul, Minn.. .| 10049] 2.68 = Ne 1% 8\) |z sahil 
Dubuaue, Ia..... 39 000} 2.05 ASt ES 1% $y tea eee 
Topeka, Kans....] 34 000 Ree AR Lane ud 2 5 |t asaiens 
York, Nebr.....- 26 0co| 2.02 5 & 1% 4 {Ee eses 5\- 
Louisville, Ky....| 59758} 2 8rt | 5 |Cement Grout 1% 6 4 mise has 
Vicksburg, Miss...| 19 269 2.00 | 5 a 1% ac ins ies 
lige ee 
* Price covers pavement, foundation, and grading. + Does not include grading. 


Maintenance. The maintenance of this type of pavement consists mainly of rectifying : 


any low spots which appear in the surface, due to defective bricks or to insufficient» 
foundation. The maintenance clause of 1918 Specifications of the Am. Soc. of Mun, 
Imps. is as follows: “The period of guaranty shall be five years. During the period of 
guaranty, whenever the surface of a vitrified brick pavement becomes uneven, holding 
water 4 in or more in depth jn a distance of 4 ft or less, or when the pavement has settled 
over trenches existing previous to the completion of the pavement, then the brick shall 
be taken up and relaid to proper crown and grade. Any brick which may be found soft, 
unsound, broken or disintegrated, and all portions of the pavement which may have 
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become rough by reason of the chipping or breaking of the edges of the brick, so as to” 
_ produce joints exceeding 14 inch at a point 4 inch below the surface of the brick, shall be 
removed, and properly replaced with sound material.” 
Material Data. The number of bricks required per square yard will vary 
from about 40 to 65, depending upon the size of brick and the width of joints. 
| The amount of filler will also vary with these factors. 


19. Wood Block Pavements 


“Size and Kind of Blocks. Wood block pavement has been employed ern 
increasing frequency in certain cities of this country. Rectangular blocks 
treated by some preservative process are universally employed. The com- 
monest sizes of blocks are 5 to 1o inches long, 3 to 4 wide, and 3% to 4 deep, 
Variations of 1/1¢ and 14 inch in the depth and width of the blocks respectively 
are allowed after the particular size has been determined upon. Southern yellow 
pine, Norway pine, black gum, and tamarack are the woods in most common 
use in this country. 

Preservative. The 1918 Specifications of.the Am. Soc. of Mun. Imps. state 
that the amount per cu ft shall not be less than 16 lb of water free oil at the 
completion of treatment. 

Characteristics. A wood block pavement properly built is durable and 
noiseless. It furnishes a smooth surface which can be easily cleaned, but which, 
when damp, offers a very poor foothold for horses. 

Laying the Blocks. The subgrade should be thoroly compacted with a heavy 
roller, On this surface a cement concrete foundation should be built as described 
in Art. 11. The depth of the concrete varies with the traffic conditions, 6 in 

- being common. The surface of the foundation should be finished parallel to 
the final surface of the pavement. The amount of crown may be determined 
by the formula as given in Art. 9. > A cushion of either sand or cement mortar 
is spread upon the concrete foundation and struck with a template so as to be 
parallel to the finished surface. The sand cushion is usually 1 inch thick. A 
I :3 mixture of Portland cement and sand, spread to a depth of ¥% to 1 inch, 
is specified for the mortar cushion. The concrete foundation should be sprinkled- 
with water before the mortar bed is laid. The blocks are placed upon the 
cushion with the fiber of the wood vertical and in courses which are straight 
lines, in most cases at right angles to the curb, but in some instances at an angle 
of from 45 to 65 degrees with the curb line. The joints are overlapped by at 
least one-third of the block length, and the blocks are so laid that the joints will 
not be more than 14 inch wide. An expansion joint, about 1 in wide, and filled 
with bituminous material, should be provided next to the curbs, and it is some- 
times specified that one or two rows of blocks, depending upon the width of 
street, be laid next to the curb with the longest dimensions parallel to the curb. 
Sometimes transverse joints are required every too ft. After the blocks are 
placed in position, the surface should be rolled with a light steam roller. Care 
should be taken, if a mortar cushion is used, to finish the rolling before the 
mortar has set. . f 

Joint Fillers. The joints are filled with either sand, bituminous material, 
or cement grout. After the joints have been filled, a 14-in layer of fine sand 
is spread over the whole surface, left for a time, and then removed. 

The 1918 Specifications of the Am. Soc. of Mun. Imps. state that: ‘‘The joints between 
the blocks shall be filled with either a pitch or asphalt filler. The filler shall be brought 
to the proper temperature and poured into the joints, and any filler on the surface of 

_ the pavement must be spread as thin as possible by means of squeegees.” 

Bituminous materials used as fillers are coal-tar pitch, asphalt, or specially prepared 
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‘materials. A bituminous filler tends to make the pavement more waterproof, and also 
provides for expansion to some éxtent, but it is liable to bleed. oe Bist 

A cement grout filler is composed of equal parts of portland cement and sand. It is 
of such'a consistency that it will readily flow, and should be swept into the joints until 
they are completely filled. The pavement must be kept closed to traffic for at least seven 

_days in order to give the cement time to set. Very few pavements ate laid with grout 
filler. 

Maintenance. The preservative fluid will in some cases ooze from the blocks 
and be very objectionable. The cause of this ‘‘ bleeding ” has been attributed 
to the adulteration of the creosote oil used as the preservative with coal-tar 
pitch; the expansive effect of heat on the blocks; and use of too much pre- 
servative fluid per cubic foot. These places in a pavement may be remedies 
by spreading sand over them or by scraping off from time to time the material 
that has exuded, The maintenance of wood block pavements, outside of taking 
care of the “ bleeding,” consists essentially in periodically sanding to prevent 
_slipperiness, removing any decayed blocks, and in making minor repairs, such as 
raising low spots or fixing places where the blocks have-bulged up. In France 
and England the experiment is being tried of coating the wood pavements 
with a bituminous surface. The life of some wood pavements in France has 
been prolonged by taking’ up blocks after several years’ service and sending them 
to the municipal plant, where the tops are sawed off so that the blocks are 
again of uniform depth. These blocks are then laid with the original bottom 
surface as the wearing surface. i 

Cost. The average cost of wood block pavements in 1916 in several American cities 
in the New England and North Atlantic States was about $3.25 per sq. yd. These pave- 
ments were laid on a concrete foundation and constructed with bituminous or sand 
fillers. The average price of the same type of pavement in the South Atlantic, North 
Central, Northwestern, and Southwestern States was about $2.75 per sq yd. 


Character and Cost of Wood Block Pavements in 1916 in Several Cities 
From Engineering and Contracting, April 4, 1917 


Concrete . 
Price® | Guar- ead Foundations 
City "| Square per antee, Filler 
Yards | Sq Yd | Years x ; 
Thick- | Propor- 
ness, In tions 
Brookline, Mass...| 307 $3.23 5 Sand 5 rep geese 
Cambridge, Mass. . 979 | 4.20 : Cement Grout 5 Ti2wis 
Middletown, N. Y.| 6 200 2.85 -Sand 5 ri2gs§ 
| Dayton, O...-.:-- 29 227 | 2.9% Bituminous 6 nage 6 
Fort Wayne, Ind...| 7 492 2.00f. Sand 5 T3,.4y ole 
West Allis, Wis....] 15800 | 2.35t iti 6 Tg ae 
Rochester, Minn...) 19293 | 2.24 Pitch 5 Fables 
“| St. Paul, Minn. ...| 110 304 2.74 iy 5 Vig. ws 
Dubuaue, Ia...... goo00 | 2.50 I _Asphalt 5 Tha) 2 ei 
Minot, N.D.....-. 25 028 2.89t 5 Pitch 5 T¥3. 6 
Chattanooga, Tenn.| 22800] 2. sot 5 Asphalt 6 £25 908 
Dallas, Tex:...--+ 30 887 |. 3.10 5 Asphalt 6 2398, 
* Price covers pavement, foundation, and grading. ¢ Does not include grading, 


20. Sheet Asphalt and Asphalt Block Pavements 


Characteristics... Sheet asphalt is waterproof and ideal from the standpoint 
of traction, ease of cleaning, and healthfulness. It is non-productive of dust 
Noiselesshess and cotifort of use rank fair. Foothold, however, is poor in we 


it. 20 Sheet Asphalt and Asphalt Block Pavements 168% 


eather, and while asphalt has been used on steep grades, it is not adapted to 
ver 3.5% gtades. In cases where illuminating gas has come in contact with it 
chemical action has taken place, resulting in a spongy surface. It is repaired 
ithout difficulty, as an effective bond can be secured between old and new 


ork. Asphalt blocks do not require skilled labor to lay. Many asphalt 


locks are chipped off at the edges. 


Foundation. It is essential that the foundation for sheet asphalt should be 

rm and unyielding as the weight of traffic must be carried by it. Usually, there- 
rea I: 2:5 to 1:3 :6 cement concrete is used, being 4 to 6 inches in thick- 
ess, depending upon the amount of traffic and subsoil conditions. Concrete 
1ust be thoroly set before the binder course is laid. Bituminous concrete has 
een used in a number of instances, in which cases the binder course is not 
eeded, but this foundation is not advised, since the bond between it and the 
earing surface is so firm that the latter can only be removed with difficulty 
hen repairs are necessary and, furthermore, the foundation is not sufficient in 
1ost instances where sheet asphalt is economically employed. A 4-in to 6-in 
1acadam coated with asphalt-or coal tar has been used, and also ordinary 
iacadam, depressions being filled with a mixture of stone and asphalt. This 
ractise should nof be followed. > 


Binder. Upon this foundation the binder course is laid 1 to 14 inches deep 


fter rolling, about 40% being allowed for compression. This coat is usually’ 


omposed of broken stone, sand and asphalt cement, or broken stone and asphalt 
sment. Material is brought on at 200 degrees.to 325 degrees fahr in covered 
ump carts, deposited, and smoothed down with hot shovels and rakes, taking 
ire not to displace the stone aggregate, and then compacted with a 5-ton to 
-ton tandem roller. 


Specifications for binder stone recommended in 1918 by the Am. Soc. of Mun. Imps. 
low: “This shall be clean, hard, broken stone, free from any particles that have been 
eathered, or are soft. If the stone does not contain the proper amount of material 
assing the one-half (14) inch screen, the deficiency may be made up by the addition of 
‘avel or sand. Ninety-five (95) percent of the binder aggregate shall pass a screen 
aving circular openings whose diameter shall be three-quarters (84) the thickness of the 
inder course to be laid. The remaining five (5) percent shall not exceed in their small- 
st dimension the thickness of the binder course to be laid. The binder aggregate shall 
2 so graded from coarse to fine as to have the following mesh composition (sieves to be 
sed in the order named): 2 


assing to mesh RARE OPa BT 33 be eayeesT§ t0 38% | 1 
assing 24 in circular bpeniie and retained Total passing 14 in, 35 to 85% 
pc LP TEE Cpe Ne li idl el 20 to 50% 


he above limits as to mesh composition are intended to provide for such permissible 
ariations as may be rendered necessary by the available sources of supply and the 
iaracter of the work to be done.” 


Wearing Surface. The aggregate consists of a finely graded sand and a fine 
ller, such as stone dust or Portland cement. The wearing surface, consisting of 
1€ aggregate and the asphalt cement, is usually laid 114 to 2 inches deep. The 


mount of bitumen used varies from 9 to 13% and the filler from 6 to 12%. Itis . 


rought on at 280 degrees to 325 degrees fahr, dumped and spread on the. binder 
irface, and then tamped around all manholes, gutters, and curbs, and rolled 
ith a tandem roller weighing 5 to ro short tons. ‘A continued rolling is very 
sential, as a constant kneading action is necessary for a well compacted surface. 
bout 200 sq yd per hr should be rolled. Special care must be taken along 
reet-car rails to secure thoro compaction. Usually one to three courses of stone 
lock or brick are laid next the rail. Eighteen to 24 in adjoining the curb are 
ten painted with hot asphalt cement to secure imperviousness to water. 


* 
* 
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The 1918 Specifications of the Am. Soc. Mun. Imps. covering the manufacture of the 
surface mixture state that: ‘‘The sand and the asphalt cement shall be heated separately 
to such a temperature as will give, after mixing, a surface mixture of the proper tem- 
perature for the materials employed. The sand when used must be at a temperature 
between 275 degrees and 375 degrees fahr. The asphalt cement when used must be ata 
temperature between 250 degrees and 400 degrees fahr. The various ingredients shall be 
brought together and mixt for at least one minute in a suitable apparatus until a homoe 
geneous mixture is produced in which all the particles are thoroly coated with asphalt 
cement. The weights of all materials entering into the composition of the wearing 
surface shall be verified in the presence of inspectors.” 


Asphalt Cement. Satisfactory asphalt cements, as shown by service tests, 


have been made from California, Mexican and Texas asphaltic oils, gilsonite 
and asphaltic oil, and “‘ Bermudez » and “ Trinidad ” refined asphalts. 

Sand and Filler. The following description of sand and filler may be con- 
sidered typical for the materials of a wearing course to be subjected to medium 
trattic. The sand should be clean, hard grained, and moderately sharp. The 
product used should show the following mesh composition:. 


Passing 200 mesh sieve,....--se+++erreeereeeserert oto 5% 
or too ‘‘ and retained on 200 mesh sieve ....- 14 ‘' 25% } 25 to 35% 
“a Bo fe oe ae ae too “e CS Me enc 6 “é 21% 
4“é fo ae oe oe “ae 80 ae ae iby I ce ° 
“ - “ ‘6 go Crem a Sues } 40 to 50% 
ae 30 “ce “ce oe oe 40 “se “ce ane Bie 20% 
ae 20 “ee ee cai ae 30 6h a a 5 ce 15% 20 to 30% 
“e 10 oe “ce oe “e 20 ae carl See 2 ce 15% i 


' 

The 1918 Specifications of the Am. Soc. Mun. Imps. covering filler are as follows: 

“This shall be thoroly dry limestone dust or dust from other equally satisfactory stone or 

portland cement, the whole of which shall pass a 30-mesh per lin in sieve and at least 

66% of which shall pass a 200-mesh. per lin in sieve. The surface mixture shall contain 

from 6 to 20%; of this filler, depending upon the kind of sand and asphalt used, and the 
traffic conditions upon the street or streets to be paved.” 


Inspection. A. W. Dow recommends that the plant laboratory should be 
equipped with a set of standard sieves, 10, 20, 30, 40, 50, 80, 100, and 200 mesh; 
sand scales, a stiff brush for cleaning the sieves, preferably a small one with 
good stiff bristles; a sand sampler; four screens for testing binder stone, 1-in, 
Yin, \%4-in, and }-in screens; thermometers for use with the penetration 
test and for testing temperature of the paving materials; one penetration 
machine; a dishpan or other receptacle for holding water at the standard 
temperature, in which to immerse the asphalt cement samples for testing; 
two trowels, one 4-inch and the other 6; a 4-in wall brush; a pancake turner 
for sampling paving mixture while in the mixer; two wooden paddles; pads of 
unglazed manila paper, 9 by 12 inches is a convenient size; two iron pails and 
a gas or oil stove, as the conditions may permit. 


Maintenance. Failures of sheet asphalt are usually due either to defective 
foundation, dirt on the binder, too soft asphalt in binder, frost, gas, kerosene 
or oil, fires, poor construction generally, or lack of traffic to compact. The usual 
method of repairing sheet asphalt is to cut away the surface for a short distance 
about the affected spot and then strip it up from the foundation. The edges 
are cut down square, and after being painted with asphalt cement, a new binder 
and surface mixture are laid’as in new construction. E 3 

Asphalt Block Pavements. Compressed asphalt blocks usually have- been 
made of graded trap rock screenings, passing a 14-in screen, mineral dust and 
asphalt cement. Good blocks also have been made using copper conglomerate, 

_ and for medium traffic, hard limestone has been used as a substitute for trap 


-| Duluth, Minn..... 


Art. 20 


rock. The most satisfactory mineral dust, used as a filler, is uniformly pulver- 
ized limestone. Portland cement has been used, but it is no beiter than lime- 
stone, and costs more. The blocks usually contain from 6.5 to 8% of bitumen. _ 


Shape and Size of Blocks. 


Well-made asphalt blocks are uniform in composition, 
texture and shape; have parallel faces; straight, unchipped and unrounded edges, and 
unbroken corners; and are not warped or otherwise deformed. The usual dimensions 
of the face of the block subjected to traffic.are 5 by 12 in. 
manufactured in three thicknesses, 2, 214 and 3 in. 


4 in in length and } in in width and depth from specified dimensions. 


Method of Laying. 


Asphalt block pavements should be laid on a strong foundation, 
usually of cement-concrete at least 5 to 6 in in thickness, and, in cases of the heaviest 
On cement-con- 


traffic which this type of pavement can carry, 8 or 10 in in thickness. 


crete foundations, the blocks are laid on a 14-in fresh 1 : 4 cement mortar bed. The 
blocks should be laid with close joints on grades as high as 6%. After being laid, the 
‘blocks should be covered with a thin layer of dry, clean, fine, sharp sand, which should 


Character and Cost of Sheet Asphalt Pavements in 1916 in Several Cities 


From Engineering and Contracting, April 4, 1917 


City 


New Haven, Conn, 
Providence, R. I... 
Bayonne, N. J..... 
Harrisburg, Pa... . 
Baltimore, Md... . 
Columbus, O...... 
Logansport, Ind. .. 


| Louisville, Ky... .. 
Denver, Colo,..... 
Oakland, Cal...... 
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The blocks are generally 
Blocks should not vary more than 


; Concrete 
x Weat- | Binder Foundation 
Price* | Guar- | ™8 | Course 
Square per antee, Course Thick- 
Yards | Sq Yd | Years Thick- ness, | Thick- 
ness, | Inches | ness, prober 
Inches Inches tions 
5 460 | $1.84 5 1} 1% 6 Missy ate 
28 009 1.85 5 1% 1% 6 seca BE 
46 480 1.80 10 14 1% 5 Peek tS, 
IO 233 2.00 5 2 I 6 Pesc3 oes 
398 873 | 1.45T 5 14 1g 5 alt a See 
115 964 2.02f 5 2 I 6 123345 
44.518 | 1.95 5 1% | x Se ted eames 
2I 507 2.227 5 2 I 6 Sess 
47747 | 1.74 5 2 I Gi aaa 
63 000 1.85 5 2 1% 5 rng 
526784 4k SOt lyas ce 1% 2 6 <3) cae 


* Price covers pavement, foundation, and preparation of subgrade. 
t Does not include preparation of subgrade. 


Character and Cost of Asphalt Block Pavements in 1914 in Several Cities 


From Engineering and Contracting, April 7, 1915 


City 


| Jamestown, N. Y................ 
Toledo, OFF... 0. 5. 


Windsor, Ont... 


| Regina, Sask........ ecm il 33 


Concrete 
Price* Guar- Foundation 
Square rice” | antee, 
Yards Psi d Years: ; 
4 Thick-| Propor- 
ness, In tions 
9.4237 $2.35T Pr ee 5 ri2uis5 
2.00f 5 5 1:34%4:6 
2.751 5 6 byt sy 
3.00 Is 5 TG 


* Price covers pavement, foundation, and shaping subgrade, 


{ Does not include shaping subgrade. 


An DAUunranangn 
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be thoroly swept into the joints, and the surplus left upon the surface for at least 30 days. 
On grades above 6%, 34- or 14-in joints filled with portland cement have been used, 
After the grout has partially set, the joints are raked out to a depth of about }gin. On 
roadways subjected to heavy motor traflic, anchor blocks should be used. *- $ 
Cost. The cost of sheet asphalt pavements in 1916, in a number of American cities, 
averaged $1.90 per sq yd, not including grading. The cost of asphalt block pavements 
averaged $2.40 per sq yd. ¢ . 


21. Bituminous Concrete Pavements 


In 1866 the first bituminous concrete pavement was laid in the United States. 
Since 1910 there has been a géneral recognition of the value of the many differ 
ent types of bituminous concrete pavements for tisé on roads and streets. 
The mixing method has not been used as much as the penetration method in the 
construction of bituminous pavements composed of one product of broken stone 
‘on account of the cost of mixing and the fear on the part of public officials and 
engineers of litigation. ‘The introduction of efficient, low-priced mixing machines 
and the court decisions of test cases have overcome these drawbacks to such an 
extent that on account of its inherent advantages the use of this method will 
tapidly gain favor. The characteristics of bituminous concrete pavements are 
somewhat similar to those of bituminous macadam pavements. Bituminous 
concrete pavements are, however, more durable than bituminous macadam 
pavements, : 


Classification. Bituminous concrete pavements differ principally in the 


character of the mineral aggregate and the bituminous material of which the 


surface is composed. They generally may be grouped in three classes. 

Class A. A bituminous concrete pavement having a mineral aggregate 
composed of one product of a crushing or screening plant. 

Class B. A bituminous concrete pavement having a mineral aggregate com- 
‘posed of a certain number of parts by weight or volume of one product of a 
crushing or screening plant, and a certain number of parts by weight or volume 
of sand, broken stone screenings or similar material, with or without a filler. 

Class C. A bituminous concrete pavement having a predetermined mechanic- 
ally graded aggregate composed of broken stone, broken slag, gravel or shell, 
with or without sand, portland cement, fine inert material or combinations 
thereof. = ; , 

Foundations. For all classes of bituminous concrete pavements, foundations 
of gravel, broken stone or slag, old macadam, bituminous macadam and con- 
crete, old brick and stone-block pavements; and cement-concrete have been used. 
The foundation should be strong enough to carry the traffic to which the pave~ 
ment is to be subjected. Many failures have occurred due to laying bituminous 
concrete pavements on weak foundations. 

Mixing Plants. A plant for hand mixing of unheated aggregate with hot 
bituminous cement consists of a mixing platform, three or four heating kettles, 
long-handled shovels, long-handled dippers, and small tools. Unheated broken 
stone has been mixed with tars or heavy asphaltic oils in the ordinary type of 
concrete mixer. Asphalt cements of low penetration at normal temperatures 
cannot be miixed with unheated aggregates by hand mixing or in this type of 
plant, as it is generally impracticable to coat the unheated broken stone with the 
hot asphalt cement. é é 

Cemént-concrete mixers with heating devices are used to some extent. There 
are several different types of this class of mixing plants in current use. In one 
type, the heat, in the form of hot air, is passed into the mixer by nieans of a large 
iron pipe, which runs from the fire-box to the outlet end of the mixer. A second 


* 
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ype consists of a cylindrical mixer mounted on a four-wheeled trick; heat is 
btained from a hot-air jacket entirely surrounding the cylinder except on the 
ids, and by means of a kerosene torch inserted within the drum. In a third 
ype, hot air obtained by the combustion of oil in air is used to heat the mineral 
geregate in the mixing chamber; after the aggregate is heated, the bituminous 
ment is added. A fourth method of utilizing concrete mixers is to use a rotary 
rier, as a part of the plant, for drying the aggregate. 5 


In a complete plant for the manufacture of bituminous concrete, the aggregate 
carried by bucket-elevators to rotary driers; where it is dried and the dust 
chausted; from the drier the aggregate is raised by-elevators to storage bins 
- to screens from which the aggregate, in several sizes, falls into storage bins; 
hen required the aggregate is drawn from the bins to a weighing device, and 
om there deposited into'a mixer. Such plants are also equipped with bitumin- 
1s cement heating tanks and weighing buckets. . Plants, especially designed for 
ie manufacture of sheet-asphalt binder and surface mixtures, have been used 
» a limited extent. 

Aggregate of Wearing Surface. The thickness of the wearing surface varies 
om 13% to 3 in after rolling in all the classes enumerated. The mineral aggre- 
ute of class “ A” is composed of broken stone, of which a size varying from 14 
» 114 inches in the longest dimensions represents average practise. The 1918 
pecifications of the Am. Soc. of Mun. Imps. describe an aggregate typical of 
ass “‘ A” as follows: “‘ Broken stone for the mineral aggregate of the wearing 
yurse shall consist of one product of a stone crushing and screening plant. It 
all conform to the following mechanical analysis, using laboratory screens 
uving circular openings: All of the broken stone shall pass a one and one- 
aarter (114) inch screen; not more than ten (10) percent nor less than one 
) percent shall be retained upon a one (x) inch screen; not more than ten 
) percent nor less than three (3) percent shall pass a one-quarter (14) inch 
reen,” In Washington, D; C., bituminous concrete pavements of class 
B” have been constructed in accordance with the following specifications 
yvering the mineral aggregate. ‘‘ The paving material shall be composed of 
usht trap rock screenings, concrete sand, and mineral dust in the following 
oportions: Trap-rock screenings, two parts; concrete sand, one part, and 
ineral dust; at least 5 percent of the above aggregate; mixt with asphaltic 
ment.’ The trap-rock screenings referred to above varied in size from 1 inch 
. screenings and were devoid of dust. A graded aggregate of class ‘‘ C,” 
10wn as the ‘‘ Topeka ” grading and which nas been used in the construction 
pavements in many parts of America, is given below. It has been mutually 
reed that the construction of a pavement with this aggregate as specified is 
>t an infringement of the Warren Brothers’ Pat No. 727505. 


BSCE FLOM 514% cae weediois sevuord lays vis oom mare 9 fats of ito 12% 

Mineral aggregate passing 200-mesh sieve. pac : to 11 G 
fs) A ecwe Spear ye! 

ve . yy te ey pees 25 to 33% 

rf a ee Yalta ct eee 8 to 22% 


‘ ‘ “ e “ 
‘ ‘ 2 


. less than 16% 


As the Bitulithic pavement has a predetermined ‘gtatled aggregate, it belongs 
class “a (es ” 

The Bitiiminous Cements which have beén used successfiilly include asphalt 
id tar cements, anid cements which are combinations of refined tas and 
phalts. All types are used in the construction of Class A pavements. Usually 
phalt cements are used for pavements of Classes B and C. The amount of 
tumen in bituminous concrete mixtures varies as follows: Class-A pave- 
ents, from 5 to 8% by weight; Class B, 6 to9%; Class C, 7 to 11%, 
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Laying. In cases where neither curbs, gutters nor edgings are used, thoroly 
compacted shoulders are constructed. To serve as definite boundaries and te 
prevent the bituminous concrete from being forced out over the shoulders dur- 
ing rolling, 2-in planks may be placed on the shoulders at the edges of the 
roadway and allowed to remain until after the seal coat is applied. 


After the bituminous concrete has been deposited on the foundation course, 
it should be uniformly spread by raking to a depth such that when compacted 
the wearing course will have the desired thickness, which is usually 2 in. For 
stiff bituminous concrete mixtures, heated shovels should be used for depositing 
the mix on the foundation course and hot rakes for spreading the bituminous 
concrete. Care should be taken to see thai shovels and rakes are not overheated, 
as otherwise the mix may be burnt. Usually the back of the rakes should be 
used to spread the mix uniformly. If the tines are used for this purpose, the 
larger stones of the mix may be segregated in the surface of the wearing course. 


After being uniformly distributed, the bituminous concrete is rolled while 
it is still warm and pliable. The rolling should begin at the edges and work 
towards the center. Rolling should continue, without interruption, until all 
roller marks disappear and the surface shows no further compressibility. Any 
- places which the roller cannot effectively compress should be compacted with hot 
iron tampers. Excellent results can be secured by the use of tandem rollers, 
weighing between 1o and 12 tons and having a compression under the rear 
roller of from 259 to 350 lb per lin in of-roll. Equally good results have been 
obtained by using a 5 to 8-ton tandem roller to shape up the wearing course, 
and a 12-ton three-wheeled roller for the thoro compaction of the bituminout 
concrete. In order to prevent ashes from dropping onto the bituminous con- 
~ crete, each roller should be provided with an ash pan. ‘ 


Seal Coat. After the wearing course has been rolled sufficiently so that the 
wheels of the roller do not make any creases, a coat of bituminous cement i: 
applied to the surface. The seal coat should not be applied unless the surface 
is clean and absolutely dry. From % to 1 gal per sq yd of bituminous cement 
should be used, the requisite amount varying directly with the openness of the 
compacted bituminous concrete surface and the kind of bituminous cement used 
Usually, a seal coat is not used on Topeka pavements. The best method of con: 
structing a uniformly distributed seal coat is to use a hand-drawn gravity 
distributor or a hand-drawn pressure distributor. As soon after the applica. 
tion of the bituminous cement as possible, a thin layer of dry, clean chips shoul 
be uniformly spread over the coat of bituminous cement, the total amount oO 
chips being preferably distributed in two applications. 


The Maintenance of bituminous concrete pavements consists in coverings 
with bituminous material all spots where the broken stone is exposed on the 
surface. Places which disintegrate should be cut out and refilled with eithe 
a mixt aggregate or by building the hole up with successive layers of aggregate 
and bituminous material, the former method giving the best results. At 
varied intervals it is economy to renew the bituminous surface on the pave 
ment, using from 0.1 to 0.45 gal per sq yd. It will be found that the patro 
system of maintenance will do much toward prolonging the life of the pave 
ment at a small expense. , 


The Cost of Bituminous Concrete Pavements varies with the kind and quantity 
of bituminous material used, the character of the aggregate, and the method of construc- 
tion employed. Using an aggregate of stone varying from 14 to 1}4 inches in longest 
dimensions, mixt with 1.5 gal of bituminous material per sq yd and with a flush coat 
of 0.75 gal per sq yd, the cost would be about 30 to 50 cents in excess of ordinary macadam. 
The cost of pavements with mixt aggregate varies from $1 to $2.50 per sq yd, inclodins 
foundation and light grading. 
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22. Bituminous Macadam Pavements 


aterials. The bituminous materials used in the construction of bituminous 
ments built by penetration methods are: asphalts, heavy asphaltic oils, 
-d water-gas tars, refined coal tars, combinations of refined tars, and 
inations of refined tars with certain kinds of asphalts. Broken stone, 
1, sand, shell, and slag have been used as the road metal. The char- 
istics of bituminous pavements constructed by penetration methods are 
ur to those noted for bituminous concrete pavements. The penetration 
od has come into popular use in constructing country roads and resi- 
-' streets due to low first cost, and the large yardage which can be con- 
ted per day. 

nstruction. In the construction of bituminous macadam pavements it is 
sd to secure, (1) a stable wearing course consisting of broken stone or similar 
rial thoroly rolled so that it will be well compacted and keyed together and 
the several sizes of material uniformly distributed, and (2) a uniform dis- 
tion and penetration of the bituminous material within the upper 1% to 3 
the crust. Several methods of construction have been devised with a view 
seting the above prerequisites. The pavement is generally built in 2 or 3 
es, the foundation course or courses being from 4 to 8 in thick after rolling, 
he top course from 2 to 3 in after rolling. 

sthod A. When the metaling in the upper course consists of a naturally 
d aggregate with sufficient smaller sized product to practically fill the 
in the larger, say crusher-run stone from 114 to 1% inch in longest dimen- 
it is not necessary to further fill the voids by the application of a finer 
ict before applying the bituminous material. An analysis of the type of 
er-run stone referred to follows: 


Passing 14-in screen 


“ce Y¥-in 
“e edie 
“ tin ‘ 
K; “cc iyein <* 


the upper course is laid the bituminous material is applied, either before or 

the surface is rolled, some favoring the former method because of .the 
er depth of penetration secured. If the rolling is postponed until after 
pplication of the bituminous material, the wheels of the roller will have 
wet or oiled to avoid picking up the surface. When the upper course is 
| preceding the second application of the bituminous material, a coat of 
ral matter is spread over the surface before rolling. In certain cases this 
od is also followed where the upper course is not rolled preceding the 
cation of the bituminous material. The necessity of a seal coat or a second’ 
cation of a bituminous material is determined by the traffic conditions; 
irface should be given a seal coat if it is to be subjected to a heavy combined 
-drawn vehicle and motor-car traffic: The material used for the seal coat 
ne cases has a less penetration and a higher melting point than that used 
e first application. Certain asphalts and combinations of asphalts and 
.d tars, penetration 25° C., 55-75, have been used with success for this 
se. 


ethod B. In case the metaling of the upper course is a uniform product 
out x or 14 inches in size, it is deposited in a layer of the required thick- 
on the foundation course-and lightly rolled. The bituminous material is 
applied in an amount from 114 to 2 gal per sq yd and screened stone chips 
t 3 inch in size are spread on the surface and thoroly rolled. The surface 
<t broomed with stiff brooms, removing all excess. chips, and another coat 
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of bituminous material, of 14 to 1 gal per sq yd, is applied, covered with a layer ; 


of stone chips and'rolled. This method is also used with metal of the upper 
course varying from 114 to 24 in, in which case te jn stone is used in place 
of the 34-in chips. 

Method C. In some farms of construction the voids in the foundation 


course are filled to a certain extent with sand or small-sized broken stone. After — 


rolling, the excess sand or broken stone is broomed off, and the upper course 


of metaling spread and lightly rolled. Coarse sand, gravel, or stone chips are: 


then spread and broomed until the voids of the metaling are filled to within 
about 1 in of the top of the surface. The bituminous material is then applied, 
using about 114 gal per sq yd; this coat is covered with a layer of sand, gravel, 
or screened stone chips and thoroly rolled. This method is often used when the 
material composing the upper surface is of a large and uniform size. Asa rule 
a second application of bituminous material is not made in this method. 


Method D. Another method used, when the metaling of the top course is 
of a large and uniform size, is to place a layer of-sand, 34 in thick, on the bottom 
course, the voids of which have been filled. The bituminous material is then 
distributed’ on this layer, using about 1 gal per sq yd. The upper: course of 
metaling is immediately placed on the mastic and rolled. Continued rolling 
forces the material of the upper course down and draws the bituminqus mastic 
up into the voids. Another coat of bituminous material of a-lower penetration, 
using about 134 gal to the sq yd, is then applied to the surface of the upper 
course. A layer of 34-in stone, 14 to 34 inch thick, is spread over this and 
rolling continued. The work may stop here, or may be carried on a step further 
by brooming off the excess 3-in stone, afterward applying another coat of 
bituminous material, 14 gal per sq yd, adding a layer of screened stone chips 
and rolling the same. The Gladwell system, which originated in England, is 
essentially the same in principle except that a course of screened stone chips 
mixt with bituminous material is substituted for the sand layer and: its coat of 
bituminous material. 

Method E. A bituminous macadam pavement called Pitchmae by the 
inventor J. A. Brodie, City Engineer of Liverpool, has been used to a consider- 


able extent in England and has been adopted as a standard type by the Road | ; 
Board of England. It is constructed on a foundation of stone. The wearing |} 


course of broken stone varies.from 2 to 414 in in depth, dependent upon traffic 
conditions. If the wearing course is from 2 to 3 in in thickness, it is constructed 
in one layer, and if from’4 to 424 in in two layers. The single layer and, in the 
case of two layers, the upper layer is composed of broken stone ranging in size 
from 114 to 214 in. After thoro rolling the bituminous material is applied to 
‘the single layer or to each of the layers of the two-layer wearing course. The 
bituminous compound used in England consists of hot sand mixt with tar pitch. 
From 14 to 2 gal per sq yd'are used for the one-layer wearing course and from 
3% to 314 gal for two layers. To assist in completely filling the voids, chips 
varying in size from % to $4 in are applied during the rolling of the bituminous 
grouted layer. This type of pavement has been used to a limited extent in 
Massachusetts. : : 


Method F. In order to secure uniform sizes of road metal in the course upon 


which is to be applied the first application of bituminous binder, i in some cases 


recourse has been had to harrowing. After harrowing, the course is shaped and - 


thoroly compacted before the bituminous material is applied. With the lime- 
stones commonly used in Illinois, this method has produced satisfactory results 
when suitable asphalt or tar cements have been properly used in accordance with 
the specifications of the Illinois State Highway Dept. : 
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Method G. In some cases, when heavy asphaltic oil has been used for the 
ituminous cement, the following. method has been employed. Upon a course 
f broken stone, prior to rolling, about 14 gal per sq yd of asphaltic oil is distrib- 
ted. The course is then harrowed, after which the second application of about 
4 gal persqydismade. The course is next thoroly rolled during which screen- 
ags are spread. In some cases, the pavement is finished by a third application 
f 44 gal per sq yd of oil, screened and rolled. In other cases, the third treat- 
ient is followed by a fourth using from 4 to 4 gal per sq yd: 


The Maintenance of bituminous macadam pavements consists in covering 
pots with mineral matter where either an uneven distribution or an. uneven 
enetration has caused an excess of bituminous material to exude on the surface. 
therwise the maintenance is similar to that recommended in Art. 21. 


Cost. The cost of bituminous pavements built by petettation methods 
aries largely with the amount and kind of bituminous material and road metal 
sed, and the method of construction employed. An average cost, using a 
jtal of 2 to 234 gal of bituminous material per sq yd, varies from 25 to 40 
sts per sq yd in excess of the cost of ordinary macadam. 


Bituminous Macadam Pavement Cost Data by Ill. Highway Commission. 
ength, 1500 ft; area, 3500 sq yd; thickness, 3 in; labor, 25 cents per hour; teams, 
> cents per hour; average haul, 4 mile; bituminous binder, 2.54 gal per sq yd; con- 
ructed, Sept. 29 to Nov. 25, 1915. 


Cost or LaBor AND MATERIALS 


Pet 

5 : sq yd 
Superintendence and inspection...............5 taatces BO.O7F 
Cost of stone and gravel,...........0.ecee eens Sats tot, 0.430 
Wostiof sand and Chips: ccc... iues ces eevceeceroresess, O20 
Cost of bituminous binder.,.........., a fea O:277 
Hauling stone, gravel and chips bf Jzs 0.210 

Spreading stone and scréenings....... ates ore OLOSO a 

“LOL ae yeotinapedaeenen ia peicaetapadtanhAsenitony 0.039 
Heating and applying bituminous binder............... 0.060 
MEI MEMtaEXPENSG,y oo Auisscs res hoattenic(cede sleet se cate 0.019 
Potalicgst sac siee4 Graeaudry eadbu dion dude rosgaak Ges 


Bittiminous Macadam Pavement Constructed with Pouring Cans, Alexandria, 
a. Cost data compiled by E. C. Dunn, City Engineer. ‘The cost for an average square 
id exclusive of grading was $1.01 in 1915 and $1.135 in 1916, the difference being due 
increased cost of material in 1916. The details of the average cost per square yard 
ity were as follows: 


x ConcrETE BASE ; 
Materials: Cents Cents 


UHEENORATS. FA's Riel. RN re Lek. ole vis tis sine sedotie o Hab ae 4 
Sand delivered 165 Ib at WG centies sane t me aii 33,25 
Cinders, on cars, 1/7 cu yd at 16% cents....... 3 


Cement, on cars, 1/199 bbl at $1.47 j : 

ERCRUEROEC «fice crawta aie Sa Shooter Oe see spindle Rate tee 28.05 
Labor: 

On concrete and placing 50 Ib stone 

Teams.:.... He Hex V APD. wd cite Se ang P 

PORTO a Ciirsie kisi « chihis hue rein a eieus> ese itn s Le uOs5Q 1. 37,50 


_ Total cost of concrete base..........-...0005 hos 45.55 
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- Tor Wearinc SurFACE 
Material: 
Stone, 350 lb trap on cars at 0.69 cent. 
Asphalt, 24 gal on cars at 8.4 cents ......... 


47-95 


20.00 


Total cost of top wearing surface....... Cis isle oma tae 67.95 
Total cost per square yard $1.135. 
Wages: Foreman, 25 cents per hour;: laborers, 17 to 18 cents; carts, 30 cents, and 
double teams, 40 cents per hour; haul, 0.95 mile, average. Work done by day labor, 
City Engineer’s wages not included.” 


Bituminous Gravel Pavements. The use of gravel in the construction of 
bituminous pavements by penetration methods has been usually limited to those 
localities where broken stone costs more than gravel. It is self-evident that it 
is impracticable to secure the same keying effect with gravel as can generally 
be obtained with _broken stone. 


The method of construction and the conclusions relative thereto, as contained in 
the following abstracts of a statement by P: E. Green, ar2 typical of the practice of 
many engineers who have used gravel in this class of work. ‘It was specified that the 
gravel, as spread on the street, should be of a size that would pass a ring of 2 in diameter 
and be held on a ring of % in diameter. . After a small yardage has been spread under 
these specifications, it was found that there was no lock at all between the stones, and 
that when filled with the bituminous cement but little strength was secured. This yardage 
was taken up and the gravel afterwards used was still further screened so as to eliminate 
practically all pebbles below 34 in in size. After the surface had been rolled to the 
satisfaction of the inspector, 114 gal per sq yd of Texaco asphalt was poured over the 
pavement, and, immediately behind the asphalt, pea-size gravel was lightly spread over 
the surface, and the whole rolled again. This was then covered with 14 to 34 gal per 
sq yd of asphalt cement, and over this second coat of cement was spreid coarse sand, 
and the whole again rolled. On account of the fact that so much care had to be taken 


with the gravel used, and that it all had to be screened after being received in order to 


eliminate small pebbles which prevented the locking together of individual stones, it 
would probably have been cheaper to have purchased crushed limestone in the first place. 
Some conclusions may be drawn as to this method of construction. ‘They are as follows: 
_ Gravel can be made to lock and bond only after a great deal of labor and trouble are 

taken with it. It would probably be economical to pay twice as much for crusht 
stone as for gravel to get equal results.” 


: 23. Concrete Pavements 


Characteristics. A concrete pavemént furnishes a smooth surface, is easy 
to clean, and is not productive of much dust. It is somewhat noisy, and is 
more slippery than a broken stone road but less slippery than a sheet-asphalt 
pavement. Its resistance to traction is low. Cracks may be easily repaired 
but depressions and disintegrated spots are difficult to repair satisfactorily 
without cutting away the concrete. A worn out cement-concrete pavement 


sometimes may be used economically as a foundation for a wearing course of 


some other kind of paving material. 

Foundation. Concrete pavements should only be laid on a well-compacted 
and well-drained subgrade. If the subgrade is of clay or other heavy soil, it 
should be replaced with clinker, broken stone, cinders, gravel, or some other 
suitable material. This surface should be flat or parallel to the finished surface 
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of the pavement and should be thoroly rolled with a heavy roller. Prior to the 
deposition of the concrete, the subgrade should be thoroly wet, otherwise the 
subgrade will absorb water from the concrete. - 

Ingredients and Proportioning. The materials used for the fine aggregate 
of a cement-concrete pavement are generally sand or stone screenings, and for 
the course aggregate either broken stone or gravel. The broken stone employed 
should be obtained by crushing hard, tough rock. Preferably the stone should be 
composed of naturally graded sizes and free from dust or dirt. What has been 
said relative to broken stone applies as well to gravel, since a screened gravel with 
the fine material eliminated allows a more accurate determination of the cor- 
rect proportions. The sand used should be clean, sharp, and coarse, free from 
loam, clay, and vegetable or organic matter. The cement shoild be a first- 
class portland cement that will meet the standard specifications of the American 
Society for Testing Materials. Care should be taken to use clean water, since 
water which contains any alkalies or acids will be detrimental to the concrete. 
The proportions which ‘are used in connection with the construction of concrete 
foundations are not rich enough in either cement or mortar to make satisfactory 
concrete which is to be subjected to the abrasive and impact forces of traffic. 
The proportions used for the best class of one-course cement-concrete pavements 
are about one cement, one and one-half or two fine aggregate, and three coarse 
aggregate. For two-course pavements, the base may have the proportions 
1:24:4 andthe top, 1.:1:1. 


Construction. In plain cement-concrete pavements constructed by the 
mixing method, the concrete is deposited in one or two layers. Usually the 
average transverse slope does not exceed 4 in per ft. The thickness varies 
from 5 to 10 in, dependent on traffic requirements and other local conditions. 
More attention should be paid to obtaining a smooth and regular surface in 
constructing cement-concrete pavements than is usually accorded concrete 
foundations. The use of templates to strike the surface of the concrete, and of 
bridges, which span the concrete surface, thus enabling the laborers to work 
over the surface without standing on it, should be insisted upon. The surface 
may be finished by the use of wood floats, belts or light rollers. It is also impor- 
tant to protect the surface from too rapid drying out while the concrete is 
curing, otherwise shrinkage cracks are liable to occur. This is accomplished 
sometimes by covering the pavement as soon as it has takentits initial set with 
a canvas which is kept moist for a few hours. The canvas is then removed and 
the surface is covered with layer of sand or earth, which is kept thoroly moist 
for a period of two weeks. 


Expansion Joints. ° Transverse joints always should be provided. There 
will be more or less contraction and expansion of the concrete due to changes 
of temperature, variation in the moisture content of concrete, and variation in 
the condition and character of the subgrade. If expansion joints are not present, 
when the concrete contracts, the tensile strength of the concrete will be exceeded 
and the pavement will crack; when it expands it will tend to crush, spall, or 
bulge. The edges of the joints must be protected from the abrasive action of the 
traffic, and it is obvious that the joints should be filled with a material that 
will allow some movement between the joints as the pavement expands 
and contracts. The width of the transverse joints depends upon the distance 
between them. It is considered better practice to construct narrow joints at ~ 
short intervals apart rather than wide ones far apart. Transverse joints are 
placed from 15 to so ft apart, 30 ft being an average distance. If curbs are 
used, longitudinal joints should be constructed adjacent thereto. The width 
of the longitudinal joints will depend somewhat upon the width of the pave- 
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ment. They are usually made from 14 to 114 in wide and are filled with a 
bituminous filler or a patented expansion joint is employed. bs 


“Reinforced Pavements. Reinforced cement-concrete pavements are usually 
constructed by the two-course method. The reinforcement usually consist: 
of woven wire or expanded metal, altho a mesh work of small round bars is some: 
times used, and generally is placed between the base and the wearing course 
At the ‘1916 National Conference on Concrete Road Building, a committee re- 
ported that “it is only recently that reinforcement has been used to any great 
extent, and the interval is too short for the accumulation of the data necessary 
to standardized practice.” 


The Cost of Concrete Pavements varies from $1 to $2 per sq yd, depending upor 
the location of the work and the amount and character of the materials employed, at 
approximate average price for a 6-in pavement being $1.35. 


24. Sidewalks, Curbs and Gutters 


Width and Slope. In business districts sidewalks usually extend from 
property line to curb, but in residential districts it is common to find a gras 
plot or row of trees placed between the footway and the curb, while on rura 
highways the walk is entirely omitted or restricted to a narrow foot-worn patl 
at the side of the road. The widths of sidewalks from property line to curb vary 
from 4 to 6 ft in residential sections; 8 to 20 ft in business districts. The usua 
width for each sidewalk is from one-fifth to one-sixth of the total width betweer 
property lines. The-transverse slope of the sidewalk varies from % to 4 it 
per ft, depending upon the kind of material with which the surface is constructed 


Concrete sidewalks usually have a 6-in well-compacted foundation of broker 
stone, gravel, or cinders. The total thickness of concrete is 3 to 5 in, and it i 
composed of a 1:2:4 or a1: 2!14:5 mix. The upper inch, howeyer, is < 
wearing coat composed of 1: 1 or 1: 1.5 mixture of cement and 14-in sand o: 
stone. The concrete is laid in sections which form slabs 4 to 8 ft long, the 
wearirig course being placed on the lower concrete before the latter has set up 
The joints which mark off the slabs in many cases extend thru the entire dept! 
of concrete, thus providing for expansion and contraction. The wearing surface 
is finished off smooth by troweling and later, if desired, may be marked witl 
a grooving or perforating tool. 


For Brick Sidewalks concrete may be used as a foundation, but a gooc 
stone, sand, or gravel bed is most common. The bricks are laid either diagonally 
or perpendicularly to the center line of the sidewalk. The joints are filled witt 
sand, and a light coat of sand is spread over the surface upon completion. ‘Phe 
latter, however, is ultimately removed by the action of traffic or otherwise. 


~ Flags of Blue Sandstone or Granite are laid on a 3-in to 4-in foundatior 
of sand or-other suitable material, the joints being filled generally with a cement 
mortar. In Paris the granite slabs are 6 inches in thickness, bedded in thé con- 
crete. Flag stones are usually 2 to 3 inches in thickness. 


Cinders are laid 6 inches deep and are then flooded and tamped. Thes« 
sidewalks are apt to be dusty. 

Gravel walks are laid 3 to 4 inches thick on a good subsoil. Where the soi 
is poor it is excavated and the space refilled with crusht stone, clinker, o1 
screened gravel of large size. The total depth may be as much as 8 in, the 
wearing course being 0.25 to 0.5 inch of fine grayel or torpedo sand. 


Tar Concrete sidewalks are built on a coarse gravel foundation, the stones 
being not more than 2 inches in greatest diameter, which is thoroly coated with 
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a hot coal tar before it is laid. On top of this course is laid the binding course 
composed of gravel, not exceeding 1 inch in its greatest diameter, mixt with a _ 
hot coal tar in an amount of x gal to 1 cu ft of gravel. These two courses are 
tamped and rolled until no further movement of the stone takes place, and are 
laid so that the total thickness after rolling shall not be less than 214 in. The 
wearing surface is composed of a mixture of sand and coal tar, 75% sand and 
25% tar, and is laid on top of the binding course and rolled 3 in so that the finished 
depth will be 84 in at all points. 

Asphalt Mastic sidewalks are constructed in France as follows: a mixture 
of natural rock asphalt, Trinidad asphalt and asphaltic oil is laid to a thick- 
ness of about 1 in on a cement concrete base about 4 in thick, the top of which 
has been treated with a layer of cement mortar 14 to 1 inch in thickness. A 
sprinkling of gravel is spread over the surface while the asphalt is still warm. 


The Costs of various forms of sidewalk construction follow: cement con- 
crete, including excavation and a cinder or gravel foundation, varies from 
about 80 cents to $1.50 per sq yd; brick on a sand and gravel bed, 70 cents 
per sq yd, Middle States, and $1.10 per sq yd, New England States, including 
excavation and sand or gravel bed; flagstone, from $1.75 to $3.00 PEE sq yd; 
tar concrete approximately 60 cents per sq yd. , 


Stone Curbs are usually composed of granite, blue stone, limestone, or sand- 
stone. They are 4 to 12 in wide, 8 to 24 in deep, and 3 to 8 ft long. The top 
and front faces are drest, the latter being given a slight batter to keep wheels 
away from the top edge. The ends are square drest, and the curbs are so 
laid that the ends come about 1% in apart. Curb stones are most commonly 
laid on a well compacted sand base. 


Concrete Curbs are common, laid usually “ in situ” on a sand base. They 
should be separated from the sidewalk by an expansion joint. Several types of 
combination concrete curbs and gutters are on the market, practically all of © 
which are laid ‘‘ in situ ” and some of which are reinforced. 


The Cost of Curbing is as follows: granite, $x per lin ft, including cost of setting; 
concrete curb 8 in wide by 24 in deep, approximately 60 cents per lin ft, including cost of 
laying. 

Gutters are from 11% to 6 ft wide, some having the same fall as the roadway, with the 
lowest point next to the curb, and others having the lowest point at the center, thus form- 
ing a trough section. In‘the latter case the depth at the center will vary from 4 tog in. 
Cobblestones, as commonly used, are laid on a 6-in to ro-in bed of sand or gravel. These 
stones are 3 to 8 in in their longest dimensions, and are laid on a sand or gravel bed with 
broken joints. The joints are filled with sand, after which the surface is rammed and 
covered with a thin sand layer, Gutters are also constructed of brick and stone block. 
Tn brick, stone block, and asphalt pavements, the gutters are formed in most cases by 
extending the pavement to the curb. ‘The cost of cobblestone gutters is approximately 
75 cents per sq yd. 


25. Street Cleaning and Snow Removal 


Formation of Dust. The formation of a large part of street dust is due to the 
deposition of dirt adhering to the wheels of vehicles coming from adjacent earth, _ 
gravel, or macadam streets, the leakage of the contents of loaded vehicles both 
in transit and while loading and unloading, the excrements of animals, and the 
abrasive action of traffic. Other sources of street dust are mineral matter. 
applied to the surface of streets, the decay of leaves, bark, twigs, and other 
vegetable matter, dust from manufacturing concerns, and soot and ashes from 
une a.: It is always a public nuisance. Under traffic ‘it forms heavy clouds 
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to such an extent as to obscure the traveled way; when wet it forms a mud 
which renders footing dangerous to both man and beast, and may cause skidding 
of wheels. | 

Methods which have been found applicable to various types of roads and 
pavements in urban districts are as follows: Earth, gravel, and broken stone 
roadways are cleaned by gangs or patrolmen with push brooms or by horse- 
drawn or motor-driven rotary sweepers. “Bituminous surfaces, and good brick, 
bituminous and wood block pavements are cleaned of coarse dirt by gangs or 
patrolmen during the day and by hose flushing and squeegeeing or by rotary 
scrubbers during the night. Brick, in poor condition, and stone block pave- 
ments are cleaned ‘during the day by gangs or patrolmen and during the night 
with: rotary brushes and hand or machine flushing methods. In connection 
with all the methods, the dirt is forced to the gutters and is usually removed by 
gangs with wagons following the machines. 


_ Hand Cleaning is done either by gangs or patrols. In the first-named 
method, the pavement is cleaned at frequent intervals, while in the latter case 
each patrolman has a certain definite area to clean every day, his equipment 
consisting of a push-scraper, push-broom, shovel, and usually some type of can- 
carrier to collect the refuse in. The material is collected in cans or bags and 
placed to one side, or is swept into heaps at the side of the street to await the 
arrival of wagons which’ cart the refuse to the public dumping-ground. In 
almost every city of size in Europe may be found a patrol system well organized 
and highly efficient, but in this country the poor supervision and general indiffer- 
ence given to the matter are usually responsible for the lax and shiftless systems 
encountered in so many of our smaller cities. Hand sweeping is entirely con- 
fined to the day time. 3 

Horse Sweepers are employed in many cases, the work being done generally 
at night. Such sweeping should always be preceded by sprinkling to ensure 
the laying of dust. There are numerous combined sweepers and sprinklers, 

both horse-drawn and motor-propelled, in use in Europe. This treatment alone 
is excellent on streets subject to light traffic, but on the heavier-traveled thoro- 
fares should be supplemented by hand sweeping during the day. A pavement 
in good repair is essential for best results with a mechanical sweeper. For 
cleaning asphalt pavements a sprinkler combined with a rotary scrubber is 
employed with good results. . The scrubber is a cylinder fitted with a series of 
rubber blades. 

Hose Flushing is employed to a considerable extent in Europe, and is used 
to some extent in this country. The material is carried in suspension to the 
sewer thru the nearest catch-basin. This treatment is particularly efficient in 
removing all fine dirt, but it necessitates the preliminary removal of all coarse 
material, which might in time clog the ordinary sewer-pipe. Flushing is accom- 
plished by applying a stream of water’to the surface with a broad, sweeping 
motion. In addition, the pavement is scrubbed with rubber squeegees. 

Motor-Truck Flushing Machines. There are various types of flushing 
machines used on sheet and block pavements which throw the water in broad 
fan-shaped sprays over the surface, thus washing the dirt into the gutters. 


Snow Removal in Urban Districts. Wm. H. Connell describes and ~ 


classifies the common methods as follow: (1) Plowing the snow to the side or 
‘center of the street by means of automobile or horse-drawn plows, after which it 
is piled and then loaded into vehicles and hauled to dumps, which may be sewer 
manholes or rivers and in some cases open lots. This general method of disposal 
should start when the snow begins to fall and plows should be kept continuously 
at work during and after the storm until all of the snow is removed from the 


: 
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streets. (2) Panning (supplementa! method), which consists of pushing the 
snow into the sewer manholes by means of a specially constructed form of scraper, 
usually constructed of iron, which may be likened to a very large snow shovel. 

. (3) Flushing the snow into sewer inlets or manholes (supplemental method). 

| This is done by means of a hose or by running power flushing machines up and 
down the streets and forcing the snow to the gutter, following with a gang of 
men brooming the melted snow into the sewer inlets. 

Highways Outside Urban Districts.. Conclusions from 1919 Report of Committee, 
Am. Road Builders’ Assn. “On main traveled roads snow must be removed to the 
road surface and for the full width. Methods: (xz) Prevent the excessive accumulation 
of snow wherever possible by the use of snow fences and the removal of the natural 
causes of these accumulations. (2) Wherever speed is essential and enough equipment 
can be provided to keep ahead of the storm, plows attached to the front of motor trucks 
have proved the most efficient method of removing snow. These must be supplemented 
by local assistance wherever drifts and excessive accumulations cannot be prevented, 
and wherever snow must actually be moved away. (3) Wherever speed is not so essential 
and the depth of snow fall is not too great, road machines and plows drawn by horses 
or tractors are satisfactory. (4) Wherever the fall is great, the snow may be tolled in 
the outlying districts, and must be removed from the roadway in thickly settled sections, 
where hand methods are the only satisfactory solution.” 
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26. Crushing Plants 


A complete crushing plant for road-building purposes consists of a boiler, engine, 
crusher, elevator, screen, and storage bin. 

The Crushers are of two distinct types: namely, the gyratory and the j jaw 

crushers. Both types of crushers have some means of regulating the openings 
so that, by using the proper opening together with appropriate crushing plates, 
almost any size of crusht product can be obtained. The size of the crusht prod- ~ 
uct is limited by the smallest opening between the crusher plates at the outlet 
end of the crusher. The gyratory crusher is a more recent invention than the 
jaw crusher. That the gyratory crusher produces a more uniform product 
and is a more durable machine are the main advantages claimed for it over the 
jaw crusher. With the same horse power this type of crusher will generally 
produce a larger output. 

The type and size of crusher to be used depends upon the nature of the rock to be 
crusht, the size of the product desired; and whether or not the plant is to be permanent 
or portable. The output of any crusher will depend to a large extent upon the plant 
arrangement. This latter consideration should be given serious study. , It will be found 
that the smaller the stone is crusht, the less will be the output of a crusher, since just 
so much more work must be done in crushing the stone. 


The Gyratory Crusher is extensively used for permanent plants. Its great 
weight and height have not made it generally adaptable to portable plants, 
altho it is sometimes made for this purpose. A description of portable gyratory 
crushers is given as follows: 


Dimensions of each receiving opening in inches...... 7 by 32 8 by 35 to by 4o 
Capacity in short’ tons per hour............. ..I0 to 20 20 to 40 30 to 60 
Diameter of ring in inches...............+ og meee} 2 2.5 
Horse power required...............-.20 ..15 to 20 18 to 25 22 to 30 
Weight of mounted crusher in pounds 12 000 16 000 18 000 
Approximate price on wheels. ............22..0+: $x250 $1600 $1800 


Tn the following are given data of gyratory crushers adaptable for permanent 
plants: 
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4 ; i 
1696 a iMachinerys> SS. . ; Sect. 13 


Dimensions of receiving openings in } 


TACRES wade veri states bake 8 by 30 io by 38 12 by 44 14 by 52 
Capacity in short tons per hour....... 15 to 40 30 to 70 «50 to go. 80 to 120 
Diameter of ring in inches............ .5 to;3 1.75 tO 3.5 2 £0,\3-5 02. qmtOum 
Horse power required............0-- 14 to 21 22 to 30 «628 to 45 50 to 75 
Weight of crusher in pounds.......... 20 900 3I 200 45 500 64 800 
Approximate pricé.........5....:50- $1400 $1700 $2300 $3000 


Jaw Crushers are largely used for portable crushers. They are placed on a 
framework which is supported by four wheels. They are designated by the 
size of the jaw openings at the top. The size of 8 by 16 is very commonly used. 
The following shows the weights and capacities of séveral typical sizes: 


DIZE OF OPEWIHES AN TDCHES: os: +c «iais-c:e.sie.alecsiery 4elalese 9 by 18 1o by 22 
Capacity in short tons per hour I2 to 20 16 to 25 


Jaws set to, in inches 2 2 
Horse power required Sate 15 25 
Weight of crusher in pounds...... acoF tert 9600 I3 500 
Approximate price on wheels...........--.-.0005 $900 $1400 


The crushers may be run by gasoline engines or by steam engines, the latter being - 
perhaps more common. The steam eigine is generally mounted upon a horizontal boiler, 
which is in turn placed on wheels so tkat it can be easily transported from place to place. 
This last type of engine and boiler is made in sizes capable of developing from 4 tq 50 
‘h p and costs about $30 per h p. Gasoline engines, which develop from ro to 25h p, 
cost from $40 to $50 per h p. 

Elevators and Scieens. The stone as it comes from the crusher is carried 
by means of a bucket elevator to the revolving screen, which is fixt over the bin. | 
In portable plants the arrangement of the elevator, the screen,,and the bins ‘ 
is such that they can be readily dismantled for transportation purposes. The 
elevators and screens are made in standard sizes, the lengths depending upon the 
size of the crusher and bin. Unless, the elevator is to be housed in, the buckets 
should be fixt to a chain drive, rather than fixt to a revolving belt, from the 
standpoint of durability. The prices of screens and elevators with gears and 
skids. depend upon the length and size. A 1o-ft screen with gears and skids 
will cost from $200 to $300. A 16-ft elevator will cost about $300. 


The Portable Bins are generally made with three compartments. These 
bins are made in sizes varying in capacity from 13 to so short tons. In some 
of the more modern types of portable bins, provision is made so that the bin 
can be raised to a height which will allow teams to pass beneath the unloading 
chutes. An average price for this type of portable bin is approximately $10 
per short ton capacity. ; 


Small Tools. The prices of small tools are as follows: No 2 hand shovels, $6.00 to 
$9.00 per dozen; No 2 hoes, 4 by 114 in, $4.00 per dozen; “railroad picks, $6.00 per 
dozen; pick handles, $3.25 per dozen; ‘1o-tine stone forks, $17 per dozen; 4-tine stone 
hooks, $9 per dozen; 2-man 12-tooth rakes, $26.50 per dozen; crowbars, 5 cents per lb; 
stone hammers and sledges, 8.5 cents per lb. 


27. Rollers and Scarifiers 


Rollers. Two types are manufactured, 3-wheel and tandem rollers. The 
common size of the 3-wheel rollers varies in weight from 10 to 18 short tons. 
while the tandem rollers vary from 2.5 to 12 short tons. The 3-wheel roller is 
used to a great extent in ordinary macadam construction, the heaviest size 
being used in the construction of roads where the stone is either very large 
or of an extremely hard nature, such as trap rock, The tandem rollers have 
been mostly used in the construction of sheet-asphalt, bituminous conctete, 
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brick and wood block pavéments. Bothtypes of rollers in this country are com: 
tmhonly run by steam, altho there are some makes which aré run by gasoline 
engine. Rollers in Europe equipped with this latter power have been found 
to bé particularly advantageous, since the roller can be made more compact; 
no time is lost in waiting to get up steam; the rollers are less noisy; they are 
smokeless; and capable of much more rapid movement; and they are found 
to be particularly useful in repairing patches and on maintenance work. Within 
the past few years the use of the heaviest types of rollers in constructing bitu- 
Hiiinous coricreté pavements has been found detrimental: A 12-ton roller has 
sufficient weight to do all the work required. The tandem rollers will in the 
future without doubt be more largely used on this type of work. Siiccessful 
construction does not require the heavy weight so miich as it does a steady 
rolling, which gradually brings the different particles of stone together in juxta- 
position without actually crushing them. The rear wheels of all 3-wheel rollers 
are provided with holes in which spikes may be inserted for picking up the 
road. These spikes, however, do not accomplish the same work as a good type 
of scarifier. 


Cost. Three-wheel rollers varying from 10 to 15 short tons in weight cost from $2500 
to $3500 fob at the factory, Tandem rollers varying from 2.5 to 12 short tons in weight 
cost from $1300 to $3000. 


Scarifiers. In the United States most of these machines consist of a heavy 
cast-iron block on two or four wheels, which holds a series of steel picks. The 
blocks weigh about three short tons. These picks cafi be adjusted in the block 
or the block itself so arranged that any depth desired up to 5 of 6 in can be picked 
up. The picks are arranged in either a straight line, or in two lines which 
together forma V. Most of the scarifiers are so designed that it is not necessary 
to turn them around. This is accomplished generally by having two sets of 
picks, oné set being used when the machine runs in one direction, and the other’ 
when in the opposite direction. Scarifiers of this type are towed by a chain 
hitched to the roller. The atrangement of the picks and the form of the blocks 
vary, but all of the machines work on the same principle: The scarifiers of 
Europe are of two types, one of which is similar to the one just described, while 
the other is attached to the rear of a 3-wheel roller and is a part of the roller. 
It consists of a framework supporting a small block to which the picks are 
attached. This pick block is behind one of the driving wheels and the picks 
are set at such ah angle that they are forced into the road by the tractive force 
of the roller atid the weight of the block. The ddvatitages of this type of scarifier 
are the ease with which it is handled and the saving in time obtaitied by having 
the scarifier so attached that it can instantly be put into operation when the 
roller is traveling in either direction: 

A road surface will be much more easily scarified if it is first thoroly watered. The 
_ Scarifier will rip up the surface, bringing the stone to the top, and allow the dirt and 
finer particles to go to the bottom. By using a scarifier it is possible to accomplish as 
much aS one hundred times more work in a day than can be done by hand methods. 

The price of many of the American makes of scarifiers is about $500 f o b factory, 


28. Mixing Plants 


Asphait-Mixing Plants. A complete mixing plant used in the valde. 
paving industry includes elevators, dryers, storage bins, kettles for melting 
_ bituminous material, and a mixer capable of mixing the sand and bituminotis 
material, all suitably arranged so that the operations follow one another in~ 
such a manner that none of the persis of the mixtute have to be handled 
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by hand from the time they are placed in the receiving end of the machine until 
they leave the outlet end. The above apparatus is installed as a stationary plant, 
or is mounted permanently on either one or two flat cars as a portable plant. . 


Bituminous Concrete Mixing Plants. Mixing plants may be divided into 
four classes: first, cement-concrete mixers; second, cement-concrete mixers 
with heating attachments; third, dryers, storage bins, and mixers; fourth, 
dryers, storage bins, weighing devices, and mixers. 


Cement-Concrete Mixers. Unheated broken stone has been mixed with tars or - 
heavy asphaltic oils in the ordinary type of concrete mixer. With this type of plant 
asphalt cements of low penetration at normal temperatures cannot be mixed with un- 
heated aggregates, as it is generally impracticable to coat the unheated broken stone 
with the hot asphalt-cement. This class of mixers should not be used for the construction 
of bituminous concrete pavements. 

Cement-Concrete Mixers with Heating Attachments. There are several different 
types of this class of mixing plant in current use. In one type the heat, in the form of 
hot air, is passed into the mixer by means of a large iron pipe, which runs from the fire- 
box to the outlet end of the mixer. A sccond type consists of a cylindrical mixer mounted 
on a four-wheeled truck. Heat is obtained from a hot-air jacket entirely surrounding 
the cylinder except on the ends and by means of a kerosene torch inserted within the 
drum. Ina third type, hot air obtained by the combustion of oil in air is led from the 
combustion chamber into the mixing cube. After the mineral aggregate is heated the 
bituminous cement is added. A fourth method of utilizing concrete mixers is to use a 
rotary dryer, as a part of the plant, for drying the aggregate. 

Dryers, Storage Bins, and Mixers, In several types of “plants the aggregate is 
heated in rotary dryers from which the dried material is transported by elevators to’ 
storage bins. In some cases the aggregate is raised to the storage bins before being dried. ' 
As required, the aggregate falls by gravity into the mixer. The heat for the dryers and 
the mixer is obtained by direct heat from ‘fire-boxes or by oil-burning apparatus. 

Dryers, Storage Bins, Weighing Devices, and Mixers. In a complete plant forthe 
manufacture of bituminous concrete, the aggregate is carried by bucket-elevators to 
rotary dryers, where it is dried and the dust exhausted; from the dryer the aggregate is 
raised to the storage bins by elevators; when required the aggregate is drawn from the 
bins to a weighing device and from there deposited into a mixer. 

Kettles are made in different shapes, mounted on wheels or otherwise, and vary in 
size from 50 to t500gal. The smallest sizes are generally cylindrical in shape. Port- 
able kettles are usually heated by direct fire. Kettles used in asphalt-paving plants 
are usually heated by means of steam coils. 

Small Tools. The prices of small tools are as follows: asphalt or tar rakes, 18-in 
iron shank, $12.85 per dozen; asphalt mattocks with crucible steel cutter, $9 per dozen; 
tar-carrying pails, $2.70 each (see Engr.-Contr., Apr. 5, 1911). 


29. Distributors ‘ 


Distributors may be divided into two classes: namely, pressure distributors — 
and gravity distributors. Under the gravity type may be included the PourinG 
Pots. There are several different makes of pots, all of which are somewhat 
similar to the ordinary watering-pots, except that the nozle and spout are 
replaced with other devices by means of which the material is poured onto 
the road in a sheet rather than in streams, 


Gravity Distributing Machines include hand-drawn gravity distributors 
from which the material flows in the form of a sheet, tanks from which the ~ 
bituminous material flows by gravity through a hose and nozle onto the road, 
machines with distributing apparatus consisting of one or more horizontal pipes 
pierced with small holes from which the material flows in small vertical streams 
onto the road surface or onto a flash board and from the board to the surface 
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#f the roadway in the form of a sheet. The general practise in Europe in using 
machines of this type is to follow the distribution by brushing the material into 
the road. This is done either by hand brooming or by brooms which are at- 
‘ached directly behind the distributor. 


Pressure Distributors. The various types of distributing machines of 
his class may be grouped in the following subdivisions: hand-drawn distributors, 
n one type of which the material is pumped from the tank through a length of 
lexible hose to an iron pipe fitted with one or more nozzles, while in another the 
1eated material is pumped into the distributor and applied to the roadway 
surface by pressure from a tank of comprest air; pressure tanks to which are 
ittached hose and spraying devices or horizontal distributing apparatus; and 
nachines equipped with mechanical power-pumps between-the tank and the 
listributing apparatus. Several machines of the last type have been invented 
n the United States. The distributing devices of all of these machines are 
like in having horizontal pipes fitted with nozzles. The machines differ some- 
vhat in the way the pressure is obtained and applied. Pumps, run by a 
procket-drive attachment on the rear axle, by steam and by gasoline, are 
itilized. Horses and steam-rollers are used for hauling. Some distributors 
ie mounted on motor-trucks. 


The Am. Soc. of Mun. Imps. prescribed in its 1918 specifications the following require- 
nents to secure uniform distribution and to provide for such details as means of control 
f proper pressure and temperature and prevention of rutting of the wearing course 
f bituminous macadam pavements during construction: “The pressure distributor 
mployed shall be so designed and operated as to distribute the bituminous materials 
pecified uniformly under a pressure of not less than 20 lb nor more than 75 lb per sq in 
n the amount and between the limits of temperature specified. It shall be supplied with 
n accurate stationary thermometer in the tank containing the bituminous material and 
vith an accurate pressure gage so located as to be easily observed by the engineer while 
valking beside the distributor. It shall be so operated that, at the termination of each 
un, the bituminous material will be at once shut off. It shall be so designed that the 
ormal width of application shall be not less than 6 ft and so that it will be possible on 
ither side of the machine to apply widths of not more than 2 ft. The distributor shal! 
e provided with wheels having tires each of which shall not be less than 18 in in width, 
he allowed maximum pressure per sq in of tire being dependent upon the following 
elationship between the aforesaid pressure and the diameter of the wheel: for a 2 ft 
liameter wheel, 250 Ib shall be the maximum pressure per linear in of width of tire per 
yheel,-an additional pressure of 20 Ib per in being allowed for each additional 3 inch in 
iiameter.”” ’ 


30. Street Cleaning Apparatus 


The Ordinary Push-Broom is universally used in street cleaning operations. 
n this country the brooms are about 16 in wide, and the head is filled with 
plit bamboo, rattan, hickory, or steel wire. One edge of the broom-head is 
ometimes fitted with a steel scraper. These brooms are used for heavy sweep- 
ig. For lighter and more thoro sweeping the head is filled with basswood, which 
; more pliable than some of the other forms of fillings. In Europe hand brooms 
1ade out of birch or other twigs are still used to some extent for light sweeping. 
ush-brooms, similar to those employed in the United States, are in general use. 
n one form of push-broom the filling is enclosed by a wooden clamp that can be 
1oved up and down so as to make the filling as stiff as desired. The average 
rice of hand push-brooms is about $8 per dozen. A small rotary sweeper on 
hree wheels, pushed by hand, has been used.in Europe. A man with this 
jachine can sweep three times as much area as he can with the ordinary push- 
room. 
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Rotary Horse-Drawn Sweepers are made to sweep widths varying from 


6 to 9 ft. By means of levers operated by the driver the broom can be made — 


to engage the road surface with either a light or heavy pressure. The brooms 
are filled with rattan, split bamboo, or hickory. A 2-horse rotary sweeper with 


steel frame will cost about $500. A 1-horse Sweeper with wooden frame will 


cost about $300. 


Motor-Truck Sweepers have been used in Europe for several years. In 


France it was found that altho they could accomplish four times as much work | 


with this type of machine as with horse-drawn types and with a lower operating 


cost per square yard, yet the method was too costly on account of the charges | 


for sinking funds and repairs. 


Hand Pick-up Sweepers. Several types of pick-up sweepers have been 


designed and used. One of the most successful is pushed by hand, and: consists 
of a rotary brush geared to the wheels. The brush is covered in with a hood 
and operates on the carpet-sweeper principle, throwing the sweepings into 
a pan which is a part of the machine. The sweeper will clean at one passage 
astrip 30in wide. The cost of this sweeper is about $go. 

Squeegees and Scrubbers. The squeegees are made of wood-or metal with 
a rubber edge in widths varying from 12 to 20 in. They cost about $1 each. 
The rotary scrubbers are built on somewhat the same principle as the rotary 
sweeper and are attached to a cylindrical sprinkling wagon, As the water 
falls upon the surface it is pushed toward the gutter by the scrubber. This 
machine complete costs about $1300. Hand scrapers for use in cleaning 
asphalt pavements cost from $2 to $4 each, depending upon the size. They 
are made about 36 in wide. 


Bags and Cans. Sweepings may be collected in galvanized iron cans or in bags i 


which are later removed by wagons. Cans of this sort cost from $2.50 to $4.00 each. 


Bags cost 5 to 8:cents each. A 2-wheel truck for carrying a bag to hold the sweepings — 


costs about $14. Cans for holding sweepings are fixt to a wheel truck in such a manner 
that they can be attached and detached from the truck by a very simple operation. A 
dust pan is also attached into which the sweepings are broomed. The pan can be raised 
by a lever and dumped into the can. The truck is pushed by hand.’ This machine 
complete costs about $30. ’ 


Horse-Drawn Sprinklers. In connection with street sweeping, sprinkling is necessary 


to prevent the dust rising. Sprinkling carts of the ordinary cylindrical-tank type, having 
capacities varying from 400 to 800 gal, are very common. A 6oo-gal sprinkling waged 
costs about $500. 

Motor-Truck Sprinklers, some of which have the sprinkling attachments on the front 
of the machine instead of in the rear, are used in Europe. The iron tanks of the European 
sprinklers are rectangular rather than cylindrical in shape as in this country. 
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HARBORS 
1. General Information 
A Harbor is a refuge for ships, a port or haven. From the very earliest 


understanding of the term, it was a sheltered arm of the sea in which vessels , 


could be built and launched. and taken for repair, or seek refuge in time of storm. 
One of the requisites was a good anchorage or holding ground. Such cargo as 
was carried by the vessel was transported to the shore by smaller craft or car- 
ried to the vessel by hand. Natural harbors are those which, in themselves, 
are usable without resort to engineering works of improvement. Primitive har- 
bors were almost always of this character. With the increase in size and draft 
of vessels most of the so-called natural harbors have required works of extension 
and improvement. As a distinctive term, a natural harbor may be considered 
as one located on an estuary or an enclosed bay. Artificial harbors, in a more 
restricted sense, are those requiring the construction of extensive engineering 
works, such as breakwaters for protection of the shipping from wave action, 
or where shallow or otherwise unsuitable areas have been excavated and deep 
ened and other improvements made in order to make them available for the 
purpose intended. 


Prevailing usage fails to distinguish clearly between the term “ harbor” 
and “‘ port.’’? When to a harbor is added terminal facilities, the harbor becomes 
aport. A haven of refuge for shipping from storm and the elements would not 
_ bea port unless to the usage made of this shelter there are also added the facilities 

for loading and unloading the vessels and re-shipping or supplying the neces- 
sary cargo by land-drawn and water-borne supply lines and feeders. R. S. 
MacElwee suggests as a definition, “ The harbor may be defined as consisting 


of the water ways and channels as far as the pier héad lines, the port to include - 


everything on the landward side of those lines, that is, the piers, slips, wharves, 
sheds, tracks, handling equipment, etc.,” and suggests that this distinction, 
while technical and novel, tends to mark off distinctly the lines of the juris- 
diction of the Federal Government as against that of the State and municipal 


authorities. This technical restricted definition would appear to have advan- _ 


tages, but it is believed the term port should be considered the general cne 
and includes the harbor while the harbor does not include the port. 

Design. Harbors are usually located by force of circumstance over which 
the engineer has little or no control. This is especially so with natural harbors 
where the local geographical advantages and growth of population have re- 
sulted in the need for, and location of, harbors irrespective of the existence of 


better natural harbor facilities at points not far distant. The best natural © 


harbors are probably, by reason of the very facilities they offer, often centers 
_about which important interests and activities grow. In cases where the engi- 

neer has some voice in the selection, a thoro survey should be made of the 

neighborhood, including the foreshore and the depths of water in the vicinity. 

Borings and soundings should be taken to ascertain the character of the ground, 

both as to anchorage and as regards the readiness with which it will lend itself 

to economical dredging or deepening operations, should such be necessary. 

In an important harbor the depth of water should be sufficient to meet the 

requirements of the maximum draft of vessel likely to use the harbor, allow- 

ance being made for over-depth for the pitching and surging of vessels under 

wave action and the drag or ‘set of vessels when underway. Borings on land 

should also be made to indicate probable subsurface conditions with a view to 
future location of the necessary harbor works. Observations should be made 

as to the meteorological phenomena, such as prevailing winds, frequency of 
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storms, height and force of waves, establishment of mean high and low water 
and range of tide, direction and velocity of prevailing currents, evidence of silting 
and of littoral drift. ; 


The large ports and harbors of the world, especially the older ones, were un- 
dsubtedly located to afford shelter and protection not only from the elements, 
but from the enemy and to protect the shipping while laid up from destruction 
and ravages of raids which were frequent in ancient, medieval and comparatively 
recent times. This condition was common in the Mediterranean and in the 
North Sea; consequently we find many old ports some distance up rivers, prob- 
ably located as far up as the vessels of these times could be navigated. The 
facility with which the river and its tributary branches could be used as a water 
highway by light draft craft for transporting cargo undoubtedly had an im- 
portant influence, as water transportation had many advantages over the possible 
land transportation conveniences available in those times. As a consequence 
we find the large European ports, such as London, Liverpool, Antwerp, Hamburg, ~ 
ete., river ports to which, with the change in times and the increase in size of 
vessels, the sea had to be brought by continuous expensive harbor and river work 
in order that they might retain their supremacy as ports, or others which have 
disappeared or are no longer ports, as for example Paris. 


On account of the facility with which land transportation, especially rail, 
can now be handled, the newer ports, especially of the United States, are located 
on the seacoast or on estuaries, probably explaining the reasons for the location 
of river and sea ports. This same condition has caused the development and 
construction in European practice of wet docks together with those reasons 
given in Art, 24 of this Section. 


_ Tides. The tidal day is always of greater length than the solar day, two 
tides occurring, generally, in each day, high tide being on. an average 50 minutes 


- later every day. While the tides on the coast line are produced by the sun and 


¢ 


moon, this is not due to their immediate effect on the waters of the sea adjacent 
to the coast line, but is due to secondary tidal waves, resulting from primary 
waves in the wide expanse of the oceans. It is calculated*that the primary 
effect of the moon on rise of tide is 1.34 ft, and of the sun o.6r ft, or together 
1.95 ft, or against each other 0.73 ft, the velocity of the primary tidal wave 
being from 50 to 60 miles an hour. The momentum of this mass moving around 
the earth, taken in connection with the shoaling of the ocean and configuration 
of the coast line, explains the very great variation in range of tide found at 
different localities. The atmospheric condition, by reason of the pressure on 
the surface of the water, affects the tidal range inversely as the height of the 
mercury in the barometer. Sudden variations of the height of mercury in the 
barometer will give a difference of about 0.35 inches for each foot of tidal range 
for each inch variation in height of barometer. Tidal range is affected con- 
siderably by wind, dependent upon location, and characteristics of the coast 


_ line, and the force, direction, and continuation of wind 


Tidal Changes. Engineering works of improvement in harbors or rivers 
may result in quite surprising changes in tidal conditions. In the location and 
construction of harbors and harbor works, it is of the greatest importance to 
ascertain definitely the data of high and low water and range of tide, for which 
purpose automatic tide gages should be used. Elevation of mean high and mean 
low water at the various important parts of the United States can be readily 
secured from local authorities, or from the U. S. Coast and Geodetic Survey, 
but in important new harbor work, it is advisable to establish these independ- 


‘ently. Altho,the height to which the surface of the sea rises and falls at different 


points along the coast varies considerably, yet there is a mean level to which, 
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at a certain stage of the tide, the water returns. Thisis known as mean sed 
level. Where possible, it is advisable to refer to this datum. 

Tidal Prism. This is the volume of water represented by the area of the bay, river 
or harbor effected by tidal changes multiplied by the range of tide which would generally 
be the volume of water entering at the flood and leaving at the bb. Harbor engineers 
are loath to permit the construction of any works that will serve to change materially 
this tidal prism, as a decrease in the tidal prism has a direct effect upon the quantity 
and velocity of the water of the ebb and flood tidé and a consequent effect upon the 
channel depth and direction by reason of the resulting tidal scour, 


2. Waves 


Wave Height. In the location of harbors and the design of harbor works, 
it is necessary to ascertain the probable maximum wave action and forces likely 
to be encountered. The height of wave to which an exposed entrance may be 
* subjected will depend upon the greatest fetch or reach of open sea from the 
windward shore; for open exposed locations 


H=1.5Vad 


where H is the height of the wave in feet, and d is the length of fetch in miles. 
For shorter lengths of exposure in bays, or harbors, this height is represented by 


H=1.5 Vd+ (a.5— Va) 


Extensive observations closely check the results obtained by the application , 


of these two formulas, first proposed by T. Stevenson, it being borne in mind 
that in the open sea the fetch-is confined to the distance over which the wind 
acts continuously in one direction, the rotary character of ocean storms re- 
Stricting the applicable fetch even in the broadest expanses of the Pacific Ocean 
to a distance of not over 1000 miles. 


Formation of Waves.. The direction of the wave crest in deep water is at 
right angles to that of the wind, but, on approaching the shore, it tends to 
come parallel to the shore line, due to the lagging effect on the wave of the 
rising bottom. Most waves are caused by the action of the wind, due to the 
wind blowing over the surface with varying velocity, acting by friction on 
the surface and by direct pressure on the rear of the wave crest. A confused 
sea existing during a heavy storm usually, changes toa regular swell afterward, 
resulting in trochoidal seas. Waves formed in this manner in deep water are 


EE 


generally understood to be oscillatory waves, in whiclr the particles of water - 


forming the wave move thru circular or elliptical orbits. This is not strictly 
correct as, undoubtedly, all storm waves are to some extent waves of transla- 
tion. Deep water storm waves on reaching shallow water become waves of trans- 
lation, the friction of the rising bottom on the lower portion of the wave tending 


to retard this to the point where the front of the crest of the wave becomes — 


steeper and steeper, and finally breaks and becomes a breaker or comber. 


Wave Velocity in deep water is dependent upon the velocity of the wind, 
taken together with its continuity, and the extent of the surface of the sea 
over which it acts which; in turn, affects the BSS of the wave and the wave 
length, and may be givén by © 


V = V5.123 1 5.123 L for deep water waves 
y=CV 5.123 L for shallow water waves 


in which the coefficient C is the square root of the ratio of the axés of surface. 


orbits b/a, it beitig recalled that the shoaling depth changes the orbits from 


“1 


TT) — 
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circular to elliptical, V being the velocity in feet per second, and L length of 
wave in feet. It is only necessary to use the coefficient C in cases where the 
depth of water is less than one-half the wave length. The following are valnes 
of C: . 
@/E =06.05- 6.16 0.15” 0:26 0.25 0.30 ©.35 0.40 0:45 
C =0.552 0.746 0.858 0.922 0.958 0.977 0.988 0.994 0.997 


in which d = depth of water, or distance from the center of the surface orbit to the 
bottom, and Z = distance from a wave crest to the next. 

The relation between wave height and length is dependent upon wind, sea and other 
local complex influences; in general the proportion between length and height may be 
taken as: 33 for moderate wind and light sea, 20 for strong wind and rough sea, 18 for 
storm and heavy sea. 

The wave pressure varies greatly; pressures as high as 7840 lb per sq ft have been 
recorded. Avseries of observations at Skerryvore Rocks and at Tyree gave results: 6 ft 
swell 3041 lb; ro ft ground swell 3041 Ib; 20 ft heavy sea 4562 lb; strong gale, heavy 
sea 6083 lb per sq ft. 


Wave Energy of a wave of one unit width, with length Z and height H is 
In deep water, E =8 L H? (x — 4.935 H?/L?) 
: In shallow water, EZ’ = 8 L H? (x — 19.74 a?/L?) 


in which a is the semi-major axis of surface orbits, H and L are in feet, and E is in ft-lb. 
This energy is for salt-water waves; for fresh-water waves reduce amount by 2 }4 percent. 


Values of a in Terms of Wave Height H 


d/L=0.10 0.15 0,20 0.25 0.30 0.35 0.40 
a@=0.91H 0.68H 0.59H 0.55H 0.52H o.51H 0.504H 


When a wave enters a bay, or arm of the sea, betwéen natural or artificial barriers, its 
height tends to decrease on account of friction of the shoaling bottom and the retarda- 
tion due to barriers, and on emerging into open, interior water, further decreases in 
height due to distribution and the tendency of the wave crests to CERES parallel to 
the shore line. 

Wave Action. The percentage of wave height above water level is important 
as indicating the height to which harbor structures may be subjected to direct 
wave action. Observations indicate that, in general, about two-thirds of height 
of the wave is above mean water level, and about one-third below. Due to the 
action of high winds, opposing currents and further unknown causes, deep sea 
waves may break partially in water of sufficient depth for their free propaga- 
tion, so that a barrier opposed to them in water of great depth may at times 
be subjected to the direct action of breaking waves. It is known, however, 
that waves invariably break on reaching water of insufficient depth. Consid- 
ering the height of the maximum wave as determined by actual observation, or 
by application of Stevenson’s formula, the ratio of depth of water to wave 
height in which waves may break will vary from r to 2.71, or 1.67 being a mean, 
ratio taken from 134 observations: Where wave action is arrested by barriers, 
a portion. af Jeast, of the wave energy will be exerted against this barrier, It 
is important in designing harbor works that such artificial barriers be made 
strong enough to resist the successive attacks of maximum sized storm waves. 
Wave force is exerted and transmitted against such barriers in divers. ways, 
some of which are as follows: (a) The force may be static pressure due to the 
~ height of the column of water. (b) It may result from the effect of rapidly 
moying particles of the liquid. (c) It may be due to the impact of floating 
bodies on the surface of the water hurled by the wave. against the barrier. 

(d) It may result from the rapid subsidence of masses of water thrown against 
the structure, producing a partial vacuum. and causing sudden pressure to be 
‘exerted from within. (e) Destruction of the structure may result from the fall- | 
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ing on it from above of large and heavy masses of water thrown up by the wave 
action. ‘ 

The interior of such barrier structures is also often affected by forces transmitted thru 
joints or cracks, by hydraulic or pneumatic pressure. The most destructive effects 
of waves are exerted at or about sea level. The result of wave action may be appa- 
rent at considerable depths, altho diminishing considerably in force and extent. It should 
be considered in the design of structures subjected to wave forces that the material 
entering into the structure is, at least, partially submerged and that, therefore, the 
weight of the mass submerged must be considered. Consideration should also be given 
to the presence and movement of ice where harbor works are located in colder climates. 


3. Breakwaters 


Uses of Breakwaters. A breakwater is a work or barrier constructed 
around or in connection with artificially sheltered harbors in order to protect 
the interior water areas from the effect of heavy seas, and make it possible for 
this area to be used for the safe mooring, operating, handling, loading, and 
unloading of shipping. Breakwaters are almost invariably a most prominent 
and essential feature of artificial harbors, and are employed to convert an open 
area or roadstead into a harbor or in rendering more secure and usable harbors 
that are enclosed and protected, excepting against the sweep of the sea with 
prevailing winds coming from certain directions. Breakwaters on a smaller and 
less important scale are sometimes constructed in the interior areas of large nat- 
ural harbors to protect shipping from wave action under conditions of heavy 
storms from an unfavorable direction. A breakwater, the protected side of 
which is used as a quay for wharfage, is also known as a Mole. 


Design. There are three general types of breakwaters: First, that in 
which the exposed face ‘is vertical. Second, partially vertical.and partially in- 
clined. Third, inclined. The type to be selected is dependent upon local con- 
ditions. Claims in favor of vertical type of breakwater are that the action of 
deep sea waves being purely oscillatory, the wave force encountered is due to 
water head pressure, dependent upon the height of waves. As has already 
been stated, nearly all waves are to some degree waves of translation, and as 
breakwaters are usually located and constructed in comparatively shallow 
waters, the wave forces to be encountered are more complicated than those due 
purely to hydrostatic pressure and, undoubtedly, . vertical face breakwaters 
are subjected to severe wave impact. The combination of the inclined and 
vertical face often results in the throwing up, vertically, of large masses of 
water which, in turn, fall on the top of the breakwater directly behind the par-_ 
apet. In crib breakwaters, with heavy timber decks, structures have often 
been seriously damaged by such action. In inclined breakwaters there is danger, 
if these are not carried high enough and surmounted by vertical wall, with heavy 
storm waves, that these will sweep entirely over the breakwater, resulting in a 
disturbed effect, and quite an appreciable secondary wave action behind the 
breakwater. When waves impinge obliquely in the direction of the breakwater, 
they often accumulate size and energy as they travel along its front. In the 
design of harbor breakwaters, information should first be obtained as to the 
direction and force of prevailing winds, character of coastal currents, probable 
maximum height of waves, character of bottom or foundation and cost and 
availability of materials to be employed in construction. 


Rubble-Mound Breakwaters are a more or less heterogeneous assemblage 
of rubble, riprap, or cobble, deposited without any particular regard to bond or 
bedding. This is the simplest form of breakwater and is usually constructed 
by the dumping of material into the sea from barges or cars run out on trestles, 
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or staging. This operation is carried on until the mound or heap emerges 
from the water and is carried up a distance above the same, the action of sea 
and waves being depended upon to give the sides a natural stable slope. It 
is usual in constructing extensive works of this character fo make some attempt 
at grading materials and to control the slopes, the interior being composed of 
cobble or smaller riprap and the sea-side of the breakwater of heavier and more 
massive stone. As the force of the wave decreases with the depth in deep water, 
the slopes are often steeper and smaller stones are used. Such a structure is often 
supplemented by placing heavy massive stone or concrete blocks on the sea 
side, while the slopes and faces above the sea level are roughly paved with 
blocks of stone or concrete. 


Rubble-Mound Breakwaters 


Figs. 1 and 2 show typical sections of rubble-mound breakwaters, Fig. 1 illustrating 
the first modification made in the Cleveland, Ohio, breakwater. ‘The earlier break- 
water had a complete sand core or hearting; during heavy storms, this hearting was 
washed out, resulting in the subsidence of the rubble top and eventual disruption. The 
work was finally built as shown in Fig. 2 with all sand emitted from the core and with 
rough instead of smooth stone covering. These breakwaters cost about $175.00 a foot. 
A rubble-mound breakwater of the same general type at Buffalo, N. Y., cost $135.00 
a foot. 


Timber Breakwaters consist of timber cribs floated out to place and loaded 
and sunk by being filled with rubble; or are built of close round piles or sheet- 
piles driven into the bottom, framed, braced and backed up with rock or con- 


erete blocks. Timber cribs of this character are sometimes superimposed on 


tubble-mound breakwaters. Breakwaters of timber are more or less tem- 
porary structures and are 
principally used in shallow 
water for unimportant bar- 
‘riers. They have, however, 
been extensively used on 
the Great Lakes. 


Fig. 3 shows a typical timber 
crib breakwater built at Cleve- 
land, Ohio, at a cost of about 
$175.00 per lin ft. This work 
was damaged by storms, masses 


+16 


Lake 
Moan Lake Level. -~ 


built up to this gradé along a porti 
of the breakwater x 


of water projected upward by 

storm waves fell on the top tim- — “@nvenen was luld 
ber work, breaking the cross mem- the sea wall. 
bers and planking. The work was 
reinforced by backing the struc; 
ture with riprap. Somewhat sim- 
ilar timber crib breakwaters at 
Buffalo, N. Y., cost $151 000 andy! . 
$165.00 per lin. ft. : Fig. 4. Mound Breakwater with Wall 
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Masonry Wall Breakwaters are, in whole, or part, constructed ina 
regular and systematic manner of coursed stone masonry or concrete with 
vertical or inclined faces. Such walls are constructed in cofferdam in the dry 
or under water by divers or diving bells. This character of breakwater is 
often built from the tide level up surmounting a rubble-mound sub-structure 
or capping a timber crib. : 


Fig. 4 shows a low coursed stone wall breakwater surmounting a 5 nibble abenee at 
Dog Bar, Gloucester, Mass.; a somewhat similar breakwater at Sandy Bay, Cape Ann, 
Mass., was considerably strengthened by preventing the large blocks from sliding by 
fixing steel dowels into the stones on the harbor side against the toe of the course 
directly above, 


Fig. 5 : Fig. 6 
Timber Breakwaters capped with Concrete 


Figs. 5 and 6 show typical sections of the mole breakwater at Harbor Beach, Mich., , 
consisting of a timber crib, capped with concrete blocks. The section shown in Fig. 6 
was damaged by storm by having the concrete capping lifted and cracked. The cost 
of wall and composite wall breakwaters varies widély; the wall breakwater at Dover, Eng- 
land, in 50 ft depth, cost $1733.00 per ft; at Holyhead, a rubble-mound surmounted by 
a wall in 40 ft of water cost.$790.00 per ft. 


Reinforced Concrete Breakwaters may be built by means of reinforced 
caissons built on shore, or in floating structures, launched or lowered into the 
sea and sunk to place, and settled upon a prepared foundation of rubble or 
piles, by filling the compartments with stone or sand, or may consist of rein- 
forced concrete piles and sheet-piling banked or filled with sand, riprap or rub- 
ble: See Sect, 5, Art. 38, page 565. In the following examples of breakwaters. 
the numbers refer to Fig. 7. 


(1) Zeebriigge, Belgium, 1905. Breakwater or mole 6560 ft long, lower course built 
of monoliths, set in floating caissons of structural steel and plating with concrete lining’ 
arches. Lower sections 82 ft long, 2414 to 29% ft wide, 28 to 36 ft deep.- Built in 
graving dock and floated out. Sills for setting 20 inches deep. Sections sunk at low 
water by flooding and then filled with concrete. Blocks weigh 1500 to 1600 long tons 
light and 4000 to 5000 long tons when filled. : 


(2) Barcelona, Spain, 1906. Section of floating caisson for monoliths for extending 
the breakwater. Blocks 39 feet long divided into five pockets, which were filled with — 
pre-molded blocks. 


(3) ‘Touapsé, Russia, on Black Sea, breakwater 1400 ft long, largest caissons 56 ft 
long, 21 ft wide, and 21 ft deep divided into 21 divisions, 7 sets longitudinally. Caissons 
of reinforced concrete. Large boxes weighed 268 long tons when launched and 1600 long 
tons when filled. 


(4) and (5). Talcahuano, Chili, 1908, Breakwater 1750 {t long, section (5), dam (4), 
each caisson 33 ft long, built of reinforced concrete and filled with sand and stone. “ 


Breakwaters have been constructed employing floating caissons at Bilboa,. Dive and 
Algoma, Wis. See Sect. 5, Art. 38. 
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P Stone and 
Sand Fill 


Fig. 7. Reinforced Concrete Floating Caisson Breakwaters 


4, Bars. Sea Encroachment 


Littoral Drift. The coast line of all exposed foreshores indicates a gradtial 
but continual change, in some locations in the direction of retrogression or wash- 
ing away, and in other locations in deposition and accretion, the carrying away 
ahd depositing of materials being due to wave action in connection with current 
flow. The breaking of waves on a beach or foreshore serves to stir up loose 
material and also to break up golid material by direct érosion or by the impact 
or wearing away, due to the carriage by the water of particlés of sand and 
shingle; the lighter particles of such material remain in suspension long énough 
for them to be projected some distance along the shore by the resultant of com- 
bined wave action and littoral currents. The heavier particles are rolled along 
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the beach and partake of a zigzag movement, the principal action being gen- 
erally confined to the reach between high and low water mark. Littoral drift 
is generally attributable to the prevailing wind direction, altho it is modified 
by onshore currents. Breaking waves acting on a beach or foreshore by reason 
of their velocity are carried some distance up the sloping beach, mixing with, 
and stirring up, the sand and shingle. The wave having spent itself, the water 
then runs back by gravity, 
butis met by the next on- 
coming wave, the returning 
water carrying in suspension 
and rolling down the beach ndertow charged with sand 

some sand and shingle, the 

oncoming wave by reason of Fig. 8 

its greatest velocity being at 

the top or crest is carried over the returning water, the vetubntog water setting 
up what is known as the “ undertow.” The material carried down, as the 
undertow loses its velocity, is in turn carried up again on the beach by re- 
turning waves moving backward and forward, as shown in Fig. 8. 


The general effect of the wind on the foreshore, as shown in Fig. 9, tends to 
_carry this drift of sand and shingle up the beach in a zigzag line. The actual 
action, as can be readily understood, is far more complex, but the general 
principle illustrated obtains. The drift varies, being dependent upon the direc- 
tion and force of the wind, but, in general, the result follows the direction of 
the prevailing winds of the locality. i 


Bars. Bars at the entrances of harbors are of four general classes: (a) Nat- 
ural bars, consisting of hard material not affected by scour or current; (b) Those 
due to the deposition of alluvial material brought down by river drainage; (c) 
Casual bars occasionally and irregularly heaped up by storm wave action and 
afterwards dispersed by similar action, or by one or more currents; (d) Bars 
consisting of sand or shingle of certain general features and permanent direction, 
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Fig. 9 : Fig. 10 


but constantly subjected to alteration by action of winds, waves and varying 
currents. It is generally concluded that the last given type of bar is that most 
usually encountered at harbor entrances, and is due, principally, to wave action 
and the littoral drift engaged in depositing material across the mouth of the 
outfall channel and the constant tendency of the ebb and flood currents to 
remove and disperse the same. The result of such drift action and harbor ebb 
current is shown in Fig. 10, which is typical of the conditions that have affected 
the entrances to interior bodies of water on sandy coast lines.” 

Influence of Coast Line on Formation of Bars. Where the bed of the sea 
decreases in depth rapidly, the drift moving along the coast line is less readily 
carried into the channel by flood tide and is more readily transported by the ebb 
tide to deep water. Under such conditions bar formation is unlikely. Harbor 


a Bet 
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entrances on precipitous foreshores of rock materials are not likely to bar for- 
mations. Prominent projections.of the coast line on the side from which the 
flood tide sets in causes the current to run around it with velocity sufficient 
often to prevent depositing of drift and formation of bars at harbor entrances. 


5. Foreshore Protection 


Sea Walls, Dikes or Bulkheads are constructed along the shore line to 
prevent encroachment of the sea by direct wave action, and, as in the case of 
breakwaters, may consist of loose rubble-mounds or heaps, masonry wall work, 


- usually, however, supplemented with timber, steel, or reinforced concrete sheet- 


piling driven into the beach and strengthened by wales, guide and brace piles, 
fascines and mattress work held in place by piles and loaded with rock. The 
character or massiveness depends on the location and wave forces the work 
will be subject to. In following notes of sea walls the numbers refer to Fig. 11- 


a 
Cy Rip Rap - 


“NSWatural Surface : 
Fig. 11. Sea Walls 


(x), (2), (3), (4), Coney Island, N. Y. Section of sea wall. 
(5) Governor’s Island, N. Y. Sea wall, rg0r-1911. Average cost $19.45 per lin ft. 


| Average cost of wall and riprap $47 per lin ft. Average settlement 0.8 ft, maximum 
| settlement 2.4 ft. 


(6) New York, Brooklyn Parkway, 1913. Masonry wall. Cost $27.50 per lin ft, Rip- 


| rap foundation, 4oc. per ton. 


| 
| 


(7) Atlantic City, N. J. - ; *) 
(8) New Orleans, La., 2650 ft wall, fill behind wall 8 to 12 ft deep, piles 50 ft long, 
expansion joint every 50 ft, cost of wall, $26 per lin ft, filling rx 34 c. per cu yd. 


Effectiveness of Sea Walls. In many instances large sums of money have 


| been expended on sea wall protection with entirely unsatisfactory results. In 


| exposed locations subjected to high wave action, with a sea current along the 
| beach, on which the sea wall is constructed, the action of the waves, together 


j 
| 
j 
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with the current, will gradually, but continually, carry the beach material away 
until the foundation is exposed and undermined and the work destroyed. The 
most carefully constructed massive works of this character will not endure under 
such conditions. 


Groins are built out from the shore line perpendicular to, or wabiens an 
angle with, the same. They are generally constructed perpendicular to the 
direction of the current or drift. Their object is to cut off and prevent the 
carrying of beach materials along the foreshore. They need not be of massive 
construction, and usually consist of close piling, or sheet-piling driven between 
guide wales and piles, or horizontal courses of plank held between vertical © 
timbers or piles driven into the beach. They should be built so as to offer the - 
least resistance to wave action, follow closely at a few feet height the general 
slope of the beach, and extend from high to low water. When of more massive 
and stronger construction on a steep beach they should, if built out below low 
’ water, extend out into water of depth so that wave action will not seriously - 
disturb bottom conditions, such as would result in scour and undermining and 
the destruction of the outshore end.. When built in this way they are also known 
as Spur Dikes or Jetties. Groins should cut off the lateral sweep of waves. 
The distance between grojns should equal their length and may be 1% times 
the length. In following notes, the numbers refer to Fig, 12. 


Fig. 12. Groins and Spur Dikes 


(x) New York, N. V., foot of Bay 22nd, Brooklyn. Wales 5 x 10, sheeting 4 in. ~ 
(2) Bath Beach,,N. Y., Sheeting 3 in, r1 ftlong. Top wales, 6 x 6, lower wales, 6 x 8 in. 
(3) Coney Island, N. Y. Wales 4.x 10, 4 in sheeting 22 ft long. : 
(4) Telewana Park, N. Y. Horizontal planking .3 x10, wales 4x 8, sheeting 3 in, 
6 ft long, piles 15 to 20 ft long. 
(5) Atlantic City, N. J. Planking w was put in sand as lateral deposit, raised beach, at 
lumber creosoted. 
(6) Atlantic City, N. J. 
(7) Asbury Park, N. J. Placed, 1908; successful up to 1914. Beach protected and 
extended, 
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' (8) Type of low groin adopted by E. Case on English coast with entire success, 
Groins of reinforeed concrete have been extensively used on the English coast, con- 
pre isting of grooved reinforced concrete, piles and horizontal slabs added as beach rose in 
beigbt, On the Holland coast spur dikes consisting of brush piles covered by pavement 
stone have been successfully used, length about 350 ft. 


Principle of Action of Groins. The object of groin construction is to con- 
fine the action of the breaking waves on the beach to moving the sand and 
shingle composing the same up and down locally in the confined space, and at. 
the same time prevent the current along the beach from carrying this sand away 
to other locations, the beach) current being compelled to seek a path outshere 
of the extremity of the groins at a depth where the wave action will be insuf- 
ficient to stir up a sandy bottom, so that it may be carried away by the beach 

current; On the other hand, this current will carry, in suspension and along the 
bottom, sand or shingle from more dis- 


toral Current tant points not protected by groin con- 
. struction, and deposit this in the pockets 
; formed by the groins resulting in beach 


x accretion, as indicated in Fig. 13. 


The windward accumulation will be 
more pronounced, the deposit on the 
: leeward side being materially reduced 
Pre Hy, 01 by eddies caused by the lee side of 
Fig. 13 the outer end of the groins; as the 
J pockets between become filled up, it 
becomes necessary to,raise the height and extend the groin seaward. In most 
instances. it, is. possible by this method to considerably add to the foreshore 
where, previous to the work, it was being steadily and continuously carried away. 
Groins are advantageously employed. in connection. with sea wall protection. 
~ Dunes, © Beside the retrogression or deposition of materials: by direct water 
‘actionof breaking waves, coastal currents and littoral drift, theair currents or wind 
frequently have a direct effect ot considerable importance, as is evidenced by the 
erosion, carrying away and deposition of sandy beach materials in the building up 
and constant movement of dunes, Such action may often become of so important. 
a character in connection with foreshore protection as to require stabilizing. 

On the Holland coast this is accomplished by resorting to planting of coarse 
grass and the placing of brush to protect the sand surface from wind action and _ 
also to catch the flying particles of sand and artificially build up dunes or em- . 

| bankments at predetermined places. 


6, Channel Regulation 

Variation in Channels. In bay or estuary harbors on coast lines subject 
to appreciable tidal ranges, it is quite frequently the case that the ebb current 
in finding its way to the sea has a tendency to scour out a channel for itself in 
the line of least resistance, water from the sea entering the harbor at flood tide, 
eroding for itself a different channel-way, sometimes across the channel-way of 
the ebb tide, with a consequent inclination to fill up this channel. The influence 
of littoral current-and drift at the entrance of such harbors, together with that 
of gales and storms at intervals, often seriously complicate the problem of main- - 
taining navigable channels, However, there is a constant tendency toward an 
equalization of forces looking to the establishment of more or less fixed channel- 
way. The navigable channel need not necessarily follow the natural channe! 
eroded by the ebb or the flood tide, but may be established by crossing a 
| series of deep pockets, availing -itself, in whole or part, of either or both tidal 
| channels. For methods of marking channels, see Art. 11, 
f 


{ 
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Dredging. Such navigable channels are often established and maintai 
by excavating shoal reaches between natural channel-ways and deep holes, 
by straightening out and making more direct the natural channels, by 
thru bends, and across bars. A description of the different processes of exca 
ting under water will be found in Sect. 6, Art. 43. Dredging operations of 1 
character are frequently sufficient in themselves, altho, to some extent, ne 
sary as a continuous operation for maintenance of channels, In other ca; 

‘dredging operations are necessary in conjunction with other works of chan 
control and regulation. ‘ 


Jetties. In cases where there is considdrable littoral drift, resulting in | 
formation of bars across harbor entrances, or formation of bars from depx 
of sediment, jetties are built out from the harbor entrance into deep water. 
the construction of jetties, attention must be given to the natural conditi 
or inclination of the channel to establish itself in a certain direction, with a vi 
to not unnecessarily disturbing the equilibrium of forces, Where a heavy litte 
drift is constantly forcing to leeward, the outflow of water should be direct 
into the sea by a curved channel having its convex side presented to the dir 
tion from which gales are prevailing, a single jetty of curved section being us 
on the windward side of the channel. In such construction it will often be nec 
sary to extend the jetty seaward from time to time, as the foreshore is bi 
up on the windward side of the jetty; under some conditions such a je 
would be likely to carry the drift beyond the entrance into deep water, a 
not require seaward extension. 


Converging Jetties run parallel with the general direction of the ebb tide a 
are carried out from the land and converge, leaving a comparatively narr 
opening. Jetties of this type tend to guide and restrict the outflowing’ ti 
controlling and directing the scouring effect by increasing the velocity. 1 
windward jetty serves to cut off the littoral drift, the leeward jetty assist 
the windward jetty in directing the force of the ebb tide to scouring out 1 
drift brought into the channel-way by flood tide. Jetties of this: charac 
often, from time to time, require outshore extension into deep water or the assi 
ance of dredging. Diverging jetties bring the entrance to a more natural 
-dition, and afford a better approach for navigation, but have a tendency, he 
ever, to scour out a deep hole in the inshore entrance-way. 


Design and Construction. Jetties are usually constructed of mounds 
heaps of large rubble in a somewhat similar manner to the construction of mou 
- or heap breakwaters. The material is usually carried up slightly ae 1 
elevation of high tide. In esti- 
mating the quantity of material 
to be used, it is to be borne in’ 
mind that considerable is lost 
thru settlement in soft bottom, 
besides which, an excess of ma- 
terial must be allowedasthe action 
of the waves will tend to wash 
down the stone to flatter slopes 
than would ordinarily obtain. 
From time to time, after com= 
pletion, stone will have to be 
added to insure a high enough 
elevation to keep: cross currents 
at high tide from sweeping beach ‘ " . ee 
drift over the jetty into the Fig. 14. South Pass, Mississippi River Jeti 


Section of Inner Portion 
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hannel. Fascine and mattress work with rubble loading is employed in jetty 
onstruction. Jetties are also built of wall work and also of reinforced concrete. 


A jetty built in 1913, at Shark River Inlet, N. J., consists of two practically parallel 
yalls curved with concave side toward the south, the beach sands drifting toward the 
orth, ‘The jetties consist’ of a row of 16 inch reinforced concrete sheet-piling, with 
ounterforts at ro ft intervals, and with a braced reinforced concrete superstructure; 
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Fig. 15. South West Pass, Mississippi River 


he pockets are filled with sand, the toe or apron is protected with riprap. Fig. 14 shows 
ypical sections of jetties at the South Pass of the Mississippi River, and Fig. 15 a gen- 
ral plan of the jetties at South West Pass of this river. 


RIVERS 


7. Character and Description 


Origin. Rivers owe their origin to the natural drainage or flow of water from 
he land to the sea, the development of their beds and their direction being due 
© the character of the soil, natural obstructions, inclination to follow the path 
f least resistance, and to certain modification in these characteristics due to 
nfluences, in some cases passed, traceable to the breaking up of the Glacial 
>eriod. Their final formation and direction are the results of erosive action of 
he water, as balanced by soil resistance, resulting, in the cases of most older 
ivers, of an established equilibrium within certain limitations between the 
contending forces and the regimen as existing. 


Sources of River Water are, in all cases, derived from tidal or rain water, 
he tidal water entering at the lower end, or mouth, and being directly due to © 
he great primary or secondary ocean tidal waves, which, at high tide, pass up 
he estuary and the river, raising the level of the water and causing a flow of 
water up the river, and during the period of low water the process is reversed. 
[he quantity of water passing up the river, due to such tidal influences, is, of 
sourse, on the average, the same as the quantity flowing out on the reverse 
‘ide. The supply of fresh or rain water coming into the river at its source and 
constantly augmented by smaller supplies from branches and rivulets and the 
irainage from the banks along its course, travels solely in one direction from the 
source to the mouth and is subject to considerable variation in quantity and 
juration. me 

Tidal Rivers. Nearly all rivers emptying into a tidal sea aré affected by 
tidal influences for some distance’ up from the mouth, depending principally 
upon the range of tide and the slope-or fall of the river, At the crest of the tide, 
the salt water of the sea, by action of gravity, flows up the river; the sea water 
being denser than the fresh river water, the flow has a tendency to take place 
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by moving under the less dense fresh water and lifting this up. On the trough 
of the tidal wave the flow is reversed, cattsing a continual oscillation in atid 
out, the quantity of the ebb tide being augmented by the fresh water of the river 
The volume of the ebb is under normal conditions always in excess of the volume 
of the flood, this condition being reversed at rare intervals, by the occurrence of 
heavy onshore gales. The method of action of the tide:is, that as the flood 
tide begins to make up the river, the current is at first slowed up, then entirely 
checked, and then reversed, banking up and preventing the flow and escape o! 
the fresh river water into the sea. On the turn of the tide, the tidal water anc 
the stored accumulated river water flow out into the sea, the greatest velocity 
occurring at about half flood or half ebb. At the periods of reversal, or of slack 
water, a short time elapses with no current existing. Contrary~te the con- 
ditions generally prevailing directly on the coast line, the duration of ebb tide 
in rivers is longer than that of the flood tide, the difference depending upor 
the character of the river and the quantity of fresh water-flowing down the 
river as compared with the volume of tidal water entering the stream. 


Non-Tidal Rivers are rivers emptying into tideless seas or lakes or the uppel 
reaches of tidal rivers beyond the effect of tidal action, The rise and fall of suck 
rivers are entirely dependent upon the precipitation of rain on the areas drainec 
by such rivers and their tributaries, the melting of snow and ice in such area: 
or as modified by the characteristics of the surface of the ground, growth o 
vegetation, and the peculiarities of the stream ‘itself, such as depth, width 
and slope. 


8. Flow of Water in Rivers 


Velocity of Current. The direction of flow and velocity of river water i: 
due solely to the effect of gravity dependent upon the level of the surface of the 
water in the river. The difference in such level in any given length is termec 
“ slope” or “fall.” The particles of water at high level exert a pressure or 
those below them; these, being free to act in any direction, are pressed down 
ward, forward,. and upward toward the 
lower level, the whole mass being thus 
set in motion generally in the manner in- 
dicated in Fig. 16. 

The particles which come in contact 
with the bottom and banks of the stream Fig. 16 
are retarded by friction, not moving with 

. the same freedom as the particles in the center of the stream section. Particle: 
in contact with the bottom and side are also deflected from their true course 
causing disturbances in the stream action. As the stream moves forward th 
particles describe orbits, varying in dimension with the section and depth of th 
stream; in large deep streams, the orbits being larger, the disturbing element 
are less potent, the mean velocity being that obtaining in open channels * 
given in Sect. 9, Art. 15, and may be obtained more directly by 


V=CV2R EF 


in which F equals the fall per mile in feet, R the hydraulic mean depth in feo 
and C a coefficient of varying value, as follows: 


For small streams of about 50 cu ft per sec ‘C =0.65 T 

For larger streams of from 200 to 300 cu ft per sec C=0.75 h 
For tidal rivers of - rooo cu ft per sec C=o0.85 1 noe 
For tidal rivers of ; To ooo cu ft per sec C=0.95 ui 
For tidal rivers of ‘700 000 cu ft pet sec C=Y¥.00 A" 


For tidal rivers of I 600 000 cu ft per sec C=t.50 
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Transporting Capacity of Water. All rivers are charged with alluvial 

matter catried by them in suspension, the turbid ‘condition of many rivers 
during periods of heavy flow illustrating the extent of the work being carried 
on by them in the transporting of material. In addition to the materials actu- 
ally carried in suspension, heavier and larger particles are transported by being 
rolled along the bottom of the stream. The sources of materials carried in sus- 
pension are the disintegrating effect of frost, breaking up and loosening of soil 
materials, the wash and erosion of rain, and the scour or eroding effect of the 
stream upon its banks. Under normal conditions the sectional area of the river ~ 
is sufficient to provide for a velocity which’ will not cause undue erosion, the 
natural bed remaining in a state of equilibrium. However, any agencies which 
tend to increase such velocity tend to cause erosion with increase of sectional 
area and. eventual decrease of velocity to the point of equilibrium. ,With a 
constant variation of volume ‘of water flowing in rivers, detritus is brought 
down at one time and deposited, is again taken up and transported further 
down stream, and so on. See discussion of Experiments by Grove K- Gilbert 
in Professional Paper 86 of U. S, Geological Survey, 1914; abstract in Eng. 
News, Sept. ro, 1914. 


Tn a tidal river, the soil material carried by the stream is carried back and 
forth by the tide; the volume of ebb being greater than the flood, it is even- 
tually slowly carried out to sea, or is deposited on the shores of the river mouth 
or estuary forming salt miirshes. -In non-tidal rivers, as the velocity of the cur- 
rent slackens on approaching and emptying into the sea, the material carried in 
suspension is deposited at the mouth of the. river forming deltas, . The delta of 
the Mississippi River is a prominent example. y 


_ If a stream is loaded to its full carrying capacity it will tend to flow within 
the confines of its bank and the bed without further erosion; in some rivers 
upward of 2 percent in weight of the total volume of water passing along the 
- channel is solid matter. The ability of a stream to carry material is depend- 
ent upon the square of the velocity as modified by the depth. Refer to Sect. 9, 
Art. 17. , 


Erosion and Scour. A non-tidal river with its flow constant in a down-stream 
ditection has an inclination to flow in a sinuous.or meandering course, ;The 
particles of water moving in circular orbits or paths tend to impinge against one 
bank or the other, and on account of 
the lack of uniformity of the charac- 
ter of soil materials forming the 
banks, there is a constant tendency to 
erode or scour on one side or the 
other. A curved direction having 
once been assumed, the tendency is to 
increase the curvature, as illustrated 
in Fig. 17. 


The stream velocity is V. On account 
of the curved direction of the stream, the 
centrifugal force will tend to increase the 
velocity near the’ concave bank to V2, 
; and to decrease the velocity on the con- 

vex bank to Vr; the increased velocity on 
the concave bank, together with the dynamic pressure, due. to the centrifugal. force, 
will tend to deepen the stream bed at this side of the stream and erode and scour out 
the bank, these same forces tending to broaden a river at the bend by decreasing the 
mean hydraulic depth. The ustial condition of a stream is illustrated in Figs. 18 and 
19, the first showing: 4 slight reverse bend, and the second a more considerable one, 


Fig. 17 


\ 
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The current in each case being close to the concave bank, has a tendency to scour out 
on this side deep channel-ways with consequent steep banks. Where material is carried 
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in suspension the decrease in velocity on the convex side permits the deposition of detritus 
and the formation of flats, as illustrated in Fig. 20 and, eventually, with the growth of 
the meandering effect of marsh land. 
In some streams the bends become so great that the bights approach each other and 
a natural cut-off occurs, the bends soon taking the form of crescent lakes. The intersec- 
tion having once occurred, the new channel is rapidly eroded as the shortest path and 
the one of least frictional resistance, the 
meandering effect is more prevalent 
with less velocity than in torrential 
rivers in which the increment due to 
eons force is proportionately less. 
the navigable distance is often 
naturally shortened by such cut-offs, 
they have been made by dredging; this 
should only be done after careful in- 
vestigation as to water height and the consequent velocity thru the cut-off; experi- 
ence has shown that the shortening of the river course by this means often cenit 
in scour and bank caving. 


Channels and Bars.- In non-tidal streams the flow being constantly in 
one direction, the Tegimen of the stream flow is closely fixt, the flow, quantity 
and velocity varying with the precipitation of rain so that, within reasonable 
limitations of time, the location and direction of channels and flats are likely 
not to vary greatly. In tidal streams the conditions are different and more 
complex, the variation in fresh water flow being materially complicated by 
tidal flow as regulated and controlled by the extent and direction of storms: 

Fig. 21 illustrates the condi- 

tion often obtaining at or 

near the mouth of tidal 
- streams, the reversal of cur- 
rent due to the ebb and 
flood resulting in two or 
more variable channels with 
consequent formation of bars, 
very often shifting in char- 
acter and extent. 
The width and sectional 
area of channels in non-tidal 
Fig. 21 rivers. and in the upper 
reaches of tidal rivers bear a 
certain fixt relation to the drainage area and to the consequent quantity of 
water discharged. The width and depth of the tidal reaches of a tidal river 
do not appear to be so fixt, altho the channels once fixt are usually maintained 
by the tidal flow. Any cause that tends to obstruct, the free flow of tidal water 
and the propagation of the tidal wave is detrimental to the maintenance of the 


Art. 9 Training Works 1719 


chanhel condition and frequently leads to shoaling. It is important to observe 
this effect in the design and construction of works of proposed improvement. 


9. Training Works 


Dredging. As with harbor work, the improvement of rivers, while often 
attempted by dredging, is not always effective as a measure of permanent im- 
provement and usually entails continuous maintenance operations. Channels 
may be straightened out by cuts across bars and flats and the navigable dis- 
tances along rivers decreased by excavating between the bends of meandering 
rivers. Dredging for the improvement of tidal or non-tidal rivers is principally 
useful in connection with other improvement works for stream regulation and 
control, and as a regular operation to maintain adequate depth and width of 
channels, slips, and basins. 

Training Walls, also called dikes, are employed to direct the flow of the cur- 
rent in rivers with a view to the establishment of more favorable and fixt chan- 
nels and often, also, to prevent scour and the erosion and carrying away of 
river banks. In the navigation of rivers it is important that the curvature of 
the channel should be of such radius as to permit the ready handling and move- 
ment of ships, this depending upon the depth of water and the size of ship to 
be considered. For large ships, if possible, it should be not less than 2500 feet. 
Single or double walls may be employed, the selection depending on the object 
to be accomplished. Two parallel walls may be used in a river flowing thru 
a broad alluvial valley, in a wide bed and with an inclination to meander, the 
walls confining and directing the current flow, keeping the space between them 
open by sluicing and scour. The slack water area inshore of the training walls 
will tend to shoal and fill up. 
Such wall work in rivers is 
similar to and in many re- 
spects merely an interior con- 
tinuation of jetty work at 
river mouths or harbor en- 
trances. 

At Rangoon, India, 1907, the 
Rangoon River (Figs. 22 and 23) 
was cutting out the concave 
river bank just above the. city, 
causing formation of sand bars 
and shoaling of water on the 
opposite side, and on being de- 
F flected by a prominent point 

0 1000 20008000 Feet opposite the city was scouring 
out and undermining the foun-_ 
dations of wharves and piers, 


Fig. 22. Training Wall, Rangoon River ae ie ade pes ir a 
brushwood mattress 3 ft thick, 
covered with a weighting layer of rubble, a rubble-mound wall surmounted by a con- ~ 
crete wall filled with rubble. Range of tide 20 ft with 5 to 7 mile river current. Wall 
cost, average, $470 per lin ft. River has scoured out new channel along wall and area 
behind wall has filled up. ‘ 
_ Construction of Training Walls or Dikes, as with jetties, may be of loose 
rubble-mound construction, with or without a surmounting masonry wall, or 
may be of timber, timber close piling, timber sheet-piling, steel sheet-piling, or 
feinforced concrete. In the employment of rubble-mound walls, considerable 
material will have to be used that will afterward be buried in the bottom, for 
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as the walliis built and extended, the scour of the stream at its end will tend to 
deepen the channel at this point, leaving deep holes to be filled with stone as 
the wall work is carried forward. Training walls should be carried up to the 
elevation of high tide, and 
when curved should be 
given easy curves so as not 
to cause sudden changes in 


the direction of channel Partial Longitudinal Viroes Santon 
currents. The area in back Section 
of the training wall eventu- Fig. 24. Stone Dikes, Arkansas River 


ally becomes filled up with 

sediment deposited by the stream in the slack water. A typical section of a 
loose rubble-mound dike in use on Arkansas River is shown in Fig. 24, the 
rubble being deposited on fascines or brushwood mattress. Fig. 25 shows a 
typical solid, pile brushwood and stone dike in use on Arkansas River. 


Spur Dikes, also called Spur Jetties, may be employed to regulate and 
direct the current of a river by contracting flow area and causing scour and lat- 
eral deposition of material behind or in between dikes, The influence of the 

C spur dikes is similar to that of the 
groins employed in foreshore 
protection work, as described in 
Art. 5. Spur dikes are some- 

Weictiol times employed in connection 
Matron extended up bank Pe ae with longitudinal dikes or train~' 
piel era rea ing walls, or such longitudinal’ 
; ae : walls or bulkheads may be con- 
Fig. 25. Solid Pile Dike, Arkansas River structed connecting the end of 
the spur dikes after the space 

Detween them has become filled up with deposit. 


Fig. 26 illustrates the improvement of the Upper Mississippi River by the employ. 
ment of spur dikes which are built out perpendicular to or making an » oblele angle 
with the direction of the current. 


Permeable Dikes, instead of entirely cutting off or Teked the current 
flow, merely slacken and retard it. They consist of open-work construction, 
usually of timber piles and : 
cribbing with rubble weighted 
brushwood mattress work 
hurdles. The velocity of.the 
current being retarded behind 
or between such dikes, ma- 
terial in suspension is de- 
posited and the area is filled 
up, the dikes themselves 
eventually become. buried. in Fig. 26. Spur Dikes, Upper Mississippi 
a hydraulic fill. dam of their 
own cteation. On account of the initial increase in velocity at the contracted 
atea of the dike itself; the fascine or mattress work is built with an apron on 
each side of the work to prevent scouring and undermining. 


Fig. 27 illustrates the employment by the Chicago and Northwestern Ry. Co. of per- 
meable dikes on the Missouri River at Blair Crossing. The river, as shown in (1), was 
following a’ cut-off and threatening the Blair bridge. The work was.done in 1913. Per 
meable dikes were constructed across this cut-off, forcing the river into the old channel, 
(2) shows a Section of the a-pile dike; the main dike employed a 5-pile section, ib 
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Bank mevwinbent: is effected, when practical, by sloping the bank to 
stable slopes, protecting them from ‘scolir by brush mattresses, riprap, or block 
paving, timber planking, piling and sheet-piling. Such work is necessary, not 
only on pi to protect banks from erosion due'to the flow and velocity 

} of the current, but at tide level: to 
protect against wave action and 
wash of passing vessels. See Sect. 
11, Art, 16. 


In Fig. 28 (x),.(2), (3), (4); (5), 6), ~ 
(7), show typical methods of revetment 
on the Arkansas River. (8) and (9), 
typical methods Upper Mississippi 
River. (to), typical methods, the Mis- 
souri River, 


The standard revetment. consists now 

of grading the bank on a slope of 1 : 3, 
laying a woven willow mattress 86 ft 
wide from 3 ft above low water and 
over the river bed, ballasting and sink- 
ing it, and paving the bank from the 
inshore edge of mattress to the top of 
bank. If the paving (riprap) fails by 
erosion, a substantial reinforced con- 
crete revetment is placed extending 
from the top to almost low water and 
from there a system of connected con- 
crete flexible blocks about 24 in square, 

- extending beyond low water. This 
; protects the bank and weak point of 

Fig. 27. Permeable Dikes, Missouri River _ willow mattress. Cost per lin ft $8 to $10. 


10. Flood Control 


Overflow. The causes which contribute to a river overflowing its banks are 
naturally found in exceptionally heavy precipitations of rain and in the melting 
of snow and ice in the early spring over the area of its watershed, the origin 
usually being in the more precipitous upper reaches of the stream. Under normal 
conditions, floods of this character are to be expected periodically and have in 
certain cases been of considerable assistance in enriching the flat agricultural 
lands on either side of the stream by the depositing on them of rich alluyial 
matter brought down and deposited as the river water recedes after the period 
of flood. This natural regimen is sometimes disturbed by a change in the con- 
dition and character of the vegetation and forest growth over the drainage ~ 
area; the cutting of timber, removal of forest underbrush, and the placing of 
land under cultivation, serving to increase the rapidity of the run-off, with the 
possible result that periods of rainfall which would not have ordinarily caused 
serious floods, under the change in the natural condition of the drainage area 
may have a tendency to hasten the drainage and outflow of rain water into the 
river. The conservation of forest growth, especially on the high lands where 

| river tributaries have their source, has been advocated as a measure to reduce 
| rapidity of run off and consequent flood, and at the same time by the retarding 
| or storage effect increase the flow at low stages. Forest growth, undoubtedly, 
| does exert a useful regulating effect on flow and resulting floods, but such effects 
are materially changed and eyen reversed by altitude and frost, especially by 
|. snow and ice. The effect of forestation on flood would appear to be a local 
| problem, as it can hardly be asserted as a general proposition that’ i sa yi in 
" ‘such forest areas produce. well-marked effects on river floods, © 
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Levees are embankments of earth built up on the sides of rivers to prevent 
the overflow of the banks. They should be built up two or three feet higher 
than the highest water recorded in that vicinity. In their design and construc- 
tion, consideration should be given to the fact that the confining of the stream 
between the side levees will serve to decrease the stream area during flood flow, 
and probably entail increase in velocity and in elevation of thé highest water 
over and above that recorded before the construction of the levees. The side 
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Fig. 28. Revetments 


slopes are dependent upon the character of the soil and vary from 2:1 to 4:1 
The top width of the levee should be sufficient so that in case of settlemen’ 
or unusually high water, the crest of the levee may be raised by additiona 
embankment or by placing of bag extensions. Refer to Sect. 6, Art. 41, Levet 
Construction, and Sect. 17, Art. 19. ; Fs 

Fig. 29 shows typical sections for various heights of levees employed on the Mississipr 


rr. - 
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River. Revetment work is employed to protect levee slopes where river conditions are 
such as to indicate the necessity for such work. 


The Dikes of Holland perform a’ duty somewhat similar to that imposed on river 
levees, protecting the low lands from inundation by the sea. This system of dikes con- 
sists of the natural sand dunes, artificially built up sand dunes, and embankments. The 
Tivers outflowing along the coast line have levees constructed along their banks. These 
sand dunes are protected against wind erosion by a growth of coarse grass and reed, which 
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Fig. 29. Mississippi River Levees 


also serves to retard and hold the blowing sand and build up the dunes, fresh grass being 
planted on top of this. Where subject to wave action, the slopes are protected by fascine 
and mattress work, weighted with basalt or concrete blocks; short timber piles are driven 
to pin and hold down the work and help to break the force of the waves. In localities 
where lateral currents occur, spur dikes are built out perpendicular to the main dike. 


Flood protection walls may be employed in connection with, or to replace, levee work. 


“Such walls, consisting of two reinforced concrete walls backfilled, were employed at Ports- 


mouth, Ohio. The walls were fitted with flood gates which are closed when the elevation 
of the river reaches a dangerous height, the sewage discharge from the city is then 
pumped instead of flowing thru the wall. 6500 ft of wall was built at an average cost 
of $6 per ft. 


Navigation. Most rivers at high stages usually afford the necessary facil- 
ities for navigation restricted within the known and expected local require- 
ments. The low stages of rivers often make navigation impossible without the 
assistance of engineering works. At such low stages with the fall in stream 
velocity and in the quantity of water discharged, bars extend diagonally across 
the river, especially at bends, blocking the fairway and making the passage of 
vessels difficult or impossible. With sudden rises, new channels are eroded 
thru such bars, varying much in direction and location. Formerly in the Mis- 
sissippi, when this river carried a large local river traffic, it was customary. at - 
New Orleans to’ hold frequent conferences between pilots of ascending and 
descending steamboats in order to learn and ascertain the latest changes of 
channel. Rivers, especially, during freshets, bring down large quantities of 
drift logs, developing snags or sawyers, which tend to obstruct navigation, rais- 
ing barriers and sand bars and changing the channel conditions; it is important 
that such snags be removed'as soon as possible. ; 


Reserve Basins or Reservoirs. Under favorable conditions, river floods 
may be somewhat controlled by the construction in the upper reaches of basins 
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or reservoirs, consisting of large areas with impounding dams, it being contem- 
plated to hold in reserve in these reservoirs the excess flood volume, this to be 
released during the periods of low stages, and thus to increase artificially such 
low stage flow with a view to establishing an average flow. The fundamental 
principle involved is a sound one, but, usually, natural difficulties are en- 
countered that render impractical the obtaining of the desired results, The 
problem involved, for successful application for such works for flood control, 
requires special and careful study of local conditions, the areas available for 
reservoir sites, value of land likely to be submerged, and the existence of suitable 
sites for dam construction. The plan has been tried on the upper Mississippi 
River, the region being remarkable for the number of small lakes. A large 
Indian reservation presented conditions unusually favorable. Five reservoir 
lakes were immediately available and additional ones possible and in prospect. 
The watersheds of the five reservoirs constituted 11.8 per cent of the whole area 
above St. Paul, and 21.5 per cent of that above Minneapolis.. The actual result 
to navigation on the Upper Mississippi system was an average increase in low 
water depth at St. Paul of about 14 inches. When the release of water was 
specially regulated, 22 inches increase was obtained; these figures are based on 
a record of 20 years, during which period the total outlay, including construction 
and operation, was about $1 500000. From this it is concluded that, as a 
general proposition, such reserve reservoir work, while instrumental in control- 
ling flood discharge and assisting navigation, is of use principally in connection 
with other engineering work of improvement. The difficulty of regulating 
the discharge from such storage reservoirs can not be over-estimated. The) 
release of reservoir water may be necessary and beneficial to one section, and’ 
have quite the opposite effect on other sections served by tributaries or branches 
which, due to local severe precipitation, are experiencing local floods. 


Canalization is a method employed to considerable extent in Europe for 
improving the navigable condition in rivers. It has been applied to the Ohio 
River below Pittsburgh for a distance of about 1009 miles. In 1875 this project, 
by means of 45 movable dams, increased the minimum navigable depth to 6 ft, 
and in 1905, by 54 movable dams, to 9 ft. The total fall of the river in this 
distance is 424 ft, of which 26 ft are at the falls near Louisville, around which 
a canal has been. constructed, for use at low water stages, Refer to Sect, 11, 
Art. 16, Canals. The employment of dams and canals and canal locks is 
well suited to such projects where the local conditions are favorable. 


11, Signals and Lighthouses 


Buoys. Buoys are employed for demarcation of entrances, interior channel- 
ways, and for the location of dangerous shoals. They are placed at intervals 
at either side of the channel-way, the port and starboard boundaries being indi- 
cated by the shape and color of the buoy. Buoys must be moored to heavy 
cast iron mushroom anchors or frequently large blocks of concrete are used with © 
heavy iron eyes cast therein. Dependent upon the range of tide, the buoy is 
- secured to an anchor bya length of cable two or three times the maximum 
depth in which it is to float.’ In channel: demarcation the distance between 
buoys varies with the character of the channel, as to its width and straightness. 
In the interior of Harbors mooring buoys are frequently provided at various fixt 
locations so as to enable vessels’ to moor without resort to ship’s anchors, In 
harbors of restricted area, at times two buoys, one for bow and one for stern, 
are provided for mooring. Buoys are used for location of wrecks in outer a 
“sors or in the open sea; also. to indicate cable crossings. : 


Beacons are fixt signals or structures used for means en alignment or for indi- 
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cating changes of direction, Frequently prominent objects or land marks, nat- 
ural topographical features, or prominent structures, are used as beacons, 


Channel Lighting, The location of channels is often fixt for night use by 
luminous buoys lighted by means of oil or gas, or the range is fixt by two illumi- 
nated points, afloat on ‘buoys or fixt on shore, or one afloat and the other ashore, 
the change in direction being shown by a similar line or range, 


Sound Signals. Light being impractical and useless during heavy mists or 
fogs, resource is had to sound or warning signals, a bell or whistling buoy being 
used for this purpose. In deep water where there is always some wave motion; 
bell buoys depend on this motion to actuate balls or pendent clappers. Whistling 
buoys depend on the taking in of air and its expulsion as the buoy rises and 
falls, or the bell.may be struck or the whistle sounded by compressed air or gas 
carried in a tank that is regularly recharged. Sound transmitted thru the air 
often gives a misleading idea of locality, so that resort is had to submarine 
sound signals which can be, heard a great distance, and from which the direction 
can be identified. i 


Lightships. At locations where, on account of the natural conditions, it 
is impractical to locate and maintain lighthouses, or at locations where luminous 
buoys would not be striking enough in character, necessary light for the assist- 
ance of navigation is placed on light-ships. Signals of this character are more 
certain and reliable than are light buoys exposed to strong currents in heavy 
seas... The principal requirements are staunch construction and steadiness 
under severe storm conditions. 


Lighthouses. See Sect. 5, Arti 42. Dangerous promontories, points, and 
bars are marked ‘by lighthouses, especially at entrance to bays and harbors. 
The lights are fixt, revolving, or flashing, for purposes of identification. When a 
navigator has identified a light and knows its height above sea level, the distante 
at which it first becomes visible at sea is known, Let H be the height of light, 
hk the height of the observer above sea level, both in feet, and D the distance 
from the yessel to the light in statute miles. When the light is seen exactly on 


the horizon, then mn 
D=1,32 (WH+ Vi) 


Tf the distance in nautical miles is required, 1.32 is to be replaced by 1.15, For 
example, if the height of the light is roo ft, and the observer is 25 ft above the 
water, he sees the light on the horizon when he is 19.8 statute miles or 17.2 
nautical miles from the lighthouse. 


- The following statements regarding the lights of takthruses and the structures 
themselves have been kindly furnished by J. S. Conway, Deputy Commissioner 
of the U. S. Lighthouse Service. 


(x) Intensity. Lights are of classes heretofore known as “ orders,” based on the focal 
diameter of the lens, a$ “ first-order,” “second-order,” etc., and miscellaneous smaller 
lights. Recent practice substitutes the candlepower of the light in place of the now 
more or less misleading term ‘‘ order.” é 

(2) Ranges of visibility, two classes: the geographical range of the light due to its 
height above sea level, and the luminous range due to the intensity of the light emitted 
by the illuminating apparatus. 

(3) Character of the illuminating apparatus, three classes: catoptric or reflecting, 
dioptric or refracting, and catadioptric, in which the “lens ” is provided with both re- 
flecting and refracting media, The latter type is the most in use. 

(4) Characteristics of the light, such as Fixt, Flashing, Occulting, Fixt and Flash- 
ing, of other combinations for distinguishing purposes. Fixt lights ate liable to con- 
fusion with neighboring private lights and should be avoided if rapido Fixt 
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combined with flashing, and lights with prolonged flashes should be avoided for the 
reason that the “ fixt”” and “ prolonged ” rays emitted by the lens are weaker than 
those of the “ flashes,” giving a misleading characteristic at a distance. Multiple lights. 
except for minor lights, are now considered obsolete, because they largely increase the 
cost and are less distinctive than flashing lights. Lights of alternating colors should 
be so designed that the white and colored rays are of equal intensity. ‘ 


(s) Arcs of visibility, two classes: single lights illuminating a large arc of the hori- 
zon and two lights in range illuminating a limited arc for purpose of marking narrow chan- 
nels and passages. Often plates of red glass are introduced in the lantern so that the 
sector of rays passing through them will cover an outlying danger such as a reef, rock, or 
shoal, or to indicate the edge of a channel. 


(6) Attendance, two classes: Watched and Unwatched lights. 


(7) Fog-signals, four classes: the ordinary bell struck by hand or machinery and 
submarine bells struck by machinery, also whistles, reed horns, and sirens blown by 
compressed air. Some of the whistles and sirens are sounded by steam. 


(8) Materials. Almost all the usual materials of construction have been used in 
building lighthouses in the United States Lighthouse Service: stone masonry, brick- 
work, reinforced concrete, ffamed timber, structural cast iron, structural steel, cast 
iron plates, steel plates and piping. 


(9) Arrangement. Light stations situated on land sites usually consist of the light 
tower, oil house, fog signal building, keepers’ dwellings, workshop, water supply and 
drainage systems, boathouse and ways, barn, and the usual outbuildings, roads and 
walks, altho, owing to the restricted area of some sites, one or more or all of the build- 
ings may be combined in one. On submarine sites the whole station is practically con- 
fined to one structure. 


(ro) Foundations. For land sites, the foundation for a closed tower of masonry, 
or metal work, is usually a single block of concrete resting upon the foundation soil. 
Occasionally these blocks are placed upon a timber grillage supported by piles for sites 
upon low or marshy land. In all cases the block is extended so as to bring the unit pres- 
sures within the bearing power of the soil. Occasionally a skeleton structure is placed 
upon a single foundation block, but usually each column or leg of the tower has its indi- 
vidual block. Where the site is subject to overflow, the buildings are sometimes grouped 
together, raised upon braced columns and connected by a system of galleries. 


For submarine sites, the foundation may consist of a cylindrical cast iron or sheet 
steel caisson filled with concrete, or a masonry pier. Cast iron caissons are in general use 
on the Atlantic Coast. When placed upon a ledge of rock, the latter is usually leveled 
up with concrete bags if below low water, or with tools if exposed, and the ledge or rock 
is then heavily ragbolted to the concrete filling. For soft bottom, the best method of 
procedure is to. float the caisson out and sink it by the pneumatic process. Both timber 
and metal working chambers have been used and the depths from the cutting edge to 
high water have varied from 19 to 85 feet. Other foundations, consisting of timber cribs 
and concrete blocks, used in fresh water, have been placed either directly on good exist- 
ing bottom, or upon a layer of small rock usually 3 or 4 ft thick deposited upon the soft 
or dredged bottom prior to floating the crib out. These timber cribs are usually filled 
with stone and terminate about 2 ft below low water level, the concrete blocks are then 
placed to the height of the deck. o 


(rr) Forces. Structures upon land sites are exposed to wind pressures, and occa~ 
sionally to waves in addition. Those upon submarine sites are exposed to wind, wave, 
currents, and ice. The usual procedure in determining the stability of tower is to locate 
the common center of effort of all the forces acting upon the structure to overturn it and 
so proportion the weights of the entire structure (the buoyancy of the water must be 
taken into account for submarine structures) that the resultant of the active forces 
and the net weight falls so far within the outer edge of the base that there is compression 
over its whole surface #f the foundation soil is compressible. In seeking for this result 
it is proper to include the lateral resistance of the soil when the structure penetrates it 
for some distance for the reason that it is often heavily compressed by a large deposit 
of riprap and offers good support. The maximum unit pressures both vertical and 
lateral must not exceed the bearing power of the soil, In case the foundation is rock, 
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the resultant must fall so far within the outer edge of the base that the maximum unit 
pressure does not exceed the compressive strength of the materials in contact. 


_ The wind, wave, current, and ice pressures assumed should be the maximum in each 
instance, as ighthouses are commonly exposed to severe gales and flows of ice. It has 
been the practise to assume wind pressure for flat surfaces at 60 lb per sq ft, allowing 34 
of this figure for rotundity. Maximum wave pressures of 6ooo ib per sq ft on flat sur- 
faces are assumed, based upon Stevenson’s experiments, the force of the wave being 
greatest at its crest and diminishing to zero at its base. The pressures exerted by cur= 
rents vary with their rate of speed. The pressures due to ice have been assumed at 
30 000 Ib per sq ft for a field of melting ice, one ft thick, sttiking the pier and crushing 
its way past. 
~ (zz) Superstructures. The superstructures of all towers, whether separate or 
combined with other buildings, have certain features in common. There is a main 
entrance door at the base, a flight of winding staits, broken by landings in high strictures 
leading to the service room, which in the larger lights is usually separated by an airlock 
from the watchroom above, the latter supporting the lantern. Occasionally in latge 
lights and usually in small ones the service and watchrooms are combined. The pedestal 
of the illuminating apparatus usually rests upon the watchroom floor, ‘but in the small 
lights the lantern floor supports it. The clear glazed opening of the lantern is just suffi- 
cient to pass the horizontal rays from the illuminating apparatus, and if the latter is of a 
revolving type, showing flashes or occultations, the newel post of the tower serves.as a- 
weight shaft for the clock. There are railed galleries outside both lantern and watch- 
toom. The tower should be thoroughly fireproof and isolated in this respect from the 
other buildings. For calculating the strength of closed and skeleton towers the manner 
prescribed for chimneys and viaduct bents is employed with the exception that great 
stiffmess and rigidity must be provided, as vibrations are detrimental to the proper 
working of the lamps and clocks of the illuminating apparatus. 


QUAYS 


12. Design 


_ Definition. Wharves are landing places or platforms built out, into, or on 
to the water for the berthing of vessels. Wharves parallel to the shore are 
generally known as quays, and their protection walls as quay walls; wharves 
built into the stream or fairway perpendicular or oblique to the shore are 
generally known as piers. 

Quay Walls, or bulkheads, are used for wharfage for retaining and protecting 
embankments or retaining filling. Their proper design and cost are largely de- 
pendent upon local conditions and the use to which they are to be put. The 
character of the foundation and the depth of water to be provided are important 
factors in the cost and design. Some data on design are given in Sect. 7, Art. 13. 


‘Dataon Design. It is.important to observe the character of the foundation 
on which the wall is placed; whether the wall may be built directly on rock or 
hard-pan, or on a floating foundation on timber piling or grillage work. In the 
latter case, information must be secured as to the prevalence of marine wood- 
borers, and, if present.and active, precautions must be taken to protect the ex- 
posed timber work by creosoting or other preservative or protective methods. 
Quay walls are designed in a-similar manner to retaining walls with the differ- 
ence that on the water side they are subject to the water pressure varying with 
the height of the tide, and on the land side tu, the earth and contained water pres- 
sure, with a proper allowance for surcharge. The contained water on the land 
a of the wall will usually stand higher than the tide water, especially at low 

is, : 

The Combined Pressure of water and earth upon a wall is Avene in making 
a design. Let w, be the weight of a cubic foot of water, w, the weight per cubic 
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foot of the submerged earth, $ the angle of repose of that earth, and # the heigt 
of the vertical wall. Then, for oné foot in length of the wall, 


Water pressure = 4m 
Earth pressure = 4h? w. tan? (45°— 4b 
Combined pressure = 34 A? (wi+-we tan? (45°— %¢)) 


or, Combined pressure = % h? W 


To find W the weight per cubic foot, 21 of sea water is taken as 64 lb, and 2 
may be found experimentally by taking samples of the earth as near as possib 
in its natural compacted state, and ascertaining its weight submerged in s¢ 
water, or may be fixt theoretically in approximate terms by taking the weigl 
of the original material, such as limestone rock, granite, slate, and other materia 
less the weight*per cubic foot of water multiplied by the percentage of sol: 
material per cubic foot, that is, roo percent less the percentage of voids in #1 
material. 


Combined Weight W of Sea Water and Earth, Ibs per cu ft 
(Equivalent Liquid Pressure) 


Slope of Weight we of Submerged Earth, Ibs per cu ft 
repose re 
of earth 40 44 - 48 52 56 60 * 64 68 
Mit 66.2 66.4 | 66.7 66.9 67.1 67.3 67.6 | 67.3 
Ait 68.4 68.9 69.3 69.8 70.2 70.7 7U.t fot 
IF 7019. | 72.6 |, 72.2 72.9 73-6 | 74.3 75.0 | 75-' 
IMit 73.2 74.2 75.1 76.0 76.9 77.9 78.8 | 79. 
LYit 75.4 76.6 TOA 48.9 80.0 81.2 82.3 | 83.: 
13431 77-5 78.8 80,2 81.5 82.9 84.2 85.6 | 86. 
Ca 2 79.3 80.8 82:3 83.9 85.4 86.9 88.4. | go. 
24i1 82.3 84.2 86.0 | 87.8 89.7 9r.5 93.3. |.95.: 
aia 84.8 86.9 88.9 gI.o 93.1 95.2 97.2 || 99.: 
321 86.8 89.0 gr .3 93:6 95.9 98.2 | 100 102 
4:L 88.4 go.8 93.3 95.7 98.2 | 10 |, £03, TOS 
5:1 90.9 | 93.6 | 96.3 | 99.0 
6:1 104 108 1i2 116 


This table gives the combined weight W, or the values of wi++w tan? (45°— 34 < 
the weight wi being taken as 64 lb per cu ft for sea water. It should be noted that t 
submerged weight of the earth will be dependent on both character of original soil ro 
and on the extent to which the soil is compacted, the angle of repose becoming great 
as the soil is more compacted. See table A, page 689, for values of angles of repc 
corresponding to various slopes. 

It will be unusual in practise to find conditions where a combined weight W in exce 
of 90 lb per cu ft should be used. The total pressure in pounds against a linear fc 
of a vertical wall feet in height is found by multiplying W by 24 h?. 

Some observations have been made at various depths on the weight ‘‘ in situ ” of se 
immersed in. sea water, and, as should be-expected, they show wide variation. | 


The Overturning Moment is the product of the total equivalent liqu 
pressure on the rear side of the wall, and'one-third the height, less the produ 
of the water pressure on the sea side of the wall, by one-third its depth. Ind 
docks, canal locks, masonry quay walls or bulkheads, the height to be tak 
would be the distance from the top of the fill down, while in walls with timh 
or other relieving platforms the height would be fromm the bottom of £ 
platform. When the bulkhead or wall is founded on viscous or plastic sc 
the depth or height to be considered will not necessarily be the height of the wa 
but may extend some distance below the depth of water at the sea face.” 
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Weight of Soils immersed in Sea Water 


Pounds per cu ft 


Material Re 
Max. | Min. hee 


Gravel and marl 
Gravel and sand 


Stiff clay and gravel... 


Practisé and Custom. It is too frequently the case in the design and con- 
struction of wharfage work to be guided entirély by the accepted ctistom of 
practical wharfbuilders. It should’ be remembered that the same fundamental 
principles apply here as to other engineering structures. If the wall is a gravity 
structure, the safe bearing capacity of the foundation soil must be considered; 
it being remembered that the submerged part of the structure loses dead bee 
to the extent of the buoyancy effect of the water displaced by it. 


Where piles are employed, their safe bearing capacity should be obtained uy 
driving test piles and either applying a test load or making observations of 
weight and drop of hammer, penetration when bringing up, and use these data 
in connection with one of the well-known pile driving formulas, the pile struc- 
ture being examined as a column, and, if of timber, due allowance made for 
character of material used, the creosoting of timber reducing the strength and 
safe carrying capacity of the pile. If capped with timber, consideration should 
be given to the safe bearing power across the grain of the timber used. In 
wharf work under conditions generally obtaining, timber piles 14 inches in 
diameter at butts, with the usual framing, should not be counted on to give more 
than 18 tons carrying capacity per pile. If creosoted timber, not more than 
5 tons. The safe beating capacity of reinforced concrete piles is frequently 
taken at twice this, but is, of course, dependent on the pile section and the 
driving of the pile. In reinforced concrete piling the bearing capacity at the 
top of the pile is reduced by the weight of the pile. In a reinforced concrete 
pier built in Havana, Cuba, piles 20 inches square, and up to 85 ft long, were 
used, and gross bearing capacity of 40 tons per pile allowed, or net capacity of 
25 tons, 15 tons being allowed as the weight of pile. When employing batter, 
brace, or spur piles, this bearing capacity should be somewhat reduced, as the 
driving effect of the pile driver hammer will be less effective, on account of the 
inclination and consequent friction on the leaders: or guides. 


. Expansion Joints. In long quay or sea walls or bulkheads, expansion 
joints at intervals of about go feet; are 
necessary in order to avoid unsightly 
shrinkage and settlement cracks. It is 
desirable to. so design these as to permit 
irregular vertical movement. in adjoin- 
ing sections, but to; lock these. sections 
ns BS BRE so as to prevent a horizontal break. A. 
Galva Hapandl ! ‘simple. and effective joint. of this char- 
; we ah ir Joints i ‘acter is made by casting one or more 
cs v ” or grooves in the end of one e nection; and coating this with pitch or tar, or 
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the end of two adjoining sections may be built in this manner a few feet apart 
and the space filled up. The two methods are shown in Fig. 30. 


For joint A tar is applied with brush to side first concreted. For joints B and C tar 
is applied with brush to body concrete after forms are removed and before key con- 
crete is placed. 


13. Foundations. 


Sheet-piling. When sheet-piling is employed in quay walls or bulkheads in 
connection with or without relieving platforms, the sheet-piling will act as a. 
simple or partially fixt beam supported where driven into the bottom and at its: 
anchorage or fastening at the platform. Due precautions should be taken to 
see that the sheet-piling is driven deep enough into the bottom to secure a proper 
hold and to guard against being pushed out, for which purpose it must be driven 
to a depth so that the passive resistance of earth will take the bottom reaction. 
In reinforced concrete sheet-piling, steel can be placed accordingly, but in any 
case sufficient reinforcing steel must “be placed on both faces so that the pile 
will be strong enough to be lifted and handled while being placed in the work, 
It is usually advisable to lift the piling at two points so that the negativ and 
positiv bending moments are equal, and to fix these points by casting gas pipe 
section or eyes in the piling. 


A too frequent cause of failure of walls or bulkheads is the pushing out of the 
bottom or toe of the sheet-piling, or, in very soft material where sheet-piling is 
not long enough, the running out or mudwave effect underneath the bottom 
of the sheet-piling. ; 


Method of Computing Depth to which Sheet Piling should be eae 
size of piles, struts or tension of tie backs. : 


In Fig. 30a the problem is shown in its simplest form. 

AB is a sheet pile driven to aapkee x 
into the soil and a the known height 
above the soil to which it is retaining 
earth, assume it is heid at,A by a strut 
or tie T. P1 is the known active pressure 
above the outside soil. , the intensity 
at the. level of the soil, » the increment 
of intensity per unit of depth for active 
pressure above or below outside soil. 
kp the increment of intensity per-unit of 
depth for the passive pressure below the 
outside soil. P2= pix; Pa= 4px2; Pa= 
WYkpx?; Pi=VYpa? or P= P1+ P2tP3= 
; Yop(a +x)? 

Take moments around A and P X26(a +x) =Pa(a +24x). i 

Which is an equation with one unknown quantity x. Also Ps1+T =P. or 
T tension in tie or compression in strut =P —Ps. 

Fig. 30b shows the usual trench sheeting, the two struts at D and C take the 
place of the tie, T in Fig. 30a and under these conditions P:+Si +S: =P, and 
from this the size of sheeting and depth to which sheet piling is to be desea 
can be determined, and also the dimensions of struts and wales. Sheet pile 
AB being considered as a beam loaded as shown in ABF. The same analysis 
as above is applied to the general type of sheet pile bulkhead, Fig. 30c, where 
AB is the sheet pile MN the elevation of water. The triangle ALM indicates 
the earth pressure above tide level while M LIB indicates the total active pressure 
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of submerged earth and water below tide level on the land side. HB indicates 
the total water pressure on the water side, and EGH the total active soil pressure 
on the water side and EHF the total passive pressure. Superimposing the active 


Fig. 308. Length of Sheeting Fig. 30c. Bending Moment and Shear on 
and Dimensions of Braces Sheet Pile 


and passive pressure on the water side on the active pressure on the land side 
AMDKE represents the intensity of the forces outward. KIJ represents the 
intensity of the active and passive forces inward which with T equals the out- 
ward forces. From. this . 
may be constructed the 
moment diagram and the 
. size and details of the sheet 
piling actually desired. 
Fig. 30d is the general 
case of a platform wallwith 
surcharge, the length and 
size of the sheet piling may 
be determined as follows: 
Find the known active 
force P: extending from 
the relieving platform to 
| the level ‘of the outside 
soil. Find the intensity 1 
| at the level of the outside Fig. 30d 
soil. Find / the increment 
of intensity per unit of depth for the active pressure below the outside soil. 
Find kp the increment of intensity per unit of depth for the passive pressure 
below the outside soil. Then P2=pix, Ps=%4px? and Ps=Wkpx?. Take the 
moment of all the forces below the platform about the point O, giving 


Pi(a +34u) —Ps(a +26x) —P2(a +14x) —Pib =O; 
VYoepu?(a +2¢x) (k —1) —pix(a +x) —Pib =O; 
Myep(k — 1)? + Maplk —1) a? — pia? —apix —Pyb = O. 


An equation with one unknown «. Solve for x. Then determine P2, Ps 
and P, and T=P;+P2+Ps—P... 

| In applying this method the table of equivalent liquid pressure in article 12 

page 1728 may be employed. &p the increment of intensity of passive pressure 


Athy, Gone 
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is dependent upon the character of soil bottom and must be obtained by ex- 
periment or experienced inspector. 

Brace Piles, when driven with opposite inclinations, are subjectatl toa pull 
in one case and a push in the other, and connection should be made accordingly. 
It is too frequently the case that brace piles, tho provided for in ample number 
and of sufficient bearing capacity, have weakened and improper connections, so 
that the full lateral effect is not secured from them. 

A quay wall or bulkhead can be anchored against’ the thrust or horizontal 
pressure by dead-men or anchors buried in the embankment some distance back 
and below the plane of rupture made by the angle of repose, or by anchors of 
brace piles. Having determined the amount of this thrust, the anchorage can 

* be readily designed, 6 

Such anchorages are shown in Figs. 31, 32, 33. In Figs. 31 and 32, the amount 

of horizontal thrust is represented by A B, A D would be the push or bearing 


Figs. 31, 32. Pile Anchorages Fig. 33. Pile Anchorage with Platform * 


on the brace pile, and A C the uplifting effect or pull on the vertical pile in Fig. 
31, and inclined pile in Fig. 32; Fig. 33 is an anchorage in connection with a 
relieving platform, or might be used separately as anchorage for a bulkhead or 
wall. AC is the uplifting effect, but the actual pull or uplift on the vertical 
pile shown is decreased by the weight of the soil or backfill surcharge on the 
platform, represented by EF GH. 


Effective and Ineffective Anchorage details of brace or nnehvabe connec- 
tions are-shown in Figs.34 and 35. Fig. 34 shows five typical brace pile anchors 
for a quay wall or bulkhead. Fig. 35 also shows five typical cases of improper 
brace or spur, pile details or connections. Some of these have been taken from 
actual work, Fig. 35 (1) and (2) having been discovered and sketched only after 
the failure of the work by the outward movement and overturning of the wall. 
It will be noted that in these two cases the bearing or thrust in the brace pile is 


i- ve Doct ya 
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Fig, 84 Effective Pile Anchorage Fig. 85. Ineffective Pile Anchorage’ 

; anriggn ti 
entirely taken by the bending in two 1-inch screw bolts and one 34-inch dock 
spike. These, apparently, held for some time, but, being submerged, even this 
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upport was greatly weakened by the corrosion of fastenings. In Fig, 35.(3) 
nd (4) depend entirely upon the strength in bending of one screw bolt, as does 
5), except that the deck planking directly above the piles furnishes an addi- 
ional bearing. In designing work that will be submerged, or kept partially 
o, if the work is to be considered permanent, it is important, in so far’as pos- 
ible, to avoid entire dependence upon iron or steel fastenings. Galvanizing 
as been attempted with indifferent success, and, in one or two instances, ex- 
ruded brass has been used for fastenings. As far as possible, work of this char- 
eter should be detailed for dependence upon the fitting of timber joints and the 
ise of wedges, dowels, and treenails. The general practise in engineering design 
hould be applied to obtain dimensions of caps and stringers, thickness of plank- 
ng or decking, bearing surface in contact, and other details. Liberal allow- 
mce must be made, however, for the weakening of aged water-logged timber 
w the deterioration of timber by rot, when exposed to successive wetting and 
lrying out; and in reinforced concrete construction to the possible disintegrating 
ffect of concrete when submerged in salt water, especially when subject to the 
ction of frost. 

Safe Bearing Capacity of Groups of Piles. As stated in Sect. 6, Art. 28, 
he bearing capacity of piles is dependent upon the support at the bottom of 
he pile; if the pile penetrates a short distance to hardpan or rock, the strength 
f the pile as a column must be considered; when the pile penetrates some dis- 
ance into soft materials, the bearing capacity depends upon the skin frictional 
esistance. It would be well, however, to note that the skin frictional resistance 
s the means by which the load on the pile is transmitted thru the pile and thru 
, vertical cone of earth, of which the pile is the center, to the subsoil at the plane 
f extreme penetration of the pile, the bearing capacity.of the soil also being 
ncreased by being compacted by the driving of the pile. For this reason the safe 
earing capacity of one pile is no criterion for fixing the safe bearing capacity of 
. number of piles driyen closely together, as in the latter case the cones of resis~ 
ance overlap and the bases of these cones at the bottom of the piles will, in cases 
f a group of piles driven closely together, each be required to carry the load, at 
east, in part,.of several piles.. While the bearing capacity of the subsoil at some 
listance beneath the surface, as at the foot of long piles compacted by pile driv- 
ng, will safely carry considerably higher loads than the same character of subsoil 
t or near the surface not compacted, there is, nevertheless, a limitation which 
an be readily exceeded by placing piles too close together, expecting them to 
arry considerable loads. It is inadvisable in pile foundations, for harbor work, 
o place piles closer together than 214 ft to 3 ft, It will be seen that at 234 ft 
enters, in carrying loads of 18 tons each, the interior piles of a large group 
vill subject the subsoil to a load of approximately 3 tons per sq ft, 


Anchorage or Pull on Piles. Where brace piles are used for anchorage of 
juay walls or bulkheads, or in connection with pier work, as previously stated, 
he bringing into play of these brace piles to resist lateral movements frequently 
esults in an upward pull on some inclined or vertical piles, As a general rule, 
les driven some distance into the soil and dependent upon skin friction for 
heir carrying or bearing capacity can be safely counted on as giving an an- 
horage effect or resistance to pulling equal to the estimated bearing or carry- 
ng capacity. Experience in pulling wp or attempting to pull up piles driyen 
n harbor work fully confirms this statement. Observations made on piles 55 to 
'5 ft in length, driven in 23 to 35 ft of water, indicate that a pull of from 20 to 
5 tons was necessary, in many instances tops of piles pulling off before the piles 
vere moved, This resistance to up-pull is dependent upon the skin friction of 
he pile or actual mechanical anchorage in the case of types of concrete piles 
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with enlarged bases, which, in turn, is dependent upon the weight submerged 
in water, of the cones or pyramids of soil engaged by the pile and having their 
small ends or apex at the bottom or foot of the pile and the enlarged bases at 
the river or sea bed. Hence, the anchorage effect in a group of piles driven 
closely together, will be less than the sum of the anchorage effect of a like number 
of single’ piles, because the anchorage is entirely dependent upon the weight of 
the mass of earth engaged by the group of piling and in no case should be expected 
to exceed the weight of the affected inverted prism of soil to” the bottom of 
the piles of the group. The effective weight is, when below tide level, of course, 
the submerged weight of the soil, for which refer to Art, 12. 


14. Timber Quays or Bulkheads 


Inexpensive and Temporary Character. When work is to be of a more or 
less temporary character and of inexpensive type, timber is largely employed, 
often, where necessary, treated by one of the preservative processes. In har- 
bors where marine wood-borers do not exist or are not active, timber work bélow 
mean tide level, where always kept wet, will last indefinitely and can be employed 
in the foundation and other parts of permanent harbor work. 


-Creosoted Timber. Available information shows that the life of creosoted 
timber, submerged in water where marine wood-borers are prevalent, varies a 
great deal and this is'due to differences in quantity and quality of the oil used 
and to the method of treatment. A variation in quantity of 10 to 24 lb per cu ft 
is frequently employed. Short leaf pine, on account of its structure, readily 
takes more oil per cubic foot than pitch pine, and, while not possessing the same 
strength, is, in many instances, a better material to use where creosoted lumber 
is required. 

Yellow pine piles treated with 16 Ib of creosote per cu ft, after being in pies 
in Charleston harbor 12 years, show no evidences of haying been attacked by 
marine, wood-borers.. In some of the other South Atlantic and Gulf ports, 
where the marine wood-borer is very active, there are examples of creosoted 
timber piles that have not been seriously damaged by the marine wood-borers, 
and have been in place over 20 years. 


Examples of various timber quays are shown in Fig. 36, the numbers referring 
to the brief descriptions given below. 


(x) Garrison Ave., Bronx River, New York City. Front close piling filled with riprap, 

(2) Harlem River, New York City. Three inch sheetpiling backed with riprap. 
Anchor bents ro ft centers. 

(3) Echo Bay, New Rochelle, New York. Close piling backed with riprap, Bents 
6 ft 6 in centers, 

(4) Oak Point, New York. 

(5), Hudson River, New York. Riprap embankment. Bents of platform ro ft on 
centers. ; 

(6) Astoria, L. I., New York, Astoria Light and Power Co. Crib filled with rubble, 
pockets 8 ft square Pormed by logs. 

(7) Hudson River, New York, Interboro Rapid Transit Co. Slope paved with riprap. 
Bents 5 ft centers. 

.(8) Harlem River, 171st Street, New York. Three inch sheetpiling, backfilled with 
riprap. Guide piles 5 ft centers, two anchor piles every 10 ft. _ 

(9) prckO Tnlet, New York, Barren Island. Bents ro ft centers, one brace pile 
to eac! 

(10) San Pedro, Port of Los Angeles, California. Live load allowed 500 Ib per sq 7 
Piles creosoted, eae 15 ft centers. RAINE IER. LES 
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Fig. 36. Timber Quays 


(xr) Missouri River, Kansas City, Mo. \ Timber and piles creosoted. 526 ft long, 
Cost $43 per lin ft. TI 
(x2) Chicago, Til. Standard Sheetpile bulkhead: Sanitary District. : 


(13) Navy Yard. New York; 1912. 200 ft long. Cost $38 per lin ft. Platfort 
with 6 in sheetpiling. Bents ro ft centers. 
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15. Masonry, Concrete, and Timber Quays 


Foundations. In the construction of quays or bulkheads of more permanen 
character where rock or hard unyielding foundation can not be readily secured 
timber piling and grillage work are often employed for the foundations or ma: 
be carried up to mean tide level, the work being surmounted by a masonry o 
reinforced concrete structure. 


Riprap in locations where it can be secured in quantity and at a low cost i 
extremely valuable as a Quay wall material, for the foundations of the wal 
the protection of slopes, filling behind the wall, and for the underwater part c 
the wall itself. On account of the voids the material in mass submerged doe 
not weigh moré than earth fill and stands at a much steeper slope, less than 
on I. 

Essential Details of various precedents are given in the following state 
ments, the numbers referring to Fig. 37. ; 

(1) Savannah, Ga. Standard Fuel Supply Co. 1912. Twelve inch reinforced concret 
wail on timber piles, rs ft 6 in centers reinforced concrete deck slab. Live load 600 Ik 
Cost $50 per lin ft. 

(2) Brooklyn, N. Y. Gowanus Canal. Timber platform, with concrete wall on pile 
and riprap. 

(3) Chicago, Ill. Proposed en for bulkhead wall alongside Long Pier. 

(4) San Diego, California. 1912. 2675 ft long. Cost $z24 per lin ft. Concrete ir 
cased piles 7 ft centers, a 

(s) Mloilo, P. I. 9x2. Cylinders 12 ft centers. Reinforced concrete on timber pile: 
Cost $70.35 per lin ft. 

(6) Chicago, Ill. Long Pier bulkhead, 

(7) Charleston, S:C. zorr. 4000 ft long. Untreated timber piles, sheetpiling an 
concrete wall. Reinforced concrete sheetpiling, 3 ft wide, to protect timber work fror 
marine borers. Cost $35 per lin ft. The cost of an alternative design, having a rein 
forced concrete wall, was $36 per lin ft. 

(9) New York (South Brooklyn), N. Y. One of several types of wall used a De 
partment of Docks and Ferries. 

{zo) Boston, Mass. Northern Avenue. rox. At Gosbnoherbairs Pier. Lengt 
645 ft. Cost $106.70 per lin ft. 

(11) Schenectady, N. Y. N.Y. State Barge Canal. (rz) Amsterdam, N. Y. N. ¥ 
State Barge Canal. (13) Utica, N. Y. N. Y. State Barge Canal. 

(14) Providence, R. L. Fields Point. Bents 4 ft centers, two brace piles to each bent 
Sheetpiling 6 in and 8 in. 

(xs) New York, N. Y. © Central R. R. of New Jersey, Bronx Terminal. Bents 8 | 
centers, two brace piles to a bent, sheeting 6 in. 

(16) Boston, Mass. U.S. Navy Yard. (17) Norfolk, Va. U.S. Navy Yard. r9rc 
Timber platform, surmounted by concrete wall on reinforced concrete sheetpiling, 5 
ft long. Similar wall faced with granite ashlar, built at New York Navy Yard, 1912 
Cost $180 per lin ft. Bents, 5 ft centers. 

(18) Berlin, Germany. Spree Canal. (19) Neufahrwasser, Commercial Railroad 
Germany. \ 


16. Masonry and Reinforced Concrete Quays 


Foundations. Where the foundation is of rock or unyielding material, qua: 
walls built up of large stone blocks, concrete blocks, or concrete monoliths, ar 
permanent and effective. In localities where granite is readily procurable a 
a reasonable price, this type of wall can not be improved upon both as to per 
manency and cost. With less. satisfactory foundation conditions, especiall: 
where marine wood-borers are prevalent, reinforced concrete piles or column 
are effectively used. In masonry walls the underwater work, if of blocks, is usu 
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ally laid by divers to elevation of low water. Where monolithic concrete block 
are used these may be premolded and lowered to place by heavy derricks, tl 
foundation being prepared by the use of riprap and broken stone or concre 
bag work. Concrete or stone masonry walls are also built in the dry in coffe 
dams, or use is made of reinforced concrete or timber floating caissons or box 
built on shore, launched, and sunk in place by filling. 


Essential Details of various precedents are given in the following stat 
ment, the numbers referring to Fig. 38. 


(x) Key West, Fla. U.S. Navy Yard. Reinforced concrete piles and deck. Ben 
ro ft centers. (2) Albany, N. Y. State Barge Canal. (3) Los Angeles, California, r91 
Reinforced concrete piles and deck. Cost $170 per ft. Bents 20 ft centers; anchors, 
vertical, 4 brace timber piles. (4) Nantes, on Loire, France. Reinforced concrete. ( 
Spandau, Germany. Municipal Quay. (6) Nantes, France. (7) New York, N.Y. Po 
Morris, Bronx, N.Y. C. & H.R. R. (8) Oakland, California. 2005 ft long. (9) Bo 
ton, Mass. Fish Pier. Wall around Pier 6. Cost, about $260 per ft. (zo) Baltimor 
Md. Proposed design. Est. cost, $50 per ft. (x1) Portsmouth, N. H. Navy Yar 
Loose coursed granite laid by diver. A type of wall used along New England Coas 
1907-1912. 320 ft. $308 per ft. (z2) New York, N.Y. 116th Street, Department 
Docks and Ferries. (13) New York, N. Y. Cedar Street. Department of Docks ar 
Ferries. 


The Department of Docks and Ferries of New York City has for many years er 
ployed large premolded concrete blocks for Quay wall construction. With rock found 
tion within 40 ft of surface, if material over rock is soft, it is dredged off and rock cleane 
and the wall based on bag concrete brought up to level by divers. Upon this successit 
’ tiers of concrete blocks are laid up to low tide level; above this, granite ashlar, back 
with mass concrete, is used. The blocks weigh from 25 to 95 tons. Where the foundatx 
is such that piles can be driven to clay, sand or other firm bottom, soft material is exc 
vated to 30-ft depth, piles driven and cut off rs ft below low water and given lateral resis 
ance by an embankment of riprap' and gravel brought up to tops of piles. Upon the 
piles a single tier of concrete blocks is laid, each weighing 80 tons. A granite ashlar we 
facing with concrete backing surmounts the blocks. Where the bottom is soft, the w: 
is provided with a relieving platform. In some walls in soft bottom, settlements : 
high as 4 ft have occurred, which were remedied by adding courses of granite. TI 
blocks are handled by scows and set in place by a roo-ton or a 4o-ton crane. Cost h 
varied greatly from $100 to $750 per lin ft. 

Quay walls, in which monoliths are employed consisting of floating caissons, _n a sir 
ilar manner to their use in Breakwaters, see Art. 3, have been constructed at Zeebrugg 
Belgium; Rotterdam, Holland; Norresundby, Denmark; Talcahuano, Chili, and hollo 
reinforced concrete boxes at Passau on the Danube. At Antwerp, Belgium, a quay w: 
was constructed using caissons launched and floated to place and then sunk by fixir 
over their upper part a pneumatic caisson or diving-bell handled by two floats; the se 
tion being then filled with concrete. 


17. Failures of Quay Walls 


Moyement and Settlement of quay walls and their eventual failure in who 
or part are not uncommon, even in well-designed walls or bulkheads where amp 
provision has, apparently, been made for the outward thrust; it is not unusu: 
to find after work has been started evidences of settlement at the toe and irre; 
ular outward movement at the top. This may, in some cases, be accounted fc 
by the slight settlement of the foundation under the front of the wall on accour 
of the concentration of load and the outward thrust at that place and also i 
walls where timber platforms or anchors, employing brace piles, are used, t 
the slight movement allowed in the bringing up of bearings and connection 
In most instances, this will not continue to any great extent, and may be co: 
rected in so far as appearance goes, by resetting the coping. On walls or bull 
heads having ornamental copings or balustrades, it is often advisable to pos 
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pone the placing of thesé until a short time after the wall or bulkhead has beer 
built and has had an opportunity to take its set. In gravity masonry walls, z 
not infrequent form of failure, or partial failure, is the moving or sliding out, it 
mass, of the wall on its base. It is customary, where possible, to lay the founda: 
tion and upper courses of masonry at an inclination to overcome this. 


Examples of Failures and the corrective measures successfully applied iz 
some instances: 


(a) An outward movement was observed during the construction of The Fish Pie: 
wall in Boston Harbor, the wall resting on an inclined riprap bed, laid on clay overlayins 
hardpan and rock. The movement was arrested by driving piles directly in front of and 
at the toe of the wall and constructing in the rear of the wall a relieving platform. 4oc 
ft of wall were involved; the cost of repair was about $90.00 per lin ft, 


(b) A section about 300 feet long of a masonry and timber platform wall built at th 
New York Navy Yard, failed by outward movement and overturning, the cause being 
undoubtedly, improper brace pile connections, and as referred to in Art. 12. 


(c) A somewhat similar wall in Washington, D. C., built on a very nartow platforn 
without brace pile ties, moved outward ro ft when the backfilling had only been carriec 
to mean tide elevation. When repaired, by constructing a timber relieving platform witl 
adequate brace piles, backfilling was carried to grade and no further movement of im 
portance found. 

(d) A wall in Charlestown, Ss. c, harbor, 4000 ft long, was located on a salt marsh; 
the river silt of increasing compactness and density extended to a depth in excess of 9c 
ft below tide. The depth of water at face of wall varied from o to approximately 8 ft 
The support for the wall consisted of a timber platform and brace piles with sheet-piling 
driven at an inclination. Filling of river silt was placed behind the wall by hydraulic 
dredging. In two locations the filling material blew out underneath the sheet-piling 
pushing out the bottom of the sheet-piling. This was corrected by loading the toe of the 
wall with riprap and, in some instances, by driving heavy vertical sheet-piling inside 
and back of the wall platform. 

(e) A platform bulkhead built in New York Harbor, consisting of a timber platform 
with sheet-piling on the inside with brace piles at 5 ft intervals, with rs ft depth of wate 
at the sheet-piling, and 30 ft depth along the face, gave evidences of outward movement 
when the depth of water was increased by dredging to 34 ft. This was corrected by plac 
ing 2 in round steel anchors every 20 ft and carrying these back 4o ft inshore of the sheet 
piling co anchors of timbers, dead-men, and piles, and placing riprap along the slope 
decreasing the depth of water at sheet-piling to 12 ft. 


(f£) A wall built at the Navy Yard in New York, about 1885, of gravity type 
consisted of heavy granite blocks, with massive counterforts, laid by divers on a timbe 
pile foundation and of granite ashlar work above tide level. It was designed at a tim 

when the draft of the vessels did no 
Granite 4's" exceed 20 ft. With the increase i 
\ese——18'0"—>} ya atovo thie draft of vessel, the basin directly i 
ele ty ou ei front of this wall was dredged out 
= and, finally, to a depth slightly it 
excess of 3o ft. A somewhat simila 
wall in another locality failed by out 
ward movement and overturning. Th 
wall in question moved outward anc 
gave every indication of early failure 
It was repaired by the method indi 
cated in Fig. 39, the ashlar work be 
ing stripped off to low water, sheet 
i piling driven directly in front of thi 
Fig. 39. Quay Wall Repalt, Néw York wall, and this tied back in turn by tim 
ber ties to a platform in back of th 
eer Wp’ vie veut and brace piles, the space between the face of the wal 
and the sheet-pil with riprap, and a new wall Built directly atop of the 
piling, and the work backfilled. m lala 
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(e) Acrib wall in D., L: & W. R. R. yard, Hoboken, N. J., the top of which had given 
way and needed retiewal, was repaired ata cost of $13.21 per ft, as shown in Fig: 40. 


(h) A’ seawall Built on’ a timber platform, the Noiw Surface 


protective face of which under water consisted Bea 
K. on Wall 


of 3-lap, 2-in yellow pine treated with creosote, 
began tifa on adconnt of the destruction of ‘ isosshey 


Dead Man 
rT 
; Pi i 
> : i 
ukiol 
: ib Lamber ey 
Sound below this Level 
Fig. 40. Quay Crib Repair, Fig. 40a. Wall Repair, Hamp- 
- Hoboken, N. J. ton Roads, Va. 


the wood by the teredo. Eight-inch grooved and tongued reinforced concrete sheet 
piles were driven anc a reinforced concrete face put on top of this and the structure 
tied back by tie rods. The work will cost about $85.00 a linear foot in 1919 as ee in 
Fig, 40q. 

There are numerous: other examples, especially of walls or bulkheads, constructed: to 
retain filling that have failed by the outward movement, of sheet-piling at the toe! or 
bottom, or by outward movement at the top, and. overturning on account of insecure 
and insufficient anchorage. 

The increase in the depth of harbors, due to the increased draft of vessels, has, in 
instances, rendered insecure wall structures designed with sufficient strength and Sani, 
for the conditions existing when they were built. 


LANDING PIERS 


18. General Information 


Pier and Bulkhead Line. In the interior of harbors and on navigable 
rivers, two lines are usually established in the United States by the National 
government, or, outside of this jurisdiction, by local. port authorities, The 
bulkhead line is the line to which solid, or solid filled structures may be built. 
The pier-head line is the line fixing the boundaries of the fairway to which wharf 
of pier structures may be built, but when so built must be of open construction, 
permitting the flow through them of the full sweep of the current or tide, such 
open construction being in the nature of pile or column bents. It is usually per- 
missible, if desired, to make the structure from mean-low-tide up continuous 
or solid. 

Length and Width of Piers. Piers should be of at least sufficient length to 
berth the longest ship likely to use them, and hence should project out into 
the stream a short distance beyond the bow or stern of the ship to protect the 
bull of the vessel from collision by passing navigation or floating ice. Piers are» 
often built long enough for berthing two or more vessels on either side. . Allow-» 
ance should be made in determining the length of piers for the growth in dimen=* 
sion of shipping. ‘The width of piers is largely dependent upon the use to which’ 
they are to be put, altho.a safe'minimum width, in order to secure lateral stability. 
by bracing, would be fixt by the depth of water and the length of the pier and 
the character and size of the vessels to which it will be required’ to afford: wharf-, 
age. Piers to be used for the berthing of vessels, but not to any extent.for the, 
discharge, handling, or storing of cargoes, should be not less than yo to 50: ft, 
wide. For piers in shipbuilding, and repair yards, carrying standard gage rai 
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road track, and for heavy crane track service, requiring the handling of bulky 
material, 75 to 100 ft which is frequently used. For commercial pier work and 


in an important port where the largest ships are likely to be berthed, and cargo ~ 


handled and re-handled, widths of 100 to 250 ft are used, while in the same 
character of piers, in connection with railroad terminals carrying one or more 
lines of standard gage railroad tracks and provided with sheds for handling and 
storing of cargo, widths of piers in excess of 200 ft are often used. No fixt 


rule can be given for the length of piers. Local conditions and the value. 


of property must control. If piers are designed long enough for two or 
more vessels to lay alongside, the traffic congestion incident to handling 
and rehandling cargo at the entrance to the pier must be considered. As the 
width of piers, or transit shed erected on the pier, should afford storage 
space for at least one cargo outgoing or incoming, that is, considering whether 
a one- or two-story shed is used, the cargo capacity of the vesselat the pier 
and the necessity for aisles or passage ways thru the storage space, and 
for road ways and railroad tracks to take in and bring out cargo, must be 
considered. There has been a tendency to increase the width of piers at cargo 
handling terminals. 

The width of piers for handling incoming and outgoing cargo is directly related 
to the quantity of cargo to be accumulated on the pier for loading or the quantity 
to be landed in unloading while awaiting transfer and distribution. At a prop- 
erly laid-out terminal vessels should be promptly loaded or unloaded. In deter- 
mining the proper width the cargo carrying capacity and length of the largest 
vessel likely to use the pier should be taken. For man handling 5 ft high would 
appear to be the highest economical height of stowage; while 4o cu ft can be 
allowed for a cargo ton, or with passageway, etc., allow 12 sq ft of pier or wharf 
per cargo ton. With mechanical stacking and handling this could be decreased 
or the width of piers can be decreased by using two decked transit sheds, altho 
in that case one deck is generally employed for incoming and the other for 
accumulating outgoing. On account of the increase in sizes of vessels and the 
importance of space for accumulating cargo in advance and discharging without 
delaying vessels, the tendency is to construct wider piers. The New York 
City pier and waterfront congestion is undoubtedly due largely to too narrow 
piers for the size of vessels using these. 


Width of Slips. The berthing space or slip between two piers should be wide: 


enough to readily accommodate two vessels, one lying at each pier, and also 
give room for the entry or departure of either. Sufficient space should also 
be provided for loading and unloading by barges or lighters on the off pier 
side of the vessel. The greatest beam of the largest ships is now about roo ft, 
so that.in slips where the largest vessels are to be accommodated the width 
should not be less than 250 ft, and it should preferably be more than this. 


Depth of Water at Wharves. In former years the amidship, hull neuter 
of wooden ships was such that the maximum draft required was not necessary 
directly in front of quays or piers, but with the advent of steel hulls of practi- 
cally. rectangular amidship section, with bilge keels, the maximum draft is 
required directly in front of the wharf to be occupied, unless the vessel is kept. 
off by spur shores, or floats, in which case there is a loss of space in the slip and 


inconvenience in the placing of gangways and the handling of cargo. 


At the first-class piers on the Atlantic Coast"4o ft appears to have been recently 
fixt as the desired depth for port approach channels. One or two notable exam- 


ples exist of transatlantic liners which have a depth of approximately this at 
full load. It is doubtful that the tendency to increase full load draft design 
of ocean-going vessels will continue beyond this 40-ft limitation. : 
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On the Atlantic Coast, in the important harbors, where possible, a usable depth of 
not less than 35 ft should be provided, as some of the larger vessels in commercial use, 
when fully loaded, have a draft in excess of this. Provision should be made for this usable 
depth at extreme low water by allowing additional depth for silting up, and to provide 
for movement on account of wave action. ‘ F 

Naval vessels seldom have a maximum displacement draft in excess of 30 ft. An al- 
lowance, however, must be made for over-draft, especially in case of injury, such as the 
flooding of compartments. 


Direction of Piers. ‘In the prevailing American practice, piers are built 
out perpendicular to the shore line and to the direction of the channel. Some 
advocate placing piers obliquely, urging that the task of bringing vessels into 
and out of slips is thereby rendered easier. This is, of course, dependent upon 
tidal and current conditions. In a tidal harbor with the ebb and flood of the 
tides, this would be so under one of ‘the two conditions of the tide, but it would 
be more difficult, or impossible, to bring vessels in or out with the reverse con- 
dition of current. ; 


Laying Out of Wharf Work. The location of piles or columns in bents are 
usually fixt by batten ranges placed on shore, the spacing being laid off on two 
bases, a short distance apart, parallel with the bents, and the distance out to 
bents determined by similar ranges on adjoining structures, or by steel or cloth 
tape lines measuring out from a fixt base, the piles being held in place by stay- 
lathing or temporary braces below the cut-off or finished grade. The elevation 
of cut-off is given by level and carried from the given point by straight edge and 
checked by instrument. Piles are cut off below water, by divers using a hand 

| saw, or by using a horizontal circular saw operated from the surface. 


Piers in Deep Water. When piers are laid out so that for the entire length 
| or at the outer extremity they are in water of considerable depth, resort is 
sometimes had. to raising the bottom, into which the piles are to be driven by . 
making embankments of riprap. In pile piers, if placed after the piles are driven, 
there is likely to be a settlement in the structure due to the weight of the riprap 
' or cobble. This method of construction has been employed along the New York 
| City. waterfront, and in the case of the New York Central pier, at Watt Street, 
| resulted in a settlement of nearly 2 ft. Riprap embankments, under water, 
are also used to give the pier lateral strength, especially where the piles can not _ 
| be driven deep enough into the bottom to insure good holding. The raising 
| of the bottom by embankments of riprap or cobble is also resorted to to 
strengthen the pier laterally and especially to support the piling, which would 
| otherwise involve consideration of the carrying capacity of such piles as an 
| extremely long unsupported column. : 


19. Design 


The Live Load carrying capacity of piers and quays depends largely ‘on the 
‘use to which they are to be put, and ranges from 250 to 1200 lb per sq ft. The 
minimum should be used for piers intended solely for berthing light traffic 
and the support of oil and water mains, and the maximum for especially heavy 
work, such as the handling and storage of ordnance, armor plate, and heavy 
machinery. In commercial wharves, 600 lb per sq ft should be used for piers, 
and 750 Ib for quays. The foundations are to provide for this live load and 
dead load of the structure itself. The foundation for standard gage railroad 

‘track, or heavy crane tracks, shed or building foundations, require special 
_ treatment as in other engineering structures. : ; ad 
| Prevailing Practise. In pier design it will be found that details frequently 
‘have to conform with established rules fixt by local authorities. Where this is 


f 
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hot the case, the deck or slab should be designed to’ carry full live load and dead 
load, the sttingers, rangers or beams to carry full live load and dead load. 

Caps or girders, 80 percent of live load, and full dead load. Piles or columns 
75 percent of live load and full dead load. For other structures such as sheds, 
railroad tracks, and special work, design in conformity with general building 
practise. 

Timber Pier Framing is largely done by the methods used in ship framing. 
Pile caps, if not in one piece, are usually scarfed.at such locations as to break 
joints in adjoining bents. In substantial work piles are usually tenoned and 
caps mortised. Frequently clamps are substituted for caps, these consisting of 
two timbers, the pile being shouldered out on each side to receive them. String 
pieces or rangers are either butted over caps and drifted, or spiked, to the cap, 
or the joint occurs in the middle of the bay, the timbers being fish-plated. In 
heavy and important timber piers, the deck system usually consists of heavy 
planking with somewhat lighter wearing sheathing laid diagonally to the direc- 
tion of traffic over it. Out-shore corners on piers are usually rounded and 
heavily reinforced, In harbors where floating ice is prevalent, especially in 
tidal rivers, the bays at the outer end of the pier are made of double width, and” 
the pile or column bents at either side protected between tides with steel or iron 
plates. The fastenings used are, in general, similar to those employed in timber, 
ship, and bridge work, and are frequently galvanized. Piers are often built 
with a slight crown at the center to facilitate drainage. 


Fender System. Wharves, when used for berthing, are protected by fenders 
fitted so as to be readily removed for repair and replacement. The fender sys- 
tem is made up of vertical fenders or fender spring piles and horizontal wearing 
ribbons. The outer ends or corners of piers are usually protected by heavy 


clusters of fender piles, or by separate pile clusters or dolphins, In reinforced’ 


concrete and masonry piers the fender system is often arranged on an elastic 
system with sufficient spring to save the main structure from the shock of ves- 
sels coming alongside. For this purpose the spring of the vertical and horizontal 


timbers is employed, or groups of heavy car springs used. Frequently such’ 


fender systems are assisted or replaced by floating fenders, rolling logs or spars 
of single or made-up timbers sometimes served with old hemp line and fastened 
at the ends with lines or chains fixt to the side of the piers or quays. 


_ Fender System. In addition to the fenders employed it is sometimes customary to 
construct dolphins or clusters of piles along the side of a pier to breast off vessels with. 
Such dolphins are also used without the pier for mooring purposes while vessels are 
awaiting for pier or berthing space or being loaded or tinloaded by lighters. 

Moorings. Piers are provided with mooring posts or bollards, bitts, and 
cleats, one for each so ft length of berth, the inshore and outshore moorings for 
_ bow and stern lines to be heavy bollards or posts fitted with horns or pins. 
Typical details of mooring fittings are shown in Fig: 41. When vessels; are 
berthed alongside of quays, ‘it often becomes necessary to:spur them: off so that 
at low tide the bilge keel will not rest on bottom slopes. Spur shores of heavy 
spats are used for this purpose, one end resting against the vessel’s side, and 
being supported from it by: lines or chains, the other end resting on wheels or 
rollers on the wharf platform, and made fast by lines or chains to bitts or moor- 


ing posts. » The same’ alihedins is accomplished by placing floats, in balvegn the. 


vessel and the wharf. 

Accessibility of Wharf Platforms. In harbors where the range of tide is’ 
only moderate in extent, the platform elevation of main piers and of second 
floors of pier sheds are usually so fixt that access may be had to cargo openings 


in sides of ships, for placing and transfer of cargo, by portable gangways. Where. 
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Fig. 41. Mooring Fittings 


there is considerable range in tide, piers are sometimes built on two levels, the 
low one used at low tide, and the upper one at high tide, or inclines are built 
on the sides of the wharf, and sometimes these are provided with drop or adjust- 
able gangways. A detail of such a gangway, in use at Philadelphia, Pa., is shown 


: 


in Fig. 42. 
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Fig. 42, Drop Gangway, Philadelphia 


Ocean Piers are generally built for passenger service, landings or recreation 
purposes. Ocean piers have been constructed for‘commercial purposes in loca- 
tions where natural harbors were not available or convenient. Piers of the 
recreation type are found at resorts near populous cities, and are very often 
constructed of steel or iron piles or columns with steel and timber superstructure. 
The piles or columns are made up of pipe, or structural shapes, iron or steel 
disks or sections of screws being fixt to the lower end. The piles are put into 
position, with the aid of water jets, an attempt being made to place them suffi- 
ciently deep so that the sand surrounding them will not be disturbed and washed 
away by wave action. These iron or steel piles or columns, when made of pipe, 
offer a minimum resistance to wave action; the requisite lateral stiffness is usu- 
ally secured by cross bracing of steel rods. Piers of this character have also been 
built employing’ reinforced concrete piles surmounted by a reinforced concrete 
deck system. Ocean piers of the commercial type have been constructed on 
the southern coast of Cuba and in South America; in some cases, instead of being 
continuous piers built out into the sea, they consist of a detached platform or pier 
in deep water, the cargo being handled to and from the shore by means of over- 
head cableways. ; 


> 20. Life and Cost of Piers 


The Life of Piers is entirely dependent upon the location of the work and 
character of constryction employed. ‘Timber piers built in harbors where 
marine wood-borers are not ‘active will last indefinitely below mean tide, but 
above this are subject to rapid deterioration and decay. Under such circum- 
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stances the life of a timber pier, in its entirety, could be probably fixt at 20 years. 
There are instances of work of this character requiring extensive repair, amount- ~ 
ing to replacement, in 15 years, while in other cases piers after a life of 25 to 30 
years aré still in use. C. W. Staniford, Ch. Eng., Dept. of Docks and Ferries, 
New York Harbor, gives the following facts in’Trans. Am. Soc. C. E., Vol. 77, 


1914: 


Percentage 
Description j of total Renewal required 
original cost 
ShenwinareN..e le. SEs). LGU ald. r2 Every 6 yrs 
Backing log 1.8 Te 487 
Fender chocks, including vertical cheating 4 t ter ons 
IGUMCMBOMGS eres vel. ssi secme cis ess 5 4.7 Sew area Se 
Decking... . Ir.3 FOU eee 
Mcdemeennee te see # 8 50% in every’ 20 yrs 
Manigersranecapsy 6.1. 0/20 G OT 24/4 50% 15% thle go 
t Piles, above mean low water..........:. 34.7 366 Foi Ses20) oe 


From the above it is derived that the average life of the entire pier is 21.6 
years. The timber piles, however, below mean tide elevation, which are still 
in good condition, can be made use of by building a new superstructure above 
and resting on them. Climatic conditions, the care with which the construction 
work is performed, and the character of timber employed will materially modify 
length of life. Timber piers, with creosoted piles, in ports where marine wood- 
borers are active, may have a length of life between 15 and 25 years... In timber 
piers with reinforced concrete decks, the length of life is dependent on the length 
of life of rangers and caps, and, when of substantial construction ina locality 
such as New York Harbor, can be taken as 30 years. Masonry, reinforced con- 


crete, masonry and reinforced concrete on timber foundations or platfor ns. . 


where marine wood-borers are not prevalent or active, have practically an 
indefinite length of life, altho under some conditions there is .a possibility of 
deterioration of concrete work immersed in sea water requiring extensive repair 
and renewal. It seems safe, however, to fix the length of life of this character 
of structures at 60 years. Untreated, unprotected timber in harbors. where ma- 
rine wood-borers are prevalent and active, are destroyed rapidly, in some 
instances the piles being entirely eaten away and destroyed in two or three years. 


Costs of Piers. The data available as to the cost of piers are likely to prove 
extremely misleading. These costs are, of course, dependent upon details ‘of 
construction, character of foundations, live load carrying capacity for which 
designed, the character and cost in the particular location of the material em=- 
ployed, availability and cost of labor and appliances:, For general estimating 
purposes, for the cost per superficial foot of, different types of pier work, in Ameri- 
can ports, the following may be taken, the range between the maximum and 
minimum being dependent on location, foundations, and detail of design. These 
costs do not include auxiliary structures, shed’ foundations, railroad track 
foundations, Baby aye, galleries, or other structures: 

} Cost per sq ft © 

Untreated pine timber piers........... es veins otie seseeee $0.75 to $1.20 

Creosoted pile untreated timber superstructure piers..........+ $1.00 to $1.50 

Untreated timber piers with reinforced concrete deck... sass $0.90 to $1.45 

Creosoted timber with reinforced concrete deck...........++0+ $1.15 to $1.75 
Untreated timber platform with concrete cross-walls or re- 

inforced concrete columns and deck..... Fafa ab ako ++++++ $1.40 to $2.00 
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Cost per sq ft 
Creosoted titiber piles with reinforced concrete columns and deck $1.70 to $2,335 
Reinforced coherete piles and timber systerh and deck.......... $1.70 to $2.58 
Reinforced coricrete piles and deck and deck system............ $1 90 to $2.75 
Timber platform to low water and solid fill above:.1..1........ $1.50 to $3.00 


On reinforced concrete deck piers there should be added to the above figures, if asphalt 
weariny surface is to be placed, from ro to 16 cents per sq ft, and if creosoted wood 
block wearing surface is to be pla¢ed, 260 to 28 cents per sq ft. On filled piers, in addi- 
tion t6 this, 4dd 8 to 12 cents per Sq ft for concrete base: It is to be noted that on 
the last type of filled platform pier, the enclosing wall structure representing the prin- 
cipal cost of the structure, the width of the pier would be a controlling feature in the 
cost. No cost can be given for solid filled piers, that is, piers enclosd by.ohé of the 
Various types of quay walls, as this cost will depend entizely, on the cost of the wall 
and the width of the pier. 


Cost of Piers. The cost herein given as is the case with cost generally is 
that obtaining previous to the years 1914 and 1915. These are probably no 
critefion, evén, for the cost obtaining at present, and likely to obtain, Increase 
in the wages of labor; cost of materials, and various other economic reasohs 
have disturbed cost so that diiring .ue year 1918 on the Atlantic coast the cost 
of wharf work has inctéased; two, three and in cases four times. In ¢onsidéfa- 
tion of this condition the tabulation to be given hereinafter as to annual charges 
and capital cost has value only as a comparative measure of estimate for a 
ent typés, wher¢in it undoubtedly still holds. 


Anttal Charges or Capitalized Cost. The first cost of construction of 
pier work is not the sole or true criterion Gf cost, as this should be cottsidered! 
with the probable length of life, cost of repait, and insurance tisk. cit) 


Undoubtedly the proper method to make comparison is to consider, the 
annual charge representing the interest on first cost, cost of sinking fund to re- 
place; cost of repair and insurance, and, if desired, capitalize this. 


While the insurance tate would apply to the first cost of the pier itself, the 
character of constriction will also affect the tate on cargo handled and stored! 
on the pier, and the type of construction would be of importance to the pier 
user, emphasizing the need of adopting a fire-resisting type of constriction for 
piers on which valuable cargo is to be handled or stored. In planning wharf 
work, the considerations affecting first cost may often outweigh the apparent 
advantages of a lower annual charge. Irrespective of the financial ‘problems, it 
is difficult or impossible to fully foresee future requirements, and it is frequently 
the experience that port improvements become obsolete and require extensive 
changes or must be removed, in which,case the advantage is apparent of Paar 
selected a design of low cost and one readily torn down, F 


In preparing the table, p.1749, the fllowitig goverhing conditions have been taken! Live 
load, 600 Ib per sq ft. Pier platforms ro ft above mean low tide level, 5 ft range of tide, 
30 ft depth of watet, length of piles required, 70 to 75 ft to top; 65 to 70 ft, low water 
platforms. Yellow pine piles 15 tons bearing, creosoted, 12 toris bearing, concrete piles, 
25 tons bearing and dead weight of pile. Uniform unit prices applied to quantinieea in each 
case and are prices prevailing in the Port of New York. 


PRES QSOs Sip AIG Qiinie x wit, case's <iein oye nlsjsinyeie aiasulaletetaterateterevelh ie . to ft bays. ; 
Types 7, 8, 10, 11, and 12........  Liten < ... 5 ft bays, 
Types 6... SL DAC PRO OOOO ATe St ecesen Breyer . 15 ft bays. 


Types t to 9, piers 76 ft wide, 406 ft long. 
Types to to 12, piers 200 ft wide, todo ft long. 
Types t, 3, 5, 6, 7, 8, 10, and 11, for harbors in which marine wood- borets are 
not active. 
3, 4, 9, and 12, in harbors ‘whete matine wood-borers are active. 
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Data on Costs and Anntial Charges for Piers 


Cost 
Cost. |persq ft} charge 
Cost |PezSa ft | with | Average} per cent 
4 areait with | asphalt | length Int.5 % 
Type of piers persqit / asphalt | and of | Sinking 
top |concrete| life Fund 


base 5 %. per sq ft 


Dollars | Dollars | Dollars | Years | \ance 


Piers 7o' wide, 7oo’ long 


/(t) Timber piles and-top..... 16535 )) e300 |hlodes h 20 12.02 | 22,42 
(2); Dimber top; cteosoted piles} 1.42 | 2+... |) tees 20 12,02 | L7.I0 


(3), Reinforced concrete deck 

and timber piles... Da yy 7 Wie ene A 30 8.51 | 11.21 
(4) Reinforced Benerte: dene 

and creosoted piles...... e-1° | jal e Sy 20 10.62 | 17.39 
(5) Timber piles and platform 


r concrete column anddeck | r.42t | 1.36) ..0., 60 6,53.| 10.19 ~ 
(6) Timber piles and platform, i f 
concrete cross wall and 
Bee ah oh 4 4)070:0 £0545) 4 oF O85 Htagh 60 6.53 | 22.00 
(7) ‘Timber piles and Gewese 4 
y concrete ret. wall fille 2.000) |, ante 2.3 60 6.1 4. 
(8) Timber piles and platfort, ms 3 at 
concrete ret. wall, gran- “ 
» dapetaced... sr... WA reso: CO) ae 2,692 60 6,1 16.42 
(9) Reinforced concrete piles ; 
W124) (0: fe eae Tote | ¥.552° 1 2... . 60 6.53 | 12.45 
Piers 200’ wide, 1000’ long 
(10) Timber piles and platform, | 
conc. ret. wall filled... | £.653 | ..... 1.893 60 6.1 11.55 
(zt) Tiraber walls and platform, A 
conc. tet. wall, stanite u 
; Paced. HI AS Pd 1.795 | ted. Gell avegg 60 6.1 | 12.40 
(t2) Solid filled dircounded! Hy 
timber platform, conc. 


Types ro, 11, and 12, show the decrease in cost pet square foot, of these three 
types. of piérs (the hist two being similar to Types 7 and 8, 70 it Piers}, when 
piers ate made wider. 
The tabulation is subject to material change in the order of costs and annual charges, 
dependent upon location, cost of material and labor, purpose for which pier is intended, 
and various other factors. ; 


21. Timber and Timber Composite Piers 


The Temporary Character of timber piers which, apparently, serves as a 
reason against their extensive use, in many instances loses much of its force in 
view of their low first cost, simplicity in design, and short length of time in 
which they can be built.. Furthermore, in localities or harbors where a com- 
prehensive and well-planned port improvement project has not been developed, 
the wharf work is often laid out and constructed to serve the immediate. 
purpose, to be later torn down and rebuilt on new lines. The growth in 
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importance of many American ports has been so rapid, and unforeseen, that no 
attempt at port planning in the past could have adequately provided for the 
future. The unprecedented and unforeseen growth in the size of vessels has 
also made necessary far-reaching and sweeping changes in port facilities. For 
these reasons timber piers of temporary character were as serviceable as more 
permanent piers, it being easier and less expensive to remove them to make 
way for other more extensive work. The timber pier has played a not unim- 
portant part in the rapid growth and expansion of American harbors. The en- 
gineer in planning pier work when considering cost, is hardly justified in em- 
ploying a permanent structure of a probable life of 50 or 60 years, when it is 
apparent that the wharf work will long before that time require extensions and 
improvements amounting to rebuilding. 

While timber wharf construction in American ports has played the part indi- 
cated in the development of such ports, and has made it possible to materially 
re-arrange and re-build without excessive: cost, this very condition has brought 
about a more haphazard construction with very little serious and comprehensive 
planning for port problems and construction of port facilities. It is to be re- 
gretted that pier or transit sheds are frequently used in American practice for 
long storage periods and cargo is not expeditiously brought to and taken away 
from vessels. Vessels frequently lie at and monopolize wharfage space when they 
might as well be at anchor in the stream or be laid up at dolphins and thus make 
available wharves for other vessels awaiting for loading or unloading cargo. 
As an illustration the area devoted to wharves at the port of New York is several 
times that devoted to similar purposes at ports such as Hamburg, Liverpool 
and London, all of which ports have in recent years handled about the same 
quantity and value of incoming and outgoing cargo. | 


Composite Piers, in localities where the under-water timber work will not 
be attacked by marine wood-borers, are practically permanent structures and, 
as a rule, are economical in first cost. 


Crib Work may be employed for pier construction on a yielding or rock 
foundation: The crib consisting of round or square timbers is built in courses 
with pockets filled with riprap or rubble, in soft ground the crib being sunk to 
place on a prepared foundation of piles cut off to grade, on a level bed of broken 
stone or gravel, or directly on the bottom. On rock the crib is built up to 
rest and fit on the ledge, the contours of which have been previously 
determined by soundings. 


Essential Details of various precedents are given in the following state- 
ments, where the numbers refer to Fig. 43. 


(x) Philadelphia, Pa. xgr2. Pier 5. 657 ft long; bents ro ft centers. Live load 500 
lb, inner 400 ft, 300 lb outer. Supports 4o ton crane track and standard gage track. 
R. con. top on timber piles. Cost $2.78 per sq ft inner end; $2.34 per sq ft outer end. 

(2) New York, N. Y. Navy Yard, Pier 3. 1905. 520 ft long. Timber piles below 
water; 35 ft depth of water. Cost $2.80 per sq ft. ‘ 

(3) New York, N. ¥. Dept. Docks and Ferries, West 77th St. Timber piles and 
framing to mean tide elevation. Reinforced concrete walls, 12 in thick; ro in reinforced. 
concrete deck. 

(4) Norfolk, Va. Proposed Old Dominion Terminal. Untreated timber piles. Sur- 
rounding wall with 16 in 45 ft long reinforced concrete sheet-piling. Wall bents, 4 ft 
centers; pier bents, 8 ft centers. This type of construction to bulkhead line; open creo- 
soted timber pile pier to pier head line. Estimated cost $2.10 per sq ft. 

(5) Norfolk, Va. Proposed alternate plan, Old Dominion Terminal. Cost $2. - per 
sq ft. 

, (6) New York, N.Y. “Navy Yard, Pier 2. nooKt Timber low water platform, filled 
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and banked with riprap, supports coaling plant. Length of pier soo ft. Cost $2.85 
per sq ft. TY Y 

(7) New York, N. Y. Navy Vark, Pier D. r9r2. Timber pile platform to low 
water; 34 ft of water. Piles 55 to 60 ft long. Granite ashlar faced surrounding wall. 
Paved creos. W. B. pavement. 2 standard gage and one so ton crane track entire 
length of pier. 440 ft long. Live load, 600 Ib per sq ft. Cost, $3.25 per sq ft. 

(8) Hoboken, N. J. D., L. & W. RR. Terminal, Pier r. 1909. 958 ft long. Bents 
to ft centers; 12 in caps; 6 in deck. Cost, $2.76 per sq ft. 


(9) and (x0) New York, N.Y. Navy Yard. Alternate designs, (to) adopted. Two 
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piers, each soo ft long. 1913. Timber piles and grillage below mean tide level. Piles 85 
ft long, depth of water 35 ft. Reinforced concrete columns and deck system, columns pre- 
molded and set. Piers carry 2 lines of standard gage track, subways, and piping. Payed 
in center, creos. W. B, pavement. Cost, $2.08 per sq ft.—(9) Mushroom system, and 
(to) Beam system. 

(tr) New York, N. Y. Dept. Docks and Ferries. Typical construction at present 
in use. Untreated timber structure with 10% in reinforced concrete deck with 2% in 
asphalt pavement. 

(x2) Puget Sound, Wash. Nayy Yard. Timber approach wharf, Cost, $0.92 4 per 
sq ft. 

(13) Charleston, S.C. Navy Yard, Pier 4. 1905. 650 ft long. Reinforced concrete 
piles, 16 in square. Timber braces, clamps and deck system, 8 x 16 top’ clamp; 6 x 10 
low water clamps; 3 in deck; bents ro ft centers. Live load, 500 lb per sq ft. -Creosoted 
timber pile fenders, Cost $2.10 per sq ft. Similar approach wharf 45x 920, 18-inch 
reinforced concrete piles 40 to 50 ft long. 1o-inch reinforced concrete deck. Cost, $2:00 
per sq ft, Similar construction employed in Railroad terminal pier, Brunswick, Ga. 

(r4) Philadelphia, Pa. Clyde Line. 1900. Pier 556 ft long; bents to ft. Timber 
Diling, bracing, deck system, 


22. Masonry and Reinforced Concrete Piers 


Filled-in Piers consist of walls similar to Quay walls of masonry, or of the 
platform type, the interior being filled with earth; when properly built they 
are permanent and unyielding and require little or no repair work, other than 
that due to the settlement of the filling usually occurring only during the first ~ 
few years of use. Such settlement prevents the pier from being payed or kept 
level during the period of settlement. They can only be employed inshore of 
the ‘‘ Bulkhead Line.’ On account of the cost of the surrounding wall work,’ 
narrow filled piers are not economical, except possibly at times when pier work 
is located on flats, in shallow water, or on high land, and the approach channels, 
slips or berths alongside require excavation or dredging, so that this dredged 
material can be used for filling. 


Reinforced Concrete Piles and Cylinders are employed i in pier eaten 
tion where marine wood-borers are active, for economy in locations where the 
cost of timber piles i is too high, or where the character of the pier foundation i is 
such as to require the use of cylinders, 


Essential Details of yarious precedents are given in the following state- 
ment. The numbers refer to Fig. 44. 


(x) Balboa, Canal Zone. 1911. Lumber pier; live load, 400 lb per sq ft; length 
706.6 ft; bents 30 ft centers, Hollow concrete cylinders built in 6 ft sections of 1: 2:4 
concrete, provided with steel cutting edge shoe; sunk to rock by jetting and interior 
excavation, filled with 1:3 : 5 concrete. 

(2) Olongapo, P, I. U.S. Navy Yard, Pier B, 332 ft long; bents 12 ft centers; reinforced 
concrete cylinders, 6 ft; reinforced concrete deck, Cost $2.60 sq ft. 

(3) Boston, Mass. Pier 6. 1912, 1200 ft long; 300 ft wide. Surrounding wall of 
courses of split granite 2 to 3 ft high, laid by diver. Cost $1.90 sq ft. 

(4) Puget Sound, Wash. U.S. Navy Yard, Pier 8. 397 ft long; bents 16 ft centers. 
Live load 400 Ib sqft. Cylinders 3 ft diameter at top, 6 ft at bottom, shell 4 in thick, 
23 to 52 ft long; sunk to hardpan by interior excavation. 2 standard gage tracks full 
length of pier. Cost, $3.2 5 sq ft. In the same location a similar designed pier No. 4, 
49o ft long; cylinders 42 in diameter, 11 ft diameter at bottom, 43 ft long. Cost, $3.53 
sq ft. This was constructed by placing wooden shells, siuking these by. interior Rca 
vation, sealing bottom with tremie concrete and filling with concrete. 


(5) Havana, Cuba. Pier No. 1, 660 ft long by 162 ft wide, bents 20 ft centers, A 
similar pier No. 2, 680 ft long, was built, and a quay 800 ft x 80 ft. Reinforced concrete 
piles 16 in, 18 in, and 20 in square. Water 20to goft deep. Soft bottom. 12 in rein- 
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Fig. 44. Masonry and Reinforced Concrete Piers 


forced concrete deck, deck live load 250 Ib per sq ft and shed Joad. Cost, $3.35 per 
6q ft. ; 
(6) Halifax, N.S. Pier No. 2. 1913. 686 ft lone: 24 in sq reinforced concrete 
piles, 45 to 77 ft long; reinforced concrete brace piles cambered 2 to 544 in, Special 
cement employed with yninimum of aluminum to resist salt-water action. Bents 18 ft 
centers; rock foundation 68 to 52 ft below surface; area under pier filled by dredging to 
increase lateral stability. Piles loaded 80 to go tons each, test load 120. 1:2: 4 con- 
crete. Piles protected against ice between tides by timber sheathing. Live load 1000 
Ib sq ft. , : 

(7) San Francisco, Cal. Pier 28, 677 ft long; bents 15 ft centers. Creosote W. B. 


\. 
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pavement, 31 ft wide down center, remainder of pier asphalt. Car springs fender em- 
ployed. Type of construction general in this harbor, which is best given by a brief 
abstract of specification: “The excavation for the cylinders shall be made inside of 
steel caissons which shall be driven into the hard bottom and sealed, The steel caisson 
shall be of such strength and rigidity as to resist external pressure, and of such size that 
they may be withdrawn without injuring cylinder bases. The forms shall be wood stave 
forms of the diameter indicated. After the steel caissons have been set in place and 
the excavation made, as hereinbefore specified, the wood stave forms and reinforcement 
shall be set in place in the exact location shown on the plans. The concrete shall then 
be deposited thru a tube or bottom dump bucket. Under no circumstances will the 
placing of any concrete be allowed in or under water.’’ Cylinders are sunk r2 to 14 ft 
below dredge line, and where bottom is soft, timber piles are driven to support the con- 
crete. Cost of this pier was $3.20 per sq ft. Cost of Pier 26, $3.16 per sq ft. Piers 30 
and 32, $2.52 per sq. ft. Pier 39, $3.57 per sq ft. 

(8) Baltimore, Md. Broadway pier. Reinforced concrete piles, 16 in sq; 8 in re- 
inforced concrete deck. Bents ro ft centers. nr fe 

(9) Baltimore, Md. Piers 4, 5 and 6, filled piers. Surrounding wall consists of flat- 
tened steel cylinders 25 ft on centers, sunk, excavated and filled with concrete. Reinforced 
concrete sheet piles between, anchored by reinforced concrete anchors and piles. Cyl- 
inders 27 ft in length, built up in sections of 4 ft. Cylinders driven, excavation made 
by jet and pumping. Cost of surrounding wall $97 00 per lin ft. Cost of piers, $1.57 
per sq ft. 

Two examples of piers of widely different types constructed during the period of the 
war in 1918 and 1919 are herewith shown. = 


Fig. 44a shows Pier 4 at Norfolk, Va, 1919, 1000 ft long. Interior untreated pine 
piling, 4-ft centers live load 900 to 1200 lb per sq ft. 350 long ton fixed tower revolving 
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Fig. 44a. Army Base Piers, Norfolk, Va. 


hammer head crane, see Fig. 91/, inclosed space by 60 ft concrete reinforced sheet piles 
4o ft depth of water at mean low water, range of tide, 3 ft. Cost $7.47 per sq ft. 


iShent Pile Watt ' 
Construction Simitar to Pior No 7, Reinforced Gone, Fitcs Untreated Wood Piles 


Fig. 446. Shipbuilding. Filling Out. Navy Yard, Norfolk, Va, 


Fig. 446 shows two piers for general loading and unloading of cargo of miscellancous 
character built 1919, 1328 ft long. Filled center surrounded with reinforced concrete 
sheet-piles, interior untreated piles, ext-rior concrete piles. 
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23. Pier or Transit Sheds and Warehouses 


Shelter from the Weather is provided on piers used for the loading -nd 
unloading of cargoes, by the construction on the piers of sheds, one or wo 
stories in height, the floor area covered by the sheds being devoted to the f.n- 
dling and distribution of incoming and outgoing cargo and used for the storage 
of this cargo for'a short time. Warehouses are usually provided on shore for 
goods to be stored for periods of more or less lengthy duration.’ When such 
warehouses are for the purpose of storing dutiable articles, remaining under 
custom seal until called for, and the custom imposed: paid), they»are known as 
Bonded Warehouses. Pier sheds are constructed of timber framing and siding 
with roofing covering of appropriate roofing material; .timber framing with cor- 
rugated sheet metal siding and roofing; structural steel framing with corrugated 
sheet metal siding and roofing; of reinforced concrete and other combinations 
of materials. On open pier construction, lightness of construction within safe 
limits is essential, and the tendency is. to make such structures fire retarding 
or resisting, especially where quantities of valuable cargo are handled. The 
width of the shed is, in most cases, made nearly the same as. the width of the 
pier, @ narrow space being provided on either side for, string pieces, location of 
mooring posts and bitts, and for handling lines. The outshore end of piers is 
usually left open so as to permit of ready handling of the bow and stern lines of 
incoming and outgoing ships. ; 


Pier or Transit Sheds are of one’or two story, dependent upon local condi- 
tions and practice and the availability of water front and value of the same. 
On account of the conditions, pier or transit sheds should be capable of affording 
floor space for the storage of the cargo of incoming vessel or the accumulation 


. of cargo ready to be-placed in an outgoing vessel. Two-story sheds permit of a 


natrow pier width, or the second story is utilized for passenger traffic. That the 
two-story pier sheds apparently are preferred in the American practice is wit- 
nessed by the newer piers in New York, Philadelphia, and Boston, One-story 
sheds are preferred in European practice. 2 


Railroad Tracks, when carried out on piers, are as a rule run either directly 
thru the center of the pier, or at the sides of the pier. Tracks are laid in a de- 
pression, so that the level of the car platform will be at or about the level of the 
pier deck, or are laid on the deck level.» When railroad tracks are run on the 
side, they are not usually covered bythe main pier shed. When run in the 
center, the pier shed is designed so as to afford proper head room and ventila- 
tion for the locomotive gases. 

Details of Construction of Sheds are generally the same as those followed 
in building construction. it being often customary to give the sides of the shed 
a slight inclination inwards or “ tumble-home.” ‘The second floor in two-story 
sheds is sometimes given a, slight crown and the lower chords of roof trusses a 
camber. Openings should be provided at frequent intervals in the sides used 
for berthing, or should be made continuous so as to afford ready access to the 
various ship hatchways and side openings. Doors may be either swung from 
the top and counterweights employed to facilitate ready and rapid opening and 
closing, or slide horizontally on overhead trackways... (Various, folding cargo 
doors and metal rolling shutters are.also used.) When continuous openings are 
provided, several lines of overhead tracks are placed, so that the door leaves 
may be rolled by one another. When the siding of the shed is of light sheet metal, 
on either structural steel or timber framing, it is advisable to protect this on the 
inside to a height of about 6 ft by cargo battens placed at a slight distance. 
from the inside of the siding. . 
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Lighting and Ventilation. In wide sheds the lighting arrangements are of 
considerable importance; natural light is provided by a continuous or series of 
skylights, or by monitors constructed in the roof, or by both methods. The 
employment of monitors also affords opportunity for ventilation, but is likely to 
permit leakage in heavy driving rain storms. Circular sheet-metal ventilators 
of various types may be employed on the roof ridge spaced. 50 to 100 ft apart, 
As occasions frequently arise where the loading and unloading of vessels and 
handling of cargo must be done at night, proper artificial lighting is important, 
for which the practise is similar to that obtaining in general building lighting. - 


Miscellaneous Appliances. There have been many disastrous’ pier fires, 
so that adequate fire protection and service systems are important adjuncts to 
properly constructed pier sheds. Piers, if of timber or timber composite, being 
highly inflammable, the fire insurance rate on‘the structure itself and on cargo 
stored is an item that can properly be fixt in the annual charge and ‘capitalized 
cost. Important commercial structures should have installed moder fire alarm 
and indicator systems, automatic’ sprinkler systems, preferably. of the dry 
pipe type, and fire service mains, laterals, risers, connections and fire hose on 
reels or racks readily accessible. Tf local fresh or salt water pressure lines aré 
not available, elevated storage tanks, with pumps and overboard suction con+ 
nections, must be included in the equipment of the pier shed. If water mains 
are carried out on piers, precautions should be takén to prevent freezing by 
means of proper insulation, or by draining the lines when not in use. 

Essential Details of various precedents are given in’ the following state- 
ments, where the numbers refer to Fig. 45. Y 

(x) Havana, Cuba. Pier No. 1. 1913. Reinforced concrete pier shed. Live load; 
second floor, 400 Ib per sq ft. Cost, $3.00 per sq ft. One of two pies and an 80 ft 
wide quay structure composing waterfront terminal, all similar in construction with or- 
namental street frontage, Freight entering is divided into three classes; first class con- 
sisting of soap and food-stuffs; second class, light hardware and mach.nery—both 
handled on first floor; third class, crates, bales, and merchandise, handled on second 
floor. Elevators and escalators provided from first to second floor and above. In another 
structure, third floor provided with refrigerating plant of 30.000 cu ft capacity. 

(2) New York, N. ¥. 33d St., South Brooklyn, Dept. Docks and Ferries. _ Bays, 26 ft. 

(3) Halifax, N. §, 677 ft long. Reinforced concrete structure, with expansian 
joints transversely every go ft. Live load; second floor, 500 lb per sq ft, 

(4) San Pedro, Cal, Port of Los Angeles, Pier A, Shed No, 1... Timber construction, 

(5) San Francisco, Cal. Pier 28.\ Bays 30 ft. Structural steel frame with reinforced 
concrete roof 234 in thick, covered with 5-ply roofing. . Siding of reinforced concrete, 
Wire glass employed. Cost, $1.12 per sq ft. Pier 26, cost, $0.97 per sq ft. Piers g0and 
32 include steel girder runways and rails for inside cranes ae outside ship towers. Cost, 
$0.87 per sq ft. Steel rolling doors employed in these sheds, cost per sq ft of shed being: 
Pier 26, $0.27; Piers 30-32, $0.22 each per sq ft. Piers 26, 30, 32, timber sheds with 
steel columns. 

(6) San Pedro, Cal.’ Port of Los Angeles, Municipal Pier No. 1. “Bays 30 ft. 
Equipped with side uprights for cargo handling. ni 

(7) New York, N. Y. - Typical pier, Chelsea section, Dept. Docks and Ferries. Swing- 
ing lift doors, provided with counter-weights- Uprights at sides of eae equipped ‘for - 
cargo handling. t cht 

(8) Jersey City, N. J. Pier No. 9, D., L. & W. R. R. Steel frame. itectarsusieal 
erete roof, siding and floor. Cost of ahead, $2.00 per'sq ft, including column ba 
Cost of quay and platform, $2.25 per sq ft. i VOny 

(9) New York,.N.Y. Dept. Docks and Ferries, Recreation Pier, @. 24th Street.’ Bays 
20 ft. Typical example of recreation piers constructed in this harbor, airy a0 
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WET AND DRY DOCKS 


24. Wet Docks 


Definition. Docks may be divided into two general classes—harbor docks 
and repair docks. The former, known as Wet Docks, are enclosed, or partially 
enclosed basins, usually provided. with locks and entrance gates, similar to 
canal locks. They are sheltered basins for the receiving of shipping, so arranged 
that the water in the dock may be kept at more or less constant level to facili- 
tate the loading and unloading of cargo. 


Use of Wet Docks. Their usefulness is apparent in harbors where there 
exists a considerable range of tide, and especially wherein under low tide con- 
ditions the approach to the harbor itself is not navigable for deep-draft vessels. 
They also have a special field of usefulness in harbors or rivers where consider- 
able silting up takes place, the dock area being kept free of such silting by keeping 
out turbid river or harbor water and often by supplying water to the dock basin 
from other sources. This type of structure, in its restricted sense, is rarely found 
in American practise, altho it is employed in some South American ports. 


The reasons given for the use of wet docks are undoubtedly not the only ones that 
have occasioned their appearance in European practise, as otherwise they would undoubt- 
edly have before this been employed in American ports where a considerable range of 
tide is involved. They have undoubtedly been resorted to in order to retain the mari- 
time commerce of river ports, where the increase in draft of vessels has become greater 
than the normal navigable depth of the river. The wet dock has been developed as the 
instrument by means of which Old World ports have retained maritime supremacy. 


Design of Wet Docks. It is apparent that in wet docks, where entirely en- 
closed and provided with entrance gates, as the surface of the water is to be 
kept at approximately a constant elevation, the sides and bottom of such a basin 
must be practically impervious, or arrangements must be made to replenish the 
water lost by leakage. This is especially so in all seas having a considerable 
variation in tide, and a consequent appreciable difference at times in the height 
of water in and outside of the wet dock. Where the basin is located in a prac- 
tically impervious soil, such as clay or clay soils, and many kinds of rock, these 
conditions are generally provided for. For this reason, a thoro exploration of the 
subsoils in locations where wet docks are projected is of the greatest import- 
ance. In locations where the subsoil is readily water bearing, the bottom must 
be blanketed with clay puddle or a masonry lining placed. The dock walls can 
be treated in a manner similar to that described under Quay Walls, in Art. 12; 
the walls, however, of dock basins being at times subjected to external hydro- . 
static pressure in excess of that to which they would be subjected if located 
on open basins. This is, usually, not a serious matter, as the combined earth 
and contained water pressure, together with the passive resistance of the earth 
backfill, will be found sufficient to provide for this condition. 


Locks and Lock Gates. The condition governing the design and construc- 
tion of these is, in all respects, similar to that found in canal work. Information 
on this subject will be found under Canals, in Arts. 17 and 19, of Sect. 11. 


25. Marine Railways 


Definition and Description. Repair docks may be marine railways, lift 
docks, graving docks, or floating docks. Marine railways are inclined slips or 
ways, extending out some distance into and under the water, and running up 
on the foreshore a sufficient distance so that the vessel when hauled out will be 
entirely clear of the water. A platform or cradle moves on these ways, usually 


_ acity as that given hereinbefore. 
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on nests of rollers, and is hauled out of the water by means of chain or wire 
rope cable. Racking and pawls are usually provided, so that if the hauling 
device should, break, the cradle and vessel will not slip back into the water. 
It is apparent that even without con- 
sidering the feature of range of tide, 
the application of this type of repair 
dock is limited to vessels of compar- 
atively small size, as in long vessels 
of deep draft the ways would have 
to be carried out a great distance 
under water, approximately twice 
the length of the vessel to be docked, 
making the entire length of the ways 
over 3 or 4 times the length of the 
vessel to be docked. This condition 
is sometimes materially improved by 
use of a collapsible cradle. While © 
there is no reason why sufficient cap- 3 
acity of hauling device can not be : 
designed, nevertheless important'con- ‘% 
siderations would tend to limit this. § 
This type of repair dock is, undoubt- is 
edly, valuable and economical forthe 
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docking of smaller vessels. Its appli- 
cation, however, appears to be limited. 
No marine railways have been built 
in excess of 5000 tons lifting capacity. 
Fig.46 shows a marine railway of 2000 
tons capacity. Estimated cost, $100- 
000.00: 

Marine Railways were designed 
in 1918-1919 of 3200 tons capacity; 
the estimated cost has been $300 000 
or nearly twice the cost per ton cap- 
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Fig. 46, Marine Railway 
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The Foundation should if pos- 
sible, be incompressible: In many 
larger and more important marine 
railways the ways are built on piling: 
The intensity of pressure, while not 
great, is, nevertheless, in the form of 
a moving load, becoming greater as 
the vessel hauled out loses its buoy- 
ancy. The ways are, in many in- _ 
stances, similar to the ways employed 
in shipbuilding work, which, however, 
do not go out under water to the 
same extent, and besides this, the \AE = 
weight of a vessel when launched is 
usually considerably less than would be the docking weight of the same 
vessel. 


Ways. The ways are laid at a gradient of between 1.0n 13 and-1 on 25, 
1 on 20 being the usual slope for large marine railways. The ways consist of 
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from 2 to 4 rails of iron or steel securely fastened to longitudinal bearers which, 
in turn, rest on cross-ties bearing on the foundation. The racking to receive 
the cradle safety pawls is usually placed in the center of the ways between the 
two central rails, if 4 rails are used. The under-water work is either performed 
in the dry by the construction of a coffer-dam around the site, or by divers. 
Tf no foundation piles are used, the grading must be carefully done, working from 
over-water battens. If piles are used the underwater portion of the ways 
is built in sections, floated to place, and lowered onto the foundation by weight- 
ing and fastened securely in place. 


The Cradle or Platform is usually constructed of timber or structural steel, 
and is provided with keel and bilge blocks. The cradle is constructed on longi- 
tudinal sleepers, placed directly over the longitudinal ways, and provided on 
the underside with an iron track. The cradle is moved on nests of rollers placed 
in between the upper and lower lines of track. The rollers are usually of cast 
iron, double flanged, and held in place by flat bars or links; sometimes the 
rollers are fixt on the cradle and run on tracks on the longitudinal way-sleepers. 
In large marine railways, the cradle is built with side frame work, which is used 
for working platforms. Frequently, cradles, instead of having the same inclina- 
tion as the ways, are built with the platform horizontal, or nearly so, so that the 
ship being docked will immediately come to a bearing and not be lifted first 
by the bow. 


Broadside Marine Railways. With a view to overcoming the difficulty, as 
to length of marine railway, they are sometimes built so as to withdraw vessels 
from the water broadside on. ‘ 


Power Absorbed in Friction. The power required to raise a vessel is de- ; 
pendent upon the inclination of the ways and the force required to overcome 
friction. Experiments made on the power absorbed in friction indicates a vari- 
ation from 3.3 percent to 7)4 percent of the weight lifted. On larger and well- 
designed marine railways, the percentage is in the neighborhood of 4 percent, 
to which should be added 5 percent for initial friction in starting from rest. 
Thus in a marine railway having an inclination of 1 to 20, the hauling machinery 
would have to exert a pull of 14 percent ofthe weight of the vessel lifted. 


“Lift Docks are platforms lowered into and raised from the water. This 
type of structure is of limited capacity and is not now used to any great extent. 
It is very often employed in connection with portoons or floating dry docks, 
hydraulic power being generally employed, applied thru a series of hydraulically 
operated cylinders placed on both sides of the platform and connected together 
transversely by girders. A small dock of this type has recently been built in- 
the Island of Curacao. i 


26. Graving or Basin Dry Docks 


Definition. Basin dry docks, often called graving docks, are basins generally 
made by excavation in the foreshore of the harbor, having entrance-ways closed 
with gates or portable caissons and are usually of such dimensions as to be capa- 
ble of receiving, with sufficient clearance, the maximum sized ship to be docked 
therein. After the ship is floated into the dry dock, the opening is closed by 
means of a gate or caisson and the water in the interior is removed by pumping, 
the ships settling on blocks provided for that purpose.. In some graving docks 
advantage is taken of the fall of tide to. reduce the amount of pumping neces- 
sary. In nearly all cases the graving dock must be pumped out twice for the 
docking of the vessel. The dock is usually left unwatered so that when word 
is received that a certain vessel is to tise the dock, the blocking may be atranged 
to conform with the profile of the keel and the character of the vessel. “The 
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dock:is then flooded and the vessel floated in'and centered and held in the 
proper position, the opening closed and the water removed. On completion of 
the work on the ship, the dock is flooded and the ship removed, the opening 
again closed, and the water removed from the dock. 


Foundations. In large graving docks, water at considerable head must be 
excluded, and for that reason the character of the subsoil and foundations are 
of considerable importance in locating structures of this type. A graying dock 
can, altho at times at a prohibitive cost, be constructed in almost any location, 
but, where possible, it should be located ata site where sound bed rock will be 
encountered at some elevation not below the subgrade of the structure or in 
locations where marl, stiff clay, or mixtures of marl or stiff clay, sand and gravel 
are encountered. Suitable foundation conditions, other than rock, sometimes 
result in less expensive and more expeditious construction. Fig. 47 shows a 
half transverse section at the entrance sill of a graving dock on pile foundations. 


Graving docks have been constructed in unstable water-bearing soils, but at 
high cost. With a view to securing a suitable site, or to enable proper precau- 
tions to be taken in design and in method of constructions, if selection of a site 
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Fig. 47. Section of Graving Dock with Pile Foundation 


is restricted, an important preliminary step is the taking of exploration borings, 
operations for which are described in Sect. 11, Arts. 29 and 30. It is advisable, | 
where possible to do so, to secure core borings showing the condition of the 
soil “in situ” and, in special cases, to supplement these with test pits. See 
Sect. 11, Art. 31. In water-bearing soils such test pits may have to be made 
by employing the pneumatic process. 

Masonry Graving Docks. In the design and construction of such docks, 
provision must be made for countérbalancing the hydrostatic pressure by suf- 
ficient weight of masonry or other anchorage effect., In porous water-bearing 
soils, the hydrostatic pressure to be considered will be at least the full hydro- 
static pressure due to maximum tide elevation, and under certain conditions, 
on account of the presence of ground, surface or artesian waters, a pressure in 
excess of this. Where the dock is located on a solid rock ledge without water- 
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bearing fissures, this condition will not obtain, altho ideal foundation condition: 
of this character are seldom, or never, encountered in practise, and it is, there- 
fore, customary on this character of foundation to provide for relieving the 
water pressure by under-draining the floor of the structure. In some soils, suck 
as tenacious marls or clays, or hardpan, the same precautions may be taken, the 
walls of the graving dock being designed as retaining or quay walls. In gravins 
docks built in water-bearing soils, full hydrostatic pressure should be expected 
and provided for. A number of graving docks have been constructed in which 
the weight of the masonry mass is somewhat less than the uplifting force due te 
full hydrostatic pressure, their integrity depending upon the friction of the 
backfill on the back of the side-walls, and, in some cases, to anchorage or pul 
on foundation piles. In stable waterbearing soils where the uplifting forces are 
clearly defined, dependence can be placed on the anchorage effect of the founda- 
tion piles, where such exist. This anchorage effect, however, should not exceed 
the submerged weight of the mass of subsoil engaged by piling, as stated in this 
section, Art. 12. The friction of the backfill on the rear of side-walls being 
indeterminate at best, should not be given a definite value, and should be con- 
sidered merely as a factor of safety. In a dry dock completed at the New York 
. Navy Yard in 1912, the anchorage effect against hydrostatic uplift was secured 
by deep piers with flared-out basis, secured into the floor by a system of ancho1 
rods, the anchorage provided in each being in the neighborhood of 1 000 ooc 
Ib, these piers being sunk to position by the pneumatic process. 


A masonry graving dock is subjected to three following conditions: 


(a) When empty: The bottom or floor is subjected to hydrostatic pressure, usually 
considerably in excess of the weight of the floor itself. This excess is transmitted to the 
heavy side-walls by actual or virtual inverted arch action, the abutments of the arch be- 
ing furnished by the weight of the side-walls taken together with the thrust of the earth 
and water on the rear of the wall and the passive resistance of the earth itself. When 
this abutment action is insufficient, reinforcing steel shoukd be provided in the floor. 


(b) The dry dock empty with a ship of maximum tonnage in the dock: The condi- 
tions are the same as (a), except that there is concentrated at the center line on keel 
blocks, and on the side blocking, the weight of the ship; for which concentration, where 
the foundation is somewhat yielding, special provision must be made by. distribution of 
this load by reinforcing the masonry with steel, or the foundation directly under the 
blocking designed accordingly. 

The loading per running foot of dry dock is dependent on the length, depth, and width 
of the structure and the character of ships to be docked. For war vessels of the largest 
size weights as high as go long tons per running foot should be allowed, as the concentra- 
tion under machinery and gun turret locations are liable to run this high. For com- 
mercial steamers the loads will be less. Under ordinary docking conditions $4 of this 
load will come on the keel blocks and 48; on each side, docking keel or bilge’ block. In 
the work of bottom repair, as blocking is removed, the concentrations are shifted, this, 
however, only occurring locally over small areas. 


(c) Dry dock full of water: Under this condition, the foundation, considered in its 
entirety, is subjectedeto the greatest load, consisting of the submerged weight of masonry 
to tide level, plus the weight of masonry above tide level, the conditions being some- 
what altered with the presence of surface or artesian ground water in the soil. Under 
this condition the thrust on the rear of the wall is due to submerged earth pressure ta 
ground or tide water level, tide or ground water pressure and surcharge of earth pressure 
above tide or ground water. level, and surcharge on wall, reduced by water pressure on 
the interior of the dry dock. It is often customary to use combined liquid pressure to 
the coping of the structure and neglect surcharge (Art. 12). Under this condition, very 
often little or no virtual or actual arch action can be counted on, and the foundations 
under the side-walls should provide for the weight directly above them, or provisions for 
distribution made by employing reinforced steel. In yielding foundations, if this is 
not done, settlement at the side-walls will be in excess of the settlement under the center 
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f the floor, causing cracks at the toe of the ‘walls, fan along the center line of the dry. 
ock, It should be noted, as between Conditions (a) and (c), there i is likely to be a com= 
lete reversal of stresses in the floor. 


_To these three conditions a fourth may be added, that is, of the dry dock while under 
onstruction. This should be given careful consideration and analysis, the omission of 
hich has, in some instances, resulted in damage to the uncompleted structure. Many 
lder masonry graving dry docks have been constructed of rubble or ashlar stone work, 
iced with ashlar work. Nearly all of the more modern graving docks are constructed 
f concrete, unlined, or lined with granite ashlar work, or, as in the case of the graving . 
ock built at the New York Navy Vard in 1912, vitrified brick, in either case caisson or 
ate seats consisting of granite stone work with radial joints for the bottom and lower 
arts of the side steps, the contact faces of which are fine cut work, or, at times, rubbed. 
‘he beds and joints of caisson-seat stone work should not exceed 14 inch, and, in some 
ases, are limited to 1% inch. 


Examples of recent _graying docks are shown as follows: 


Figs. 47a and 47) show a plan and a transverse section of a group of four fe docks 
t the Norfolk, Va., Navy Yard. Dry Dock No.3 was built between 1903 and IQII 


Fig. 47a. Group of Four Dry Docks for Norfolk, Va. 


fhile Dry Docks Nos. 4,6and 7 are in process of completion; the larger for the Navy 
nd the two smaller ones for the United States Shipping Board Emergency Fleet Cor- 


Fig. 47). Transverse Section of Docks, Norfolk, Va. 


oration. Details of all four docks as to dimensions and cost can be found in the tabu- 
ation on page 1476, Art. 30. One pumping plant consisting of three 54-in vertical volute 
umps serves all three of these docks. No. 4 Dry Dock is provided with an intermediate 
aisson gate seat so that the inner end of the dry dock can be used for smaller vessels on 
ong time repair work, and the outer portion continue available for docking larger vessels. 

Phis arrangement practically provides. two docks in one, A similar arrangement is 
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provided in the Philadelphia Navy Yard Dry Dock under construction and in the Com- 
monwealth Dry Dock at Boston, Mass, These arrangements entail the additional cost 
of the interior seat, two dry dock caisson gates and independent pumping for the two 
sections of the dock.. The older dry dock of the group, No. 3, as will be noted in Fig. 
47b, is lined with granite ashlar masonry, while the three new docks are of concrete 
thruout without other facing or lining, A section of Dock No. 4 shown in Fig. 47 is 
at the pump well. The half-section to the right of the center line is so designed that 
the dock could be constructed on the natural stable slope of the excavation which was 
made by drag line in the dry, The floor invert is 20 ft in thickness. The floor of the 
two smaller docks are ro’ 6” in thickness. Excavation for these docks is also being made 
in the dry. Water is kept out of the excavation site by a coffer dam of steel sheet- 

piling, wooden sheet-piling and earth embankment. Dry Dock No. 4, the large dock, 
has been completed in about 2 years, while Dry Docks Nos. 6 and 7 will be completed 
within one year, indicating that this type of dry dock can, under favorable conditions, 

be constructed as expeditiously as floating docks of similar size. 


Fig, 47c is a half typical section of a graving dock under construction at the Phila- 
delphia Navy Yard, and is similar in dimensions to that just completed at the Norfolk 
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Fig. 47c. Half Section Graying Dock, Philadelphia, Pa. 


Navy Yard. The steel sheet-piling shown surrounds the entire site at the bottom and 
was placed to cut off the flow of water in the sand and gravel above the clay sub-soil. 


27. Design of Graying Docks 


Data on Design. A graving dock should be designed haying in mind the 
three conditions enumerated in the paragraph above, and consideration should 
also be given to the possible fourth condition, The necessary information havi 
been obtained as to the character of the soil, its probable submerged weight pr 
angle of repose, allowance made for the safe weight of masonry per cubic foot, 
stress diagrams should be drawn for all conditions. Fi ig. 48 is such a diagram 
for Condition (a). In this case the hydrostatic pressure is just counterbalanced 
by the weight of masonry. The line of pressure does not pass thru the middle- 


‘Art. 27 Design of Graying Docks 1765 


third’ at the base of the side-wall or in the center. If on analysis the maximum 
unit pressure in the virtual arch is not too high, the masonry at the center above 
the virtual arch may. be ‘ j 
considered inert, altho it : 
may be desirable to em- 
‘ploy reinforcing metal to 
avoid unsightly longitud- 
inal center line cracks. 
Under these conditions 
the vertical components 
of the downward forces 
would be in excess of the 
vertical components of 
the upward forces of hy- 
drostatic pressure, this 
excess being counter- 
balanced “by the soil 
pressure or passive resist- 
ance and would appear 
as a vertical closure in 
the polygon. of . forces Fig. 48. Stress Diagram 
(Fig. 48). In analyzing 
the floor arch thrust’ inthe same way it may be necessary to not only consider 
the active earth and water forces on the rear of the retaining wall, but. the soil 
pressure or ‘passive resistance that would be afforded to this wall acting as an 
abutment for the inverted floor arch: thrust, from which it will be seen that 
itis entirely probable in the preparation. of the design and in the analysis of 
the structure and in the making ofthe stress diagram to insert exterior sojl 
resistance or passive pressure forces. 


When the weight of the section is in excess of the hydrostatic pressure; the diagram 
would have to take into consideration the béaring of the structure on the foundation, or 
soil pressure, which could be considered as-equally distributed over the entire area of the « 
foundation. However, in a case such as that shown where the line of pressure was outside 
of the middle-third at the center, in order to deyelop longitudinal cracks on the tension 
‘side, the floor at the center would have to lift slightly, relieving the soil-directly beneath 
‘it of pressure and transferring the’ entire soil pressure to the sides, resulting in raising 
the line of pressure to within the middle-third as indicated by the dotted line. ; 


Masonry Graving Docks on Rock Foundations. The same considerations 
govern the design, excepting that provision can probably be made for relieying,. 
in whole or part, hydrostatic pressure; under the most ideal conditions the rock 
can be excayated out to the rough dimensions of the graving dock, and then 
lined with masonry, with or without relieving drains. A graving dock built at 
‘Hunter’s Point, San Francisco, Cal., was built in this way, the excavation being 
made in impervious serpentine rack, and lined with a comparatively thin Jayer of 
concrete. No provision was made for draining. In graving docks founded on 
ledge rock, the necessary stress diagram should be made for all conditions. 
‘Fig. 49 shows a half transverse section of a graving dock on rock foundation. 


-Altars are provided in the side-walls at convenient heights, the first’at eleva- 
tion of about mean high tide and additional altars at intervals below this; They 
-consist' of steps.or platforms 2 to 3 ft'wide, and are used for the placing of shores 
ito hold upright |the vessel/being docked, and as.a means of access.from and to 
plank stages or working platforms placed alongside the hull. i 


Stairways and Timber Slides, Stairways are provided for going into and - 
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coming out of the graving dock, two sets on either side of the entrance and at or 
on either side of the head with intermediate stairways to suit convenience. 
These are built directly into the altars or thru the side-walls. Timber slides are 
used for letting down i 


and hauling up ma- 4 ia F 
terial and are placed at robot 0 terayy 
convenient intervals in — 145 SON AIS 


the side-walls on both "xf: q Bryon jo = 


sides of the structure. 
In order to simplify de- 
sign and construction, 
portable stairways may 
be provided, leaving 
the altars clear and 
continuous. 


Drainage. Thefloor 
is drained by means of 
either open gutters at 
the sides or in the 
center of the floor, or 


by drainage culverts Half Section thru Body of Dock 
with drain connections, : 
located: at© intervals. Fig..49. Grayving Dock, Rock Foundation 


Where gutters or drains 
are used the floor must be graded transversely to these, the gutters or drains, 
being given gradients to insure self-cleaning. 


Head. The inshore end of the graving dock is known as the Head, as dis- 
tinguished from the outshore end, or Entrance. Heads are built rectangular, 
trapezoidal or circular or elliptical, in which case the walls are designed and 
figured as retaining walls, or are built as simple or compound, circular or elliptical 
arches. 


Timber Graving Docks have, in the past, been extensively employed in 
American practise, when vessels of smaller size with less draft and of different 
hull section were constructed for the Merchant and Naval Service. They had 
the advantage of lower first cost and more expeditious construction and were 
especially suited for location in stable waterbearing subsoils. The principle 
of design and construction is different from that obtaining with respect to 
masonry graving docks and is based upon the partial, or entire, reduction of 
hydrostatic pressure on the bottom by drainage and the building of the side- 
walls at a slope approximating the natural slope of the soil, relieving this portion 
of the structure from the earth thrust. The flow of ground or tide water thru 
these walls is cut off by a continuous and enclosing wall of sheet-piling driven 
at the coping or some distance back from it, the timber altars of the side-wall 
being laid on inclined stringers supported on piles, a sloped wall of puddled clay 
being laid between the soil and the timber altars. The flow of water onto the 
floor is cut off or reduced by a continuous enclosure of sheet-piling driven at the 
foot or toe of the wall or slope and 1 to 3 rows of timber sheet-piling are driven 
across the entrance, the floor itself consisting of heavy timber planking, fas- 
tened to dimensioned caps bolted to the foundation piling, with which the 
bottom is studded at 3 to 4 ft intervals, additional piles being driven in the cen- 
ter, where necessary, under the keel blocks, and under the probable position of 
bilge blocks. Three to 5 ft of concrete is placed under the timber floor in be- 
tween timber caps and piling. In this type of structure.a certain amount of 
leakage or self-draining is expected and allowed for, Among the advantages 
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claimed are that the sloped sides give better light and ventilation: While this 
argument, undoubtedly, is of importance as applied to the older types of vessels, 
it loses its force when steel vessels of rectangular amidship sections, with prac- 
tically flat bottoms, are considered, as, in both masonry and timber graving 
docks, artificial light must be employed, under such hulls. The disadvantage 


of this character of construction is that in order to secure necessary width of 


graving dock at the height of the blocks, the width at the coping line becomes 
excessive. Thus, with a vessel roo ft beam, and 30 ft draft, with allowance for 


_ clearance, the width of the timber graving dock at the coping line would have . 


to be nearly 200 ft as against 140 ft for a masonry graving dock, entailing the 
requirements of a considerably larger area of land, and difficulty in handling 
materials for building or repair by side-wall cranes. ‘Timber graving docks have 
a further disadvantage of not being a permanent structure and require continu- - 
ous and expensive repair and replacement. The surface of the ground around 
the structure is in a continuous process of settlement due to the percola- 
tion of water thru it, and to the washing out by this water of the finer par- 
ticles of soil. On account of the diffi- 
culty of obtaining complete and intact 
sheet-pile water cut-off walls, fre- 
quently extensive washouts and un- 
dermining occur in this character of 
structure. 


Blocking, Shores, and Fittings. 
Keel blocks are provided on the center 
line of the floor and consist of heavy 
dimensioned hardwood timbers. They 
should be so laid outsas to afford suffi- 
cient bearing to avoid undue crushing 
under the maximum weight likely to 
be brought upon them. In American 
practise they usually consist: of three 
or more tiers, placed transversely of 
the dock on 4 to 2 ft centers longitudi- 
nally. Heights of blocks above floor 
should not be less than 314 to 4% ft 
to give clearance for working under a 
ship. 

In European practise the lower 
blocksare often of cast iron, sometimes» 
wedge-shape, to permit of ready re- 
moval. The lower course is fastened to 

Fig. 50. Arrangement of Blocking the floor by anchor bolts, and the upper 
course, if of timber, by iron dogs. In 

addition to these blocks, bilge blocks a are provided on both sides of the keel 
blocks, but placed at longer intervals apart. Some of the larger modern ships, 
especially in the Naval service, are provided with four docking keels, two on either 
side of the center line, so that in being docked the ship will come to a horizontal 
bearing on central keel and side docking keel blocks avoiding the expense and 
delay of holding the graving dock while blocking is being rearranged to fit the 
hull of the particular ship to be docked. When docking keel blocks are not em- 
ployed, bilge blocks are used, consisting of several tiers of blocks, the upper 
one slightly inclined or hinged to the block below and provided with a wedge. 
These blocks slide on bilge block bearers placed transversely of the dock. They 


3 
a 
; 
8 


can be drawn in under the ship and against the bilge by means of hauling chains, 
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cast iron racking being placed on the bearers and adjustable automatic pawls 
attached to the lower bilge block, holding the block in place when it Has 
been drawn under the ship. These’ 
pawls are lifted’and the block relédsed 
when the hauling-back chain is em- 
ployed. The docking keel and bilge- 
block bearers are sometimes made of 
reinforcing’ concrete, or entirely done 
away with, the cast-iron racking ‘being . 
fastened directly to the floor of the 
structure. Fig. 50) shows a half ¢ross~ 
section and floor plan giving position 
and arrangement of blocking. 

Shores are used’ with, or to replace, 
bilge blocks, to hold a vessel upright 
when the graving dock is unwatered. 
They bear against the vessel’s side at . 
frames and are wedged against the 
walls, rest on the altars, or are suspended 
from the coping by lines, for which pur- 
pose small cleats are placed at conyen- 
ient distances. In order to assist in 
bringing and holding the vessel to 
alignment in position over the blocking, 
brest lines are employed, final adjust- , 
ment often being made by block and 
tackle, for which small hand winches 
are installed at convenient intervals 
along the top of the dock wall. 

Capstans and Bollards. As. it is impracticable to place ships in graving 
docks under their main engine power by tugs, power capstans are very 
often provided for this 
purpose. In smaller docks 
hand capstans are em- 
ployed, assisted by wind- 
lasses on the ship being 
docked. On large grav- 
ing docks, power cap- 
stans should be pro- ‘3 
vided atthe head end 
of the dock on either 
side of the entrance 
and in long structures 
midway of the length. 
These should have two 
speeds, the maximum for 
slow hauling trom 15 000 ee 
to 35000 lb at the cap- | 
stan barrel, the minimum Se pee ff 
is used for overhaulin a ||| RUSTE Uf fn 

acim eat to uo 


Fig. 51.—Flectric Capstan 


lines so as not to permit 
too much slack and pos- 
sible snarling. Bollards 
or mooring posts are 
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placed on both sides at intervals of about 50 ft.. Figs. 51 and 51a show electric 
motor driven capstan of the latest type?’ Fig. 51a@is designed with barrel height 


. 80 as to permit the passage over it of the heavy dry dock ‘traveling cranes: 


28. Construction of Graving Docks 


As graving docks are.always located on the foreshore of harbors, the problem 
of construction has an important influence on design. “With the increase in 
draft of vessels and the necessity for providing for overdraft in case of accident, 
the clearance depth over entrance sills of graying docks has increased greatly 
and with it the head of ground or sea water to be taken care of during the con- 
struction period. 


If certain locations.it becomes impossible or impractical, within the range 
of ready execution, to 
construct graving docks 
by any method involving 
the unwatering of the 
site. When such cases 
occur, recourse must be 
had to a method: of con- 
struction that will make - 
the.unwatering of the site 
unnecessary. As themeth- 
od of construction is an 
important item in graving 
dock design, it is well 
f | if . worth while illustrating 
(c) : (a) various . methods that 
Fig, 52, Timber Graving Dock have from time to time 
Ww Us been employed. 

The usual course followed in the construction of timber graying docks is illustrated 
in Fig. 52 where (a) indicates the original conditions of the site, The entire site is sur- 
rounded by a wall of sheet-piling, a portion of the round piling being driven previous to 
excavation, (b) shows the excavation, in part completed, (c) illustrates the driving 
of the round piling on the side slopes and in the bottom, and of the bottom enclosing 
shéet-piling, and (d) shows the work completed. This method was generally followed in 
the construction of two 
timber dry docks built 
in the New York Navy 
Yard, and two similar 
structures built in South 
Brooklyn, N. ¥. 

Dry dock proposed for | 
the Port of Boston: The 
contemplated method of 
construction for this 
dock is illustrated. in 
Fig. 53. The projected 
structure is located on 


aa 
we a ‘Approximate Su 


= aor Ele 


(d) 


ledge rock, covered with TF Ga): 
a blanket of soil under ~ . 
water. On either side Fig. 58. Graving Dock, Boston, Mass. 


and around the head of 


- the proposed dock double timber bulkheads were placed, filled in with excavated material. 


The proposed steps of construction (a), (b), (¢), (d), are shown, (b) with the space be- 


tween bulkheads filled and excavation made to ledge rock; (c) excavation in ledge rock; 


(d) completed structure’ backplled, In this design the side-walls are Tetaining walls, the 
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floor or bottem is shallow, and is to be under-drained, so that the underside of the floor 
will not be subjected to hydrostatic pressure. 


Naval Dry Dock at Charleston, S, €., was located on a salt marsh, with underlying, 


Fig. 54. Graving Dock, Charleston, S. C. 


marl foundation. The entire site was surround, 
ed with heavy sheet-piling, held in place by 
timber trestle work, brace piles, and shoring, 
as illustrated in Fig. 54. The final excavation 
into the marl is show in (c), and completed structure in (d). The method employed 
in making the excavation for the structure was,—the first 10 ft were taken out by 
hydraulic dredging, the remainder of the excavation in the marl being taken out. by 
clam shell buckets operated by cable-ways and by pick and shovel and blasting. Coffer- 
dam around the entrance to the work is illustrated in (e). 

The method of constructing the Naval Dry Dock at Mare Island, Calif., is as illus- 
trated in Fig. 55. The excavation was made in water. Foundation piling was then 
driven in the bottom and the t mber crib of the general dimensions of the structure, built 


Mean-High-We ‘ater— 


SCL LIP Mean Low Water 
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Fig. 55. iene Dock, Mare Island, Calif, 
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up on the surface of the water, loaded, and lowered until it rested on certain of the founda- 
tion piling, as shown in (b). Timber sheet-piling was then driven around the crib:work ~ 
and then backed up with earth, as shown in (c).. The interior of the crib was then pumped 
dry and the structure completed as illustrated in (d). 


The side-wall, or English plan, is illustrated in Fig. 56. This method has been used, 
with success, in the con- 
struction of some Euro- 
pean graving docks, (a) 
illustrating the prelimi- 
nary, step of driving 
sheathing and excavat- 
ing a trench for the 
side-walls; b) comple- 
tion of this trench and 
driving of the side-wall 
foundation piles; (c) the 
completion of the side- 
wall and the excavation 
of the interior or “ dump- 
ling,”.and the driving of 
the. interior foundation 
piles; (d) completion of 
the work. In this meth- 
od of construction there 
is a tendency for the 
side-walls to be thrust 
or move inward when 
the interior of the e ad 
“dumpling” is, re- Fig. 56.. Graving Dock Construction, English 
moved, The floor work Trench Method 

should be constructed in Q 
sections, or heavy bracing placed between the wall work pending completion of the bot- 
tom. A modification of this method was employed in the preliminary attempts at con- 
struction of Dry Dock No. 4, Navy Yard, New York, but failed, the uncompleted side- 
walls being thrust in. Ke “| 

The dry dock at the New York Navy Yard was constructed by the method illustrated 
in’Fig. 57. This dry dock was located in waterbearing quicksand soils. Open excavation 


Tt 


at 


——". 
Mean High Water 


Mica Sand.and 
I Bouldors 


Fig. 57. Graving Dock, New York é 


io 
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was made by steam shovel to the quicksand. The entire site was then surrounded by a 
reinforced concrete cut-off wall, placed by pnetitnatic process. ‘The excavation of the 
interior was then made, bracing being placed between cut-off walls, as illustrated in 
(b). Interior rectangular piers of anchors were placed by pheumatic process. The 


Bite 
" Fig. 58. Graving Dock, Kobe, Japan 
floor was then built in 20-ft sections, entirely across thé structure, as shown in (¢). Side! 


walls were then built up and the structure backfilled. 4s 

At Kobe, Japan, the character of the site was such that after an unsuccessful attempt 
to cofisttuct in cofferdam in the dry, it was decided to eriploy a method not requiring 
the unwatering of the site. The plan followed/is illustrated in Fig. 58, Excavation wis 
made in water, a8 Shown in (a), and piling then driVen as shown in (b).” ‘Concrete was then 
deposited by skips and buckets under water, as illustrated in (c). Upon completion 
of placing of the underwater concrete up.and above elevation of high water, the structure 
was puniped out and interior lining placed, as shown in (d). : 

A somewhat different method of construction proposed in connection with another 


dry dock is illustrated in Fig. 59, Excavation made under water, foundation piling 


2 POT 


Fig. 59. Construction Emmplovine Floating Caissons 


| 
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dfiven as shown in (a), the foundation piling then cut off undef Water to grade, and the 
graving dock structure built in séctions by meédrs of caissons lowered to place, as illus- 
trated in (c) and (d), in 4 somiewhat similar manner to the method employed for Break- 
water and Quay (Wall Construction. See Arts. 3 and 15. 

The above method was proposed for the construction of the Pearl Harbor, Hawaii: 
| Navy Dry Dock. In the construction of this dock the general principle was used but the 
| 16 sections were constructed on a floating dock, and then by lowering the floating dock 

a steel tank coffer dam was floated over a section and bolted to it. The floating dock 
was then lowefed and the whole section floated to place, the tank coffer dam flooded and 
the section lowered, the side-walls and bottom of the section built complete in the coffer 
dam, the tank-coffer dam then floated by removing water from the tank, and then floated 
away and placed on the next section and so on. Space between sections was closed by 
concrete deposited in Tremie. 


29. Gates and Pumping Plant 


Caissons or Gates. Graving dock gates are, in many respects, similar to 
lock gates, description of which will be found in Sect. 11, Art.19. In American 
practise caissons are more often employed for closing entrance to graving docks, 
and are usually box- or ship-shaped structures which are flooded and sunk in 
place at the seat, the removal of water from the interior of the dock drawing 
them up against the seat. When to be removed after the graving dock has been 
flooded, they are pumped out and hauled or towed to one side. The sliding type 
of caisson for which, in connection with the dry dock structure, a recess is pro- 
vided at the éntrance, is moved across the entrance by a hauling device, and 
returned to its recess in a similar manner, an illustration of which is shown 
in Fig. 60. This is the favorite type in English graving dock practise and it is 
employed for the entrance of the Quebec graving dock. The removable type 
of caisson is rectangular or ship-shapéd, as shown in Fig. 61, or hydrometer- 
shaped, as shown in Fig. 62, the second type having a dotitracted section 
for a depth of 6 to 12 ft at the water line, to admit of more rapid raising and 
lowering when being pumped out or flooded. Or the caisson may be of the 
rectangular or fin keel type. Where the caisson bears on’ the sill, water 
is excluded by either depending on the close fit of a timber meeting piece, 
or on rubber or hemp gaskets. To resist water pressure the caissons are 
built and designed with a series of interior horizontal girders. When one of 
the types of ship-shaped caissons is in place and the graving dock pumped 
out, the lifting effect of the exterior water is only active on the surface of the 
caisson in contact with water, so that the buoyancy at such time is somewhat 
over half of that of the caisson when floating. However, in nearly all cases the 
dead weight without the water ballast is not sufficient to hold the caisson in place 
under these conditions. There are usually installed on the caisson, besides the 
pumping plant for raising the same, hand or power driven capstans at both 
ends and a series of large valves, power or hand actuated, so that the graving 
dock may be flooded thru the caisson by opening these valves Caissons of this 
type being floating structures, caré must be taken in the design to assure proper 
stability under all conditions, and for that purpose it is necessary to make the 
calculations and curves transverse and longitudinal showing displacement, 
center of gravity, center of buoyancy, contained water, and metacentric heights 
under various conditions, especial attention being given to the effect of the 
contained free water during flooding and lowering. On completion of the caisson 
these calculations should be checked by inclining experiments. 


Pumping Plant. A graving dock is freed of water by a power pumping plant, 
electricity or steam being generally used, the selection depending upon the 
_ special conditions obtaining in the locality. The plant should be divided into 


1774 -. Wet and Dry Docks ‘Sect. 16— 


two or more units, so that in case of a breakdown it would be still possible to — 


j 


operate the graving dock. The units employed are usually vertical or horizontal © 
centrifugal pumps and should be of such combined capacity and design that the © 


dock will be unwatered by the entire pumping plant in from 114 to 2% hours - 


The water head at the beginning of the pumping will be o, the power being used — 
up in friction and in velocity head, so that the pumping plant must be designed — 


Sectional Plan 
At Girder At Bottom Transverse 
Section 


Fig. 60. Entrance Caisson, Sliding Type 


Toni Taal Section 
Fig. 61. Ship-Shape Caisson Gate 
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Fig. 62. Hydrometer-Shape Caisson Gate 


oy 
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for the especial conditions in order to obtain overall efficiencies, or over so 
percent. It is usually impossible to-remove the last 2 ft of water over the floor 


Fig. 63. Pumping Plant 


by these main pumps, the blocking and block bearers holding back the water 
so as to result in a surging effect in the drainage forebay.- Where possible, main 
pumps should be placed low 
enough and with intakes so ar- 
ranged as to postpone as long as 
possible this surging effect. For 
finally freeing the graving dock 

of water and for regular drain- ~~ 
age. purposes, smaller drainage 
pumps are provided. Fig. 63 
shows a sectional elevation of 
the graving dock pumping plant 
for Dry Dock No. 4, at the New 
York. Navy Yard; there are 3 
main pumps and 2 drainage 
pumps. 

Fig. 63a shows a sectional view. 
of the graving dock pumping plant f 
for the new dry dock at the Navy £ 
Yard, Philadelphia, Pa. There are 
three electric-motor-driven pumps 
of 54 in size. The same general 
type of pumping plant is employed 
at the new Navy Dry Dock in the 
Navy Yard, Norfolk, at the State 
Dry Dock at Boston, Mass., and ae : 

- Balboa Dry Dock at Panama. ig. 63a Cross-section of Piaebine Plant, Phila, 

Tn the design of the main errs Pa., = Norfolk, Va, 
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machinery, the work to be done by the entire plant is obtained by the total volume and 
weight of water contained in the graving dock at high tide; the product of this weight 
by the distance between its center of gravity, and the elevation of water surface at high 
tide, will give the work done. The required capacity of the pumping plant may then be 
obtained by dividing the product by the number of minutes length of time allowed for 
pumping out the dock, and inthe same way the required motor horse-power obtained by 
assuming a 50% efficiency. It is customary to employ constant speed induction motors. 
Flooding of the structure is usually accomplished by flooding valves installed 

in the entrance caisson or by sluice-ways and gates making connection with the 
sea or by both. These should be designed so that the structure can be flooded | 
within x hour. On account of the location of the flooding gates in the lower 
part of gate caissons, frequently under certain conditions considerable sediment 
is carried into the dock by this method of flooding, so that sluice-ways and 
gates, connecting to tide water at a higher elevation, are often more desirable. 
When of large area, they also make more rapid the final leveling of water in the 
interior and exterior of the graving dock, and make possible a more expedi- 
tious removal of the entrance caissons. ‘ 


30. Cost of Graving Docks 


The Cost of Graving Docks varies between wide limits, depending, as it 
does, upon the character of foundation, dimensions of the graving dock, par- 
ticularly the usable depth and the kind of material employed in its construction. 
In masonry dry docks the lining of the structure with stone work, particularly 
granite, will add considerably to the cost. Excluding land value, timber graving 
docks cost between $700 and $1200 per running foot of dock, masonry graving 
docks between $1500 and $3500 per running foot of dock, and may, in instances, 
exceed this figure. 


Masonry Graving Docks 


Built Goat 
No. Location 5 ee Lgth. Per | Per ton,’ 
ee Wiceaes Total TDS: | ees 
gun | ished ning | ship 
Feet foot | docked 


Boston, Mass., N. ¥. ¥2..| 1899 | 1905 | 748 | $1 100 000 {$1470 | $28.80 


I 
2 | Charleston, S.C,, N. Y. #1] 1902 | 1908 575 I 250000 | 2170 36.80 
3 , Mare Island, Cal., N-Y.,#2.| 1899 | 1910 752 I 680 000 | 2210 | 44.20} 
4 | New York, N. Y.,N. Y.°#4| 1905 | 1912 | 703 2 450000 | 3470 |’ 49.70 | 

1903 | 1908 
5 | Norfolk, Va., N. Y. #3.. { “oe, OROTE }rs2 I 730 000 | 2360 | 38.50 
6. | Philaj, Pa.) No ¥.-#20..<: 1899 | 1908 754 | 1470000 | 1950 | 38.50 
7 | Portsmouth, N. H. #2....| 1899 | 1906 751 I 125000 | 1500 | 29.70- 
8 | Puget Sound, #2......... 1908 | 1913 838 2100000 | 2500 | 32.70 
9 | Boston, Mass., State...... 1914 | 1919 | 1188 3 231 000 | 2500 28:09 
to | Quebec, P. Q., Canada....| 1914 | .... | 1190 | 3000000 | 2500 | 30.30 


11 | Norfolk, Va., N. ¥. #4....| 1917 | 1919 |. 1022 4356000 | 4250 46.85 
12 | Norfolk, Va., N, ¥. #6....| 1918 | 1919 470 765 000 | 1625 63.75 } 
13 | Norfolk, Va., N. Y. #7....| 1918 | 1979 471 714 000 | T5r5.| 70.00 | 
14 , Balboa, Panama..........] 191z | 1915 | 1100 2795 000 | 2540 34.10 


Timber Graving Docks 


1s | New York, N. Y. #3..... 1873 | 1897 668 555 000 835 23.30" 


16 | Norfolk, Va., N. Y.#2....| 1887 | 1889 500 505 000 | I10I0.} 38.30 | 
17 | Phila., Pa., N. me's Se. 1889 | 1891 500 549 000 | 1100 | 45.007 


18 | Puget ‘Sound: W.N. Y. #1.) 1892 | 1896) 650 633 000 | 970] 297.20 | 
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The cost per ton of maximum size ship that can be docked was obtained by taking 
the product in feet of the usable length, allowing 5 feet clearance; the width of entrance at 
1 foot above blocks, less 2 ft clearance; and the depth to top of blocks or 6 inchés over 
sill at high water, dividing this by 35 to obtain long tons and taking 0.7 of this as a 
probable block coefficient. The following numbers refer to the table on page 1776. 

(rt) Founded on blue clay and gravel and is built of concrete lined with granite. 

(2) Founded on stiff marl, is of concrete lined with granite. 

(3) Founded on piles driven in soft clay. Built of concrete with granite sills and 
entrance. " 

(4) Founded on reinforced concrete surrounding walls and interior pedestals placed 
by pneumatic cdissons in fine running mica sand and built of reinforced concrete lined 
with vitrified brick, granite sills and entrance. 

(5) Founded on Piles in clay and marl. Built of concrete, granite lined. This dock 
was, after completion, extended in length. 

(6) Founded on piles driven in sand and gravel. Built of concrete, granite sills and 
entrance. F 

(7) Founded on ledge rock, concrete lined with granite: 

(8) Founded on sand, payel: clay; concrete and granite. : 

(9) Work nearing completion, founded on ledge rock, concrete, granite, entrance sills, 
coping and steps, intermediate seat dividing dock fate two sections when desirable, 
side-walls lined with granite. Actual cost will be in excess of that given by perhaps 
$500 000, on account of war conditions. 

(ro) Completed in 1918, Founded on rock, concrete with granite altars and én- 
trance, sills, sliding caissons at entrance. 

(tr, 12, r3) These docks founded on so-called marl containing tiuch shell deecitug 
at entrance and blue clay. Concrete laid ditectly on marl and clay fala at entrance 
to No. 6 and No. 7, founded on timber piling. 

The cost of graving dock appurtenances, while independent of foundation conditions, 
bears some félation to the character and size of the structure. Electric power capstans, 
including foundations, depending upon size, will vary from $7000 to $9000 each, and thé 
pumping plant from $40 to $70 per motor or engine horse, power. Caisson gate costs 
will be a function of the width and depth of the entrance and, in general, will vary as the 
product of the square of the width and the square of the depth. 

The upkeep and maintenance cost of the body of masonry graving docks is sinall and 
should not éxceed 14 of x percent perannum. ‘he upkeep cost of graving dock appur- 
tenances varies with the character of the same, the cost. of repair and replacing of block- 
ing being high and, to some extent, dependent upon the frequency of use, and may be 
taken at from 10 to rg percent of first cost, per annum. The upkeep cost of caisson 
gates is, in general, similar to that of the hulls of steel vessels and may be taken at from 
3 to 5 percent per annum. 4 
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Definition. A floating dry dock is a structuré of wood, wood and steel, 
steel, or reinforced concrete, capable of being submerged by the admission of 
water to its interior compartments, at which stage, if desired, a ship is floated 
into position; the structure is then raised by the removal of water from its 
intérior compartments by pumping, or other meaiis. 


Relative Advantages. Lower first cost, less time to completa, less operating 
expense in pumiping, and the fact that it is a movable property, are claimed as 
advantages for floating docks, as compared to graving docks. 


The comparative first cost is entirely dependent upon the type of the floating ~ 
dock and the location of the site available for the graving dock. Under the most 
favorable conditions for graving dock construction, the time consumed in the 
construction of a floating dock is somewhat less than would be the case with a 
graving dock. A graving dock has the advantage of perinanence, mofe rigidity, 
Jess danger of accident, less expensive maintenance and repair, and less annual 


_ charges on account of its greater length of life. The selection of the type of 


structure is entirely dependent upon local condi and dle a 
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shown in Fig. 64: (1) The sim- =>=== ——— 
plest type of floating dock is the ‘Side Elevation Section 

solid trough type of.timber or 

steel. It has the advantage of @ 


simplicity, of longitudinal rigidity, 
with the disadvantage that it 
must be built in ‘its entirety in- 
tact, and can not be self-docked 
for repairing, cleaning, and paint- 


(2) Sectional docks consist of a 
number of solid trough sections or 
slices of Type (1), and are con- 
structed of such length that any 
one section can be docked, as TE Self Docking, 
shown, by one or two other sec- 
tions. The sections are connected : 
together by lo.king logs which Side Elevation 
hold them in alinement, but are @ 
not intended to furnish longi- | == 
tudinal. rigidity for the entire ee ee ee 
structure. The op.ration of the Section Self Docking 
dock usually requires skill and 
care in order that each section 2 == t As 
may take the load directly above : Side Elevation 
it, the buoyancy of sections being ® 
adjusted by the amount of water = anes = ce HY ae 
pumped from them. , This adjust- . : pe ee 
ment of weights, however, is not pechion, Belt Necleigag 
always necessary. With ocean- 
going steel vessels, the vessel 
itself is designed with sufficient 
longitudinal girder strength to 
distribute inequalities of load, 
unless the hull | structure has 
been seriously injured, in which 
case the vessel should not be 


docked on a sectional type of hi Side! Bi i ae Reaction 
floating dock. This type of struc- ee OO 
ture is a favorite type in-timber, paid al 2 ae 
especially for commercial use; on "ae 
account of its low first cost and sels Poann y 
its flexibility, additional sections I (==! 4 
Ear. ae increasing the length Side Elevation Section 
(3) The Rennie type consists @ 


of continuous side-walls forming 
girders for longitudinal rigidity. 
These side-walls rest on, and are 
fastened to, a series of pontoons of 
such dimensions that one or more 
“pontoons may be removed from 
under the side-walls and lifted 
for repair by the remaining struc- 
ture. Docks of this character are 
built with steel walls and timber 
pontoons, or entirely of steel. 


+ (4) Tn the: Clark-and’ Stanfild * 
type the side-walls are continuous 
and extend to practically the full Fig. 64, Types of Floating Docks 


Self Docking 


a 
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depth of the structure, the pontoons being fastened between the side-walls, the fasten- 
ing consisting of fish-plates and bolts. Pontoons can be self-docked; repair, cleaning 
and painting of side-walls being performed by careening of the entire structure. The 
side-walls being deeper than in-the Rennie type, more rigidity is secured. Disconnection 
of pontoons for self-docking and repairis complicated. This type of dry dock is usually 
constructed of steel. The Havana dock now in commercial use in New York harbor, 
and the Naval dock at Algiers, La., are constructed on this principle. 


(5) The Pola type is a sectional dock consisting of three sections, each a solid trough. 
The central section is of about the same size as the two end sections together. ‘The 
sections are connected together for longitudinal rigidity, which connection, however, is 
complicated. The central section is locked by the two end sections by means of a pro- 
jection on each. The end sections are docked by-the center section. 

(6) The Cunningham Sectional type of dock is, in many respects, similar to Type (x), 
Sectional dock, but consists of larger sections, provision being made for,joining the 
sections together by fish-plates and bolts. Self-docking is accomplished by raising one 
section with two other sections, 

(7) The Maryland Steel Company type consists of a main pontoon of solid trough 
section with side-walls extending beyond its length and carried on two shorter end pon- 
toons having low independent side-walls for stability in self-docking operations. In self- 
docking the two end pontoons raise the central section and the two end pontoons are 
in turn raised by the center section. This type is constructed in steel. The Naval dock 
“ Dewey ” at Olongapo, P. I., is of this type. 

(8) The Single Side Wall type consists of one rectangular side-wall and pontoon or a — 
series of sectional pontoons. On the other side of the wall is provided a shallow pontoon 
with vertical members and series of two parallel members pin-connected to the vertical 
members and to the side-wall of the dock. The purpose of this pontoon is to afford sta- 
bility and hold the structure upright when raising or lowering. y 

(9) The Off-Shore type is similar to the Single Side Wall dock, but the vertical member 
is fixed ‘directly on shore, the pontoon being done away with. < 

(xo) Types (8) and (9) can both be constructed with openings between pontoons so 
that the vessel after being lifted can be deposited on a separate floating structure or 
fixed platform, so that while the ship is undergoing repair the dock is ready to lift another 
vessel and is then known as a Depositing Dock. Neither of these types is in extensive use. 

In the Burgess sectional dock the side-walls are replaced by an open framework in 
which slide ballast pontoons, which always remain on the surface and give stability to 
the structure. A structure of this character was built of timber in New York Harbor, 
but is not now in use. : 

Location. Floating docks require considerable depth of water for their 
operation, this depth being fixt by the draft of the maximum ship to be docked, 
height of blocks, clearance of blocks to keel of ship, depth of floating dock pon- 
toons, and the allowance under the dock for clearance and for filling up. The 
requisite depth must often be secured by dredging and the expense of dredging - 
operations at»such great depth is considerable. In many harbors, the exca- 
vation for deep floating docks will rapidly fill up, Provision must also be made 
for mooring the structure, which is usually done by placing it alongside a pier 
built for that purpose. When this is not done, approach piers.to the floating 
dock must be constructed. A pier or quay is also necessary outside of the 
entrance to the floating dock to moor vessels while awaiting docking, or to 
assist in guiding the vessel into the floating dock. Such a structure is also 
necessary in connection with the use of graving docks. Sheltered locations are 
desirable for floating docks; this being more necessary on account of the diffi- 
culty of handling the dock in a high wind. 


Data on Design. A floating dock must have sufficient transverse strength 


_so that the excess buoyancy of the side-walls and the pontoons at the sides will 


be enabled to carry the concentrated weight of that portion of the ship carried 
on the central keel and side bilge-blocking, and also when floated light carry 
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the excess weight at the sides of the side-walls and the pumping machinery. - 
The floating dry dock, when fully sunk, ready to receive a ship, is usually flooded 
with water to within a small distance from the position of the outside water. 
This is especially so on timber floating docks. To guard against accidental 
over-flooding in the sinking of the dock, safety decks are often provided in the 
side-walls, above which the dock can not be flooded. When a ship has been 
placed in the dock and the operation of raising is commenced, the contained 
water is, as a rule, first removed from the side-walls. “As the displacement of 
these side-walls per foot of lift is from necessity considerably less than the 
weight per foot lift of the maximum sized ship to be docked, the water is en- - 
tirely removed from the side-walls when the ship has only been lifted a few feet, 
and the maximum water pressure due to difference between external and inter- 
nal water head, occurs at the period when the side-walls have been emptied of 
contained water. The exterior sheathing or plating of the structure, beams, 
frames, and trussing must be analyzed jor this condition of external pressure, 
which is illustrated in Fig.65. In most floating dry docks this will not exceed 


Fe Ship Entering 
1 ~~ ship lifted 0 fect 
Position of interior water ballatt, 
ship entering dock. 
Position of water surface relative 
fo ary dock, slip entering. 
= Position ter 
Ea surface “ewes ‘to 
= SFary dock,ship lifted 
6 fect. ° 


Fig. 65. Maximum Water Pressure on Dock 


2o ft of water head. This condition may be avoided by pumping from com- 
partments of the pontoon directly under the ship, before removing all the 
water contained in the wing walls. It is tobe borne in mind, however, that 
with a floating dry dock it is possible to partially raise out of the water a ship 
of greater displacement than could be lifted clear of the water, and for this reason 
it is often advisable to design the structure to withstand water pressure equiva- 
lent to the maximum submersion of the pontoon deck. In timber structures, 
~ as the timber is more or.less constantly immersed, a reduction should be made 
in the allowable strength in tension, compression, and bearing. dn steel float- 
ing docks, the practise of structural steel and steel ship design should be fol- 
' lowed, the plating being considered as a continuous beam and not a catenary. 
Fig. 66 is a typical cross-section of a self-docking steel floating dock, Maryland Steel 
Company type, having a gross lifting capacity of 18 000 long tons. y ? 
Fig. 66a is a plan longitudinal section and cross-section, side and end elevation of a 
45 a00-ton steel floating dock of the bolted, three-section trough type (Cunningham) 
designed but not built. 2 
Fig. 67 is a half cross-section thru a section of a sectional timber dry dock, a type 
favored in commercial use on account of its flexibility, that is, the possibility of increas- 
_ ing its length and sizes by adding additional sections. The floating dock in question con- 
sists of 6 sections, each 80 ft long, having a combined maximum lifting capacity of 18 000 
long tons. i > c ff 
Fig. 67a is a plan longitudinal and cross-section and half end elevation of a 12 ae0-ton 
timber sectional dry dock. : é Ree * 
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Loading. The loading conditions to which a floating dry dock is subjected’ 
are dependent upon the method employed in removing the contained water 
from the structure. It is desirable, to some extent, to pump water from the vari- 
ous compartments so that the buoyancy or lifting effect will bear some relation 
to the load or weight of that part of the vessel directly above this section of the ° 
floating dry dock. In order to obtain the maximum lifting effect of a floating 
dry dock, it is necessary to remove all of the contained water from the structure, 


Transverse Section 
Fig: 66. Steel Floating Dock _ 


with the result that the bending strain must be taken by the dock structure or 
the ship being docked. Consequently the manner of regulating the pumping 
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. Fig. 66a. Cunningham 45 ooo-ton Dock. 
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and lifting dock and ship is of greatest importance, as it 
might readily be so operated as to seriously strain both ship 
and dock. ’ : 
The Bending Moment produced in the ship and dock is ; 
shown graphically by Fig. 68: (a) showing the effect when / 
lifting a long ship; (b) when lifting a short heavy ship, and 
(c) the method employed to decrease the bending moment by / 
only removing a portion of the water from the end compart- / 


ments. Fig. 69 illustrates the transverse loads to which a 
section of a floating 
timber dry dock is 
subjected. 
Effective Cap- 
acity. The effec- 


tive lifting capacity 

of a properly de- E 

signed floating dry ae Het a 
dock, whether of t - 362 

timber or steel, or Fig. 67. Timber Floating Dock 


a combination of E 

both, will vary between 60 and 70 percent of the displacement of the pontoons 
In general, it may be taken that one-third of this displacement will represen 
the dead-weight of the structure and the contained water that can not b 
removed, and two-thirds will represent the effective maximum lifting capacity 
In timber floating dry docks the buoyancy effect of the timber must b 
counteracted by ballast of rock or iron, in which case proper allowance mus 
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be made for the reduc- - 
tion in weight of this 
ballast by reason of its 
submersion. Ballast is 
not needed in steel 
floating dry docks and 
usually is not neces- 
sary in floating dry 
docks of steel and 
timber. 


Costs of Floating 
Dry Docks of differ- 
ent types can be given 
only approximately, as 
these are influenced by Fig. 68. Longitudinal Bending Moment 
the varying costs .of 
materials, size of structure, and location in which it is to be built. Such ap- 
proximate relative costs may be taken as follows: 


> Ballast for 8 Ft,8. p 
1050 Lie.p Ca Fi, id oo Piitlast-forrd ae 


Ascot, 


124,84 
Load on 8 Ft. Section.(One Frame) 
Load Diagram of Floating Dock, Bight Con Condition, No Water ‘in Dock. 
Net: eo it 30 200 Down 15.300 Loe. 
Down, 240000 Zi 


Net Upward. : Net Upward. 


Dniform W, of sd Uniform ug of Wing 
550 Lhs.p er. Ft, 


S 


== ie 


Upward Water Buoyancy,3450 Lbs. per Ft: 


~<—______— 124.8! 1 
Load on 3 Ft. Section.(One Frame) . 
Load Diagram of Floating Dock, Full Load, Ship on Dock. 


Fig. 69. Transverse Loads : 2 
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Timber solid trough.type..........c..seseee+ y. . $28 to $35 per lift long ton 
Timber settional type............ -} $25 to gaz 

Timber pontoons, steel wing walls. . zt. $42 to Gye ss 1 Atte pee 
Steel, sectional or’solid trough................0.5 $52 to $65) “fects pss 


These costs are for the floating dry dock complete, but take no account of 
the cost’ of the necessary, work required in connection with the operation of 
the structure, such as piers, approaches, dredging, and other work. ‘The varia- 
tion given allows for differences in size and details and tot location at which the 
floating dry dock is built, the higher figures for the steel structures being based 
on costs on the Pacific Coast of the United States. 

The above given costs were those obtaining 1914-1915, the estimated cost in 1918-1919 
taken from the bids and estimates on structtires then designed are titnbet solid trough 
and sectional type, $85 per lift ton; timber pontoon and steel wing. walls $95 per hit 
ton;*steel solid trough or sectional, $120 per Lit ton, 


The upkeep and maintenance costs of floating dry docks depend on the leas 
tion and the matetials employed. All timber floating dry docks have been in 
continuous use for 60 years, with only slight repair to them. In waters in which 
mariné borets are prevalent, the exterior of timber pontoons miust be protected 
by yellow metal, copper, tar felt covered with creosoted sheathing plank, or all 
planking creosoted. The interior of compartments will not require protection. 
The annual charge for upkeep of nine steel docks, as given by L. E. Clark, was 
r.12 percent of first cost. Experience with such docks in warm climates indi- 
cates that annual upkeep cost will, in instances, exceed 3 percent of first cost. 

_ Steel structures in sea water require periodic painting to prevent undue corro- 
sion. The most effective interior covering is by coating with bitumastic com 
pound, costing from $4 to $7 per ton weight of structural steel in the hull. 
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Stability. In order to secure the requisite stability against overturning 
when light or when lifting a ship, provision must be made for longitudinal and 
transverse watertight compartments. In a rectangular floating structure the 
general stability varies directly as the square of the number of watertight divi- 
sions. In timber floating dry docks, in most cases, the structure is divided into 
two transverse watertight compartments, additional longitudinal timber bulk- 
heads beitig provided on either side of the central watertight bulkhead, these 
bulkheads merely acting as strengthening and swash bulkheads, and do not 
materially affect the transverse stability. In steel floating dry docks four to six 
transverse watertight divisions are usually provided. The metacentric height 
is represented by GM =UI—GBxXV=2i)/V 
in, which J is the moment of inertia of the water-plane of flotation, G B the dis- 
tance between center of buoyancy and center of gravity, V the volume of dis- 
* placement in cubic feet, and 27 is the summation of moment of inertias of in- 

‘terior contained water surfaces. Or the stability moment is 
My =sin 0/35 UI —G B XV —2 i) 

This calculation should be made for both transverse and longitudinal con 
tions, it being remembered that with a ship on the dry dock the stability of the 
ship must be taken into consideration; J, G B, V and 2 4 of the formulas being 
the combined expressions for ship and floating dock. 

In order to apply the necessary formula, diagrams or curves should be available 
showing the characteristics of the floating dry dock under various conditions. 

Fig. 70 gives an example which shows the curves of displacement, center of 
buoyancy, center of gravity, weight of contained water, and moment of inertia 
of exterior and interior water planes. Employing this and information as to 

_ similar characteristics of the maximym sized ship to be dry docked, curves can 


“| 
tos 
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be drawn showing the metacentric heights at various drafts of ship and dock as. 
is shown in Fig. 71, which is a typical case for a 12 000 long ton capacity Timber 
Sectional Floating Dock. ; 

Imprisoned Air. When sinking a floating dry dock it is necessary to afford - 
means for the escape of the imprisoned air. This is done by providing piping 
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Fig. 70. Displacement and other Curves 


for air escape with connections at the upper parts of compartments, or in timber 
dry docks, by providing air escapes directly thru the deck. 


Wind Effect. Sufficient stability should be provided so that with a maxi- 
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Fig. 71, Transverse Stability Curves 
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mum sized ship on the dry dock there will be no undue heeling of the structure 
due to!wind action, The angle or heel of inclination # is obtained from 


‘ Cot 9=D XGM/A XCL 


in which, A is total pressure of wind in pounds, D is the displacement in pounds, 
G M is the metacentric height, and C L is the distance between center of pressure 
and center of lateral resistance. 


Pumping and Flooding Plant is so arranged that each watertight compart- 
ment can be controlled in parnping or flooding, independently of other com- 
partments. In a solid 
trough dock, one ot 
two main pumping 
plants are usually pro- 
vided, on one or both 
sides of the dock con- 
nected to a pumping 
= E main, having a latera 

=" ronginualnat’ Section connection to each 
Fig. 72. Arrangement of Pumping Plant compartment. Fig. 72 
shows the general ar- 
rangement of such a pumping plant. Each section connection is controlled 
by direct-acting wedge-shaped valves, the valve rod being brought to one sta: 
tion by a system of bell crank levers, the dockmaster located at this station 
controlling the entire pumping of the dock. In sectional floating dry docks, if 
is necessary to provide a separate pump plant in each section. These may be 
driven individually or by means of continuous sectional shafting connected be- 
tween section by universal couplings, the operating power being either steam 
or electric. The most satisfactory system at present.in use is electrically oper- 
ated vertical shaft centrifugal pumps. In sectional docks, with two pumps in 
each section, one on each side of the structure, a cross-connection is often pro- 
vided so that in case one pump should break down, the section could still be op- 
erated by the other pump. This in- 
volves a longer time for pumping out 
and also serves to decrease the sta- 
bility, of the entire structure by de- 
creasing the -stability of one of its 
sections. The sinking by flooding is 
carried out by flooding valves or gates, 
leading to the various compartments, 
the dockmaster controlling this entire 
operation to insure even settlement 
without undue straining of dock or 
ship. Floating docks are often fitted Fig. 73 
with an indicator system to show in.a 
centfal control station the depth of water in all compartments. An entirely satis- 
factory system has not as yet been successfully applied. 


It has been proposed to raise floating docks by compressed air, oe removing 
the water from compartments by forcing air into them, and in a somewhat simi 
lar manner sinking by allowing this air to escape. While this has been triec 
experimentally on a small scale, it has not been successfully used in practise 

* The general idea has had some success applied to raising sunken vessels by} 
pumping air into the hull or by forcing it into submerged cylindrical paptogns 
made fast to the hull by chains or wire cables. 
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Power Required in Operating a Floating Dry Dock. The work done in 
raising a floating dry dock with a ship is directly proportional to the weight of 
the dock light and weight or displacement of the ship. > 


B=) —o) + D' c + (D—D')\a 


in which, as shown in Fig. 73, D is the displacement in pounds of ship and 
floating dock ready to lift, c is depth in feet below surface of water of center of : 
buoyancy of D, D’ is displacement in lbs of dock or ship and dock’ wholly or 
partially raised, c’ is depth in feet below surface of water of center buoyancy 

of D’, J is height in feet raised, and a is distance above or below surface of 
water of center of gravity of water removed from dock when dock is in its raised 
position. 


The necessary data for application of the formule can be obtained from 
curves showing displacement and position of center of buoyancy of the ship 
and displacement of dock, weight of mn 
contained water and positions of 
center of gravity and center buoy- oA AHA EE q [Laat | 
ancy. The characteristics of the aaRGGanG, 
pumping plant can then be obtained eae 
by fixing on the time in which it is Fig. 74. Blocking 
desired to raise the floating dry dock D 
with a ship of maximum weight, usually takeri at from 1 to 114 hours. The 
overall efficiency of an electrically driven centrifugal pump of the type herein de- 
scribed should be between 50 and 60 per cent. 


Blocking. The arrangement of blocking on a floating dock isin many respects © 
similar to that employed in graving docks, and is shown in Fig. 74, 
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33. Ferry Racks 


Ferry Racks. The landings or terminals for ferries consist or a slip with piles 
and fenders on each side called racks, transfer bridge, platform, and ferry shed. 
The racks are usually built diverging outshore, the inshore ends closely fitting 
the guard rails of ferry-boats. “The racks consist of one or more rows or banks 
of piles with upper, lower, and one or more intermediate string pieces or wales 
on which are fastened vertical fender planking of oak, yellow pine, or some 
other hard wood. Where the ferry-boats are small or light, and the traffic in- 
frequent, a single row of piles is used, the piles being spaced about 3 ft centers. 
The rack is stiffened at the inshore end by additional piles or clusters of piles, 
as this portion of the rack receives the principal wear and shock. The height 
of the rack is dependent upon the range of tide, it being evident that the fender 
system must be of sufficient height, or depth, so that the guard rail of the ferry- 
boat, when loaded or unloaded, will never be below or above the rack. The 
wales are made up of several thicknesses of heavy planking or dimensioned tim- 
ber, so as to be readily fitted to the required curve and are bolted to the round 
piles. The vertical fender planking is fastened to the wales by drift bolts or 
dock spike at the upper and lower extremity. Ribbon pieces are fastened to 
the wales and thru the vertical fenders by countersunk head screw bolts. The 
upper ends of fender planking are sawn off at a bevel to shed water, and the | 
tops of piles rounded for the same purpose and often covered with canvas or 
zine for protection against the entry of water and consequent rot. Frequently 
the fenders at the inner end of ferry racks are coated with heavy oil, or grease. 


. ' ee ~ . dé 
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Tn heavy ferry rack cuinsttiration, two, three, or four rows of piles are employed, 
the piles in the rear rows being stagecked, and the tops of rear rows are cut off at 
a lower elevation. In two bank racks two or more wales are fastened to the back 
of the front high row and one or two heavy wales to the front of second pile row, 
so as to trans.nit the shock of the incoming ferry-boat to the second row of piles, 
and if three rows of piles are used, the third row is also provided with wales of 
this type. The outshore end or entrances of racks are usually constructed with 
a cluster of piles, driven a slight distance apart, and drawn together at the top, 


and lashed with wire cable fastened with staples, these dolphins or clusters fre- 


Fig. 75. Ferry Racks 


quently receiving’ the first impact of the entering ferry-boat, guiding the ferry- 
boat into the slip. Fig. 75 shows general arrangement of various types. 

(x) Plan of three and four bank rack for Municipal Ferry; New York City, 39th Street, 
Brooklyn: 
_ (2) Typical section of (x). Front wales, two 6x12 in. Rear wales, three 4.x 12 in, 
Fenders, 5 x 12 in white oak. ' ‘ 

(3) Typical elevation, section, and plan of two bank rack, D.L. & W. R.R. Passenger 
service, 
- (4) Elevation, section, and plam of three bank rack, D. L. & W. R.R. 

The work can be laid oiit by securing plans of the guard fails of various ferry-boats 
that are°to use the slip, and from these make a plan showing maximum dimensions. 


Lay out the slip with racks fitting this plan and measure ordinates from and perpendic- | 


ular to the center line to pile locations.. Construct a light temporary platform along the 
slip and on this locate points on which batten ranges can be fastened, giving the trans- 
verse range of piles, the piles being located and driven by measuring out the proper 
distance on this range. All piles need not be so located, but piles every ro or 12.ft ha 
been accurately located, intermediate piles can be driven in general conformity with thé 
- desired curve. The work can be laid out from a temporary platform or existing adjoin- 
ing pier or structure alongside of the site of the ferry slip. A fetry-boat can be moored 
in place and governing dimensions obtained by driving ties at intervals a the 
guard rail of the template used. itn 
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‘$4. Trarster Bridges 


Ferry Transfer Bridges should be of such length that at extteme tides, - 
with maximum and mihimum loading of ferry-boat; the gradient will be possible 
for traffic, the range being from low tide with heavily loaded boat having little 
freeboard to high tide with light load and greater freeboard. The outshore end 
of the bridge, when light, is usually carried by a pontoon, so that it will, at all’ 
times, float to about the elevation of the ferry-boat deck. For this adjustment 
of height the buoyancy of the pontoon is employed sometimes with the assist- 
ance of countetweights fastened to the bridge by wire or chain cables, and 
carried up over sheaves mounted on an, overhead frame. The final adjustment 
of height is made by hand or power operated windlass fastened to the end of 
the bridge. The outshore end of the bridge is usually curved to fit the bow 
or stern of the ferry boat, and is provided with heavy hardwood or iron toggles 
which can be moved out to rest on the deck of the ferry-boat, so that when the 
weight of traffic leaves the ferry-boat and moves on to the bridge, this weight, 
in.excess of the buoyancy effect of the pontoon, is carried by the ferry-boat and 
not by the overhead gear. The inshore end of the bridge is supported on rollers, 
in roller chocks, supported on the platform, or is carried on heavy hinges on 
a rolling or sliding bearing fitted with car springs or rubber buffers to assist in 
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Fig. 76. General Traffic Transfer Bridgé 


taking up the shock of the incoming boat. The ferry-boat is secured to the. 
bridge by meahs of two lines made fast to eyes or chocks on the dock ‘of the 
ferry-boat, the slack in the lines being taken up by windlasses. The bridge 
itself usually consists of a platform suspended from two or four sttuctural steel 
or timber trusses, a timber bow-string truss being frequently used. The overhead : 
‘gear with counterweight should be of sufficient strength to support the out- 
shore end of the bridge when unloaded, so that the pontoon may be removed 


. ‘when necessary for calking dnd repair. Fig: 76 shows a ferry bridge and pontoon 


and is typical of this character of structure in general use: Where double- 
deck fetry-boats are employed, elevated adjustable gangways or bridges are 
provided for the upper-deck traffic. 
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Ferry Houses or terminal sheds are, as regards materials employed and 
details, similar to pier sheds, structural steel framing with metal siding and 
sheathing being largely employed. The shed is carried out over the transfer 
bridge and often projects out a distance over the slip to afford protection against 
the weather. 


Railroad Car Transfer slips are more rectangular than ferry slips for general 
traffic, and the racks are consequently built straighter or no rack used. Fig. 77 
is a section of a typical three-bank rack; the fender planking 
is horizontal, and this appears to be standard practise for car 
transfer racks. The transfer bridges must be of sufficient 
length to insure a reasonably flat slope for variations in tide 
and freeboard of the car float: Where possible grades should 
not exceed 5 percent. It is not desirable to run locomotives on 
the float, and the transfer of cars is effected by using two or 
more pushers or empties to couple up with. When operating 
on a steep grade the locomotive remains on the level platform. 
The outer end of the bridge is supported on a pontoon or by 
means of a counter-weight. 

Fig. 78 shows a transfer bridge with pontoon and overhead gear. 
The adjustment of the height of track is made by removing water from 
the compartments of the pontoon by means of a small power pump 

Fig. 77. - or by filling it, the final adjustment being made by the overhead gear 
with hand-operated winches, 

Fig. 79 is a two-track transfer bridge, employed by the N. Y. Central R.R. in Wee- , 
hawken, N. J. In this the supporting pontoon is replaced by two counterweights each, 
weighing 46 short tons, the adjustment of height being made by a power-operated vertical 
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Fig. 78. Railroad Car Transfer Bridge 


screw shaft. In this type the weight of cars is almost entirely carried by the overhead _ 
gear. The estimated weight of structural steel for one transfer is 740 000 Ib. 

The general type of railroad and car transfer in use often consists of a bridge made 
up of two or more timber Howe trusses hinged, or supported, on a rolling log inshore, 
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Fig. 79.° Transfer Bridge, N: Y. C. & H. R. R.R. 


with the outshore extremity resting on a float or pontoon. Directly over the outer end, 
and supported on pile foundations, on either side, an overhead or gallows frame is pro- 
vided; the bridge is connected to this by chain or wire cable tackle, and the final adjust- 
ment of height made by this means, * 


River Car Transfers are employed in connection with ferrying railroad 
éars across rivers. When the range of tide is not very great, such transfers are 
similar to those used in harbors. However, when the elevation of tide fluctu- 
ates to a considerable extent, as in the great interior rivers of the United States, 
it is customary to use a method of transfer similar to that shown in Fig. 80. 


This system has been in successful use for many years for transferring railroad cars 
from or to tracks from car floats. The arrangement is known as a “cradle.” Standard 
gage railroad track is laid on an incline, usually diagonally, along the bank or river 
levee slope. The cradle running on this track is hauled up and down the incline accord- 
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Fig. 80. Cradle, Ill, Cent. R.R., Mississippi River 


ing to the stage of tide. Fig. 80 shows a cradle in use at Harahan and Baton Rouge, by 
the Ill. Cent. R.R. for transferring cars across the Mississippi River. 


35. Coal, Ore, and Grain Plants 


Coal Handling Plants are usually of two general types: (a) The wharf 
storage type, in which the. coal is received by rail or otherwise from shore, by 
ship or barge from the water, and stored on the wharf itself for distribution and 
use. (b),The type where the coal is received by ship or barge cargo, and trans- 
ferred to, and stored on shore, for shore consumption, or to be again distributed 
for ships’ use; or delivered to the pier from the shore by rail or otherwise, and 
distributed directly to ships or barges. ‘The last-mentioned type is often pro- 
vided with some pier storage as an auxiliary feature. 


Type (a) is, manifestly, somewhat limited in capacity, depending on the dimensions 
of the pier and the consequent storage-bin area, as it is inadvisable to store coal in bins 
to a greater depth than 20 ft, on account of the possibility of spontaneous combustion, 
and the consequent necessity for re-handling coal. The bins are usually given a bottom 
slope to permit of ready self-discharging, with a minimum of man-handling, the dis- 
charging being effected by portable chutes, collapsible or fixt, for discharge into ships 

or barges’ holds, or for dis- 

S i charge on shore under the 
> bins into carts or railroad 
cars, the loading of hoppers 
being effected by fixed © 
hoists with collapsiblecanti- 
lever arms, on which the ~ 
bucket or unloading device 
travels transversely on ~ 
trolleys or carriages, the 
distribution in the length- 
of the bin being performed 
by bucket or belt distribu- 
tion, or the entire loading 
device may travel. longi- 
tudinally of bias for the 
purpose of distribution. 
Fig. 81 shows such a plant 
built in 1907, at the Navy 
Yard, New York. } 


The arrangement of coal 


te i handling plants, of Type 
UL. Cross Section (b), is multitudinous in 


Fig. 81, Coaling Plant, New York. character, and no aty 
: : , » 
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tempt will be made to cover this feature in this section, other than to state that 
for small plants the stationary or movable coal tipple is employed with great econ- 
omy, In larger plants, a very-satisfactory method appears to be a loading apparatus, 
cable operated railroad dump cars, discharging to shore storage bins or piles. When 
coal is required’ for ship or barge cargo, cars are run out on the pier and discharged into 

j . smaller bins or hopper chutes con-' 
venient to ship or barge hatchways, 
cars being discharged directly over 
the bins by bottom or side dumping 
car, or, in some cases, by tipping the 
+ Car. 


Fig. 82 shows the latest coal pier 
and plant of Norfolk & Western 
R.R., Lambert’s Point, Va., the 
method of operation being: Coal 
from mine arrives at yard and travels 
by gravity over automatic weighers, 
and is hauled up incline to pier by 
power hauling cable to tipping plat- 
form, where the car is inverted and 
contents of car dumped, the capacity 
being zo cars per hour. Empty car, 
on being righted, returns to yard by 
gravity. Special electric trolley 
pier cars are raised to the top of the 
fi pier by elevators, discharging coal thru hoppers and 

a chutes. Empty pier cars are returned for new load. 


[|Baue of Rail, HIM} - Capacity of this coal pier ranges between 3000 and 
WAR SAS 5400 tons per hour. — 
No RAR SZ Fie. 88 ¢ Ae; 
| NANPA SST SINS A ig. 83 shows the layout of a somewhat similar plant 


in use by the D, L. & W. R.R., Jersey City, N. J. 


Where a considerable amount of coal is to be stored, 
it may be placed in piles on shore in close proximity to 
the coaling pier by being dumped by cars fromi over- 
head tracks or trestles, or directly from grabs or 


Side Elevation 


Fig. 82. Coaling Plant, _—_ buckets operating on travelers. When required, coal is 
Lambert’s Point, Va. re-loaded by means of grabs or buckets operated by 

. travelers or locomotive cranes and placed in cars. * 
Vessels are loaded with coal from coal barges placed alongside by manhandling in bags, 
and hoisting by ship’s gear and winches. This method of loading is often found most 
economical, as the ship’s crew is employed in the operation, and has other advantages 
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where coal bunkers are small, widely distributed, and access to them is difficult, such 
conditions especially applying to Naval vessels. Floating mechanical coal conveyors are 
also employed for loading coal on steam vessels. 

Coal is sometimes stored under water in compartments or enclosures for that purpose, 
as there is no deterioration due to atmospheric action, no losses due to dust blowing away, 
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and the possibility of spontaneous combustion and consequent expensive re-handling 
is avoided. Coal stored under water 14 years shows a deterioration of only 134 percent. 

Ore Handling Devices for loading and unloatling are generally similar in 
layout to Type (b), Coal Handling Plants, except that the materiai is seldom 
moved back and forth, but is usually moved in’ one direction either from the 
source to be loaded or 
from the ship to be un- 
loaded. An important 
feature in the design is 
the considerably greater 
weight per cu ft of the 
ore. 

Fig. 84 is a section show- 
ing an ore trough and pier 
at Cleveland, O. Ore can 

y be delivered from- the 

Fig. 84. Ore Pier, Cleveland, O. vessels directly to freight 

cars, to stock piles, or 

placed in the ore trough to be picked up for distribution by conveyors. The ore pier 

is provided with loading and unloading traveler operating longitudinally of the pier. 

Fig. 85 shows an ore pier at Two Harbors, Minn. The cost of this plant ranged be- 
tween $3800 and $4500 per pocket, excluding dredging.. © 

_ Grain Handling Plants. When cargoes of grain are to be handled in bulk, 

it is usually loaded and unloaded by means of grain elevators, the material 
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Fig. 85. Ore Pier, Two Harbors, Minn. 


being stored in bins. Grain elevators may be portable, mounted on barges, or 
constructed on piers or quays. The material is handled by endless belts, a suc- 
cession of buckets on a continuous chain, by pneumatic power, or in lesser 
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ulk by buckets or grabs. The pneumatic system of unloading has the advan- 
age of extreme flexibility and can be applied in any position, saving the cost of - 
and trimming. Grain unloading plants for handling large cargoes are found 
m the Great Lakes, but not in other American ports where the plants are 
olely for loading into vessels. For unloading, floating equipment is most 
ften employed, unloading the cargo of the vessel and loading barges for dis- 
ribution and trans-shipment in the same operation. ; 


Fig. 86 shows the latest type of grain elevator constructed at Girard Point, Philadel- 
hia, Pa., Penn. R.R., having a total capacity of over 1 000 coco bushels. Grain comes 
n ON cars on a descending grade, and is hauled to and from the unloading shed by cable. 
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Fig. 86. Grain Handling Pier, Philadelphia 


Jnloading is performed by power shovels into receiving hoppers, discharging therefrom 
n. receiving belts, and is raised ‘to receiving garners and weighed, and thence by means 
f spouts distributed to the storage bins or to the pier shipping conveyor consisting of 
our 36 inch belts, from whence it is distributed by trippers thru side pier spouts. 


36. Dumps and Landing Stages 


Dumps are constructed and set aside for the handling of refuse material. 
Jn account of the im- 
yortance of securing 
nd retaining ample 
lepth for the purpose 
f navigation, in most 
yorts it is against the 
aw to dump material 


vithin the navigable H 
vater area, whether the % 
material isofsuchchar- $# 
ter as to sink tothe 352 
yottom or float on the 2° 


urface of the water and 
nterfere with hayiga~ through platform and overhang. 

jon or be unsanitary 

1 obnoxious, In some Fig. 87. City Dump 
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of. the larger cities public dumps are provided where excavated material or 
-tefuse may be dumped into barges for trans-shipment for local filling, or dis- 
posal at sea, Fig. 87 shows a dumping board at Pier 33, New York City. 

, _ Fig. 88 is a typical ex- 
ample of a dumping board 
for distribution of excavated 
material. 


Floating Landing Stages 
are provided where there is 
considerable range of tide 
and it is not desirable to 
incur the expense for the 
constriction of a wet dock, 
or where, for a similar reason, 
it is inadvisable to construct 

Fig. 88. Railroad Car Dump a-fixt pier or quay with two 

; or more platforms to be used 
at various stages of tide. Floating landing stages on a small scale are em- 
ployed for small boat landings and consist ofa float or pontoon with a gang- 
way from the pontoon to the pier or quay platform. _ When constructed, the 
deck is supported by its own buoyancy or on hollow pontoons, the buoy- 
ancy of which must be 
sufficient to carry the 
weight of passengers or 
cargo. The pontoon must 
be divided into two or 
- mote longitudinal and 
two or more transverse’ 
watertight compartments 
in order to insure sta- 
bility against overturning 
when the compartments 
are partially full of water. The formula to be applied is given in Art: 32 under 

Stability of Floating Dry Docks. 

The floating landing stage at Liverpool, Eng., conisists of a deck supported on pon- 
toons, and is 2500 {t long by So ft wide, and has eight gangways or bridges connecting it 
with the shore. The maximum range of tide at this port is 30 ft. 


Section 


High Water 


Fig. 89. Landing, Memphis, Tenn. 


On many of the interior rivers of the United 


IN States, there is considerable freight and pas 
\ Donibts Truck, 3'6" gage, senger traffic, loading and unloading taking 
Ne ater Evsis, Place at various places along the bank where 

i} % i no régular landings are provided, the light draft, 


stern wheel steamboats employed running close 
to the bank and transferring traffic by plat- 
forms or gangways. At many of the more im- 
portant ports where the elevation of the river 
varies greatly; and ordinary wharves are not 
available or advantageous, floats aré employed. 
Fig. 89 shows the usual atrangement, illustrat- 
Fig. 90. Car Handling ing particularly the lévee landing at Memphis, 
Tenn: The landing stages or floats are moved 

up and down the bank or levee incline as the river falls or ries. 7 


Where the river bank is steep, and bulky cargo is to be handled, landing stages or floats 


are employed in connection with inclines, as shown in Fig. 90. - This type of incline is 
usually double-tracked with a platform on each track, the two platforms being connected 
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together by a cable running oyer a drum of a hoisting engine which operates the méch- 
anism. This particular type is in use on the Tennessee, Mississippi, and Ohio Rivers ; 
sed in connection with the 
handling of iron and steel pro i Dolpher 
ducts, coal, and cotton. Tel- 
-pherage transfer system is 
also extensively employed for 
river landings; typical example 
of which is shown in Fig. 91, 
employed by the Ill. Cent. R. 
R., South Memphis, Tern. 


37. Shipbuilding Ways 
While the construction 
and launching of ships 
come within the province 
of the naval architect, the 
design and construction of 
the platform or ways on 
which the vessel is built is 
a question of foundation 
design and one that will be Fig. 91. Telpherage Landing 
dealt with briefly herewith. . ‘ 

Shipbuilding Ways ate in many respects similar to marine railways, and are 
primarily inclined slips on which a vessel is built, and which project far enough 
out into and under the water so that when the vessel is ready to be launched it 
may pass down from the land to the water. As with marine railways, building 
ways may be-of the lengthwise or broadside type. The broadside type is resorted 
to where the basin or stream into which the vessel is launched is narrow and does 
not afford the requisite width for lengthwise launching. Broadside ways are 
common on the Clyde River. Building ways consist of the fixt ways which is, 
the incline or platform fastened to the foundation and the cradle or sliding ways. 
The vessel itself is built on the fixt ways or on blocking and the fixt ways are 
frequently not placed until shortly before the v.ssel is ready for launching. 
Then the weight of the vessel is transferred to the cradle or sliding ways and 
in turn to the fixt ways by means of wedges. A lubricant is placed between 
the sliding and the fixt ways, usually a mixture of tallow and soap, and at the 
proper time the vessels released by sawing or a trigger device. The gradient- 
or inclination of the ways is fixt dependent on the type and launching weight 
of the vessel so that with the release, by whatever method secured, the sliding 
ways and vessel will nove down to the water and be launched into it. Itis cus- 
tomary as a matter of precaution to place horizontal jacks to give the sliding 
ways and vessél a push or “ kick.” _ 

_ The fixt ways consist of two longitudinal streaks, one on each side of the center 
line of keel, and of sufficient width to carry the maximum moving load of the 
vessel and sliding ways, the safe bearing capacity of the timber used across the 
grain being considered. 

Inclination of Ways. Inclination or the gradient of the ways is dependent 
upon the length, type and probable launching weight of the ship to be built 
and is seldom greater than % in to the foot run. Ways for moderate sized-steel 
vessels with a launching weight of from 2000 to 4000 tons have a gradient of 
5% to 34 in; on larger heavier vessels 54 to 14 in is used while-on very large 
vessels of great length such as the largest transatlantic liners and battle cruisers 
4 or 7/ 16 in is employed. For the last two classes of ships the waysvare often 
built with a varying gradient; that is, with a very flat circular profile, so that the 
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ship when launched and moving down the ways moves on the arc of a great 
circle. This arrangement has the advantage of bringing less strain on the 
trigger or launching device, and the vessel once released and moving down the 
ways receives an increasing acceleration. With the vessel of considerable length 
this has the further advantage of decreasing the required length of the out- 
board or under-water portion of the ways; that is, the requisite depth of water 
at the end can be obtained in @ shorter run. 

Foundations. The foundations of the blocking, or fixt ways, must, of course, 
be designed to carry the maximum weight of that section of the vessel built 
directly above it, and the lower, or out-board portion, must be designed with a 
view to the fact that as the vessel is launched the maximum weight section will 
move down, superimposing its load over the entire lower ways asit passes over 
it. 

As the vessel reaches the water and becomes submerged therein she is immedi- 
ately in part water borne, and the foundation directly under the stern becomes 
relieved in increments of the superimposed weight, while the load under the bow 
or upper end of the vessel is increased by the upward force of the outboard 
vertical buoyancy effect. This change in condition continues until the stern 
or outboard end of the vessel is entirely water borne, and about to be lifted from 
the ways when a pivoting action about the upper end of the bow occurs, and that 
portion of the weight of the vessel representing the upper end reaction is con- 
centrated at the bow or upper end. This pivoting pressure is the maximum 
pressure brought to bear upon the ways foundation and has a decreasing effect 
continuing down the ways from the initial point, of pivot until the vessel leaves 
the ways entirely. With larger vessels a pivot cradle is constructed under 
the bows detached from the sliding ways or cradle, the hull of the vessel at the 
‘bow end resting in a trunnion saddle (a) which sets in the pivoting cradle (b), 

all shown in Fig. 91a. In designing ways it is 
imperative that all of the load and maximum 
weight pressure conditions be obtained. Fig. 916 
shows the buoyancy pivoting. hogging curves 
and maximum way pressure curves for a 3500- 
_ ton dead weight cargo coal barge. The ways 
Fig. 91a must be extended outboard sufficiently so that 
the depth of water at the end will be approximately 
the draft of the vessel at the bow, where the sliding ways leave the fixed ways 
“when the’vessel is launched; otherwise the vessel would drop through a vertical 
distance represented by the excess in draft at this point. In practice, it is 
quite usual to launch expécting and providing for some drop, the opening be- 
tween the fixt ways at the outboard end being cleared sufficiently so that the 
hull of the vessel at the bow will not strike any obstruction and cause damage 
to the hull or the ways. 

The type of foundation required is dependent entirely upon the location and. 
can be treated similarly to other foundation conditions. However, due to the 
necessary restrictions of being located on some foreshore, timber or concrete piling 
is the general rule. When timber piling is employed it is, of course, subject to 
rot and decay above the wet line. Sometimes to avoid the necessity of con- 
stantly repairing this portion of the ways, the piling is cut off at mean tide or wet 
line and concrete or masonry cross walls or concrete piles built on the timber piles, 
or the necessity of such construction is avoided by the use of reinforced concrete 
piles of the pre-cast or cast in place type, the relative advantage of the two 
types of construction being, as in other foundations, a question of the particular 
conditions and restrictions involved. It is impossible to lay down a rule as to 
the relative desirability or permanency in ways foundations as it so frequently 


1799 


in ship dimensions and 


Shipbuilding Ways 
of development and change 


happens that for reasons 


Art. 37 
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as the under water part of the ways is so tae to damage in the course 
launching or damage by passing vessels, or floating objects, it is customary 
ore launching to carefully inspect this portion of the ways by divers and to . 
uild it also when needed by this method... Fig. 91¢ shows the plan and eleva- 
1 of a typical building and 
nching ways for a gooo-ton 
d weight cargo ship, the 
nching weight of which is 
umed at 2850 tons. Atten- 
1 is invited to the piling 
n necessary at the out- 
rd end where the founda- 
1 at CC and DD is greatly 
forced. This is to take 
e of the pivotal pressure 
einbefore referred to. 


n construction of merchant 
sels frequently the latnch- 
weight is always the weight 
displacement of the bare 
light ship, the boilers, ma- 
nery and most of the acces- 
ies having been. placed 
ile the vessel is on the ways 
ler constriction. It is pmo 
2n desirable either for the 


pose of rapidly clearing Fig, 91d. Timber Building Ways : 
ways and getting it ready 


vuybuvuyuu, r 
Bents Spaced at 4.0 Centers N 7Z\ 
Longitudinal Section of Bents 


another ship, or by reason of the fact that the particular plant does not ~~~ 


struct and install the machiitery and other ship’s gear, to launch the hull 
1 place the machinery, etc., afterwards, in which case the launching weight 
© that extent so much less. In the construction of naval vessels, especially 
tleships and cruisers having heavy armor and armament, the exterior armor, 
ret armor and often turrets, together with much of the hachinery and all of 
guns, aré placed after the vessel is launched, so that the launching weight is 
ally from 30% to 40% of the full load displacement. 


types of Building Ways. The ways shown in Fig. 91c is of the simplest 
, and that most generally used, and has the advantage of economy of 
t cost. As previously stated a more permanent foundation is obtained by 
use of concrete cross walls or pillars. Ways of this character have the dis- 
rantage that the outboard end is under water, not subject to visual inspection, 
1 when preparing to launch thete is, of coutse, some difficulty in providing 
proper lubricants under water. They must always be extended some 
tance out to insure a depth for clearance. 


\ twin set of ways have been constructed by the Newport Hews Shipbuilding 
, a plan, section and side elevation of which are shown in Fig. 9le: In these 
ys the water is excluded from the lower end by means of floating caisson 
es. The ways have the advantage of permanency, shorter length and less 
ht required for overhead crane run way structure. They undoubtedly 
olve the element of a much higher first cost and entail drainage of the lower 
tion of the site during the process of building. 

The type of ways above described naturally leads to the consideration of the 
of a shallow graving dock for shipbuilding purposes. Ships have in the past 
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2n built in a basin or graving dock which results, of course, in tying up this 
portant part of the »epair plant and preventing its use for ship docking and 
air work; such use would not be resorted to in ordinary circumstances unless 
sre Was assurance that the dock could not be profitably used for ordinary 
cking purposes. A shallow dock has been built at the Puget Sound Navy 
rd especially for shipbuilding purposes. A shipbuilding ways of this type 
particularly adaptable to this location on account of the extreme range of tide, 
arly 20 feet, which would have made the length and cost of an ordinary build- 
; ways and the maintenance of the under water portion very expensive as 
mpared to other locations. 


Shipbuilding Cranes. As this matter begins to come within the scope of 
= shipbuilding plant layout, and design, it will be very briefly dealt with as a 
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Fig. 91f. 350-Ton Fitting-out Crane 


ter of general information. A simple and very effective method of handling 
. frames, shapes, plates, built-up bulkheads, etc., for a ship is the employ- 
nt of two or more aerial cable ways, usually arranged longitudinally, picking: 
material at the head of the slip and moving it longitudinally and trans- 
sely to the desired location. It has been effectually employed in merchant 
pbuilding, and is especially adaptable to certain types of work. : 

An effective type of crane is the light, fixt hammer-head tower crane. This 
ally has a lifting capacity of from 5 to 15 tons, and must be so arranged as 
cover the entire area of the vessel and be able to handle material from storage 
1 assembly spaces alongside of the ways. ‘They are usually grouped’on either 
e of the ways, three, five or seven being employed. The arms must be put 
varying elevations so as to avoid interference and give the requisite clearance 
the depth of hull, etc. 
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A similar type crane is sometimes employed on one or both sides of the-ways, 
but instead of being fixt travels on a standard gage or special gage track parallel 
with the ways and to one side, or cranes of this character may be of the jib or 
luffing type. 

When a large complicated passenger vessel such as the transatlantic liners or a 
battleship or battle cruiser is to be built it has often been considered desirable to 
Tesort to more complete and extensive weight handling devices than can be af- 
forded by the fixed or movable tower crane service. The building ways of several 
of the important shipbuilding plants are served by longitudinally traveling 
cranes; it will be noted in Fig. 9le that the twin ways of the Newport News” 
Shipbuilding Co. are each served with one 75-ton and four 15-ton longitudinal 
cranes, which pick up material from the assembly and storage space at the head 
of the ways. Fig. 91d is a plan and cross-section of typical building ways and 
overhead crane structure employed by the Navy for the shipbuilding ways 
at the New York, Philadelphia and Norfolk yards. The upper cranes each 
span one-half of the width of the ways, are of r5 tons capacity and the lower, 
larger crane is of 40 tons capacity. They handle material from the head of the 
ways and also are so arranged as to pick up material from cars running parallel 
with the ways. Section 91/ is a side elevation and plan of a 350-ton hammer 
head fixt crane which is to be employed for placing of heavy weights on vessels 
after they are launched. It is designed to be placed on a special fitting out 
pier and vessels are brought to the pier and traversed longitudinally along its 
side so as to come within the reach of this appliance. 7 ‘ 


38. Cargo Handling Cranes 


Cargo Handling devices and appliances for miscellaneous merchandise do not 
appear to any extent in successful use in American port practise, altho in more - 
favor in European harbors. In American practise the cargo is unloaded and 
loaded largely by using ship gear, the hoists being made by ship boom or from 
gallows frames and uprights along the side of the pier shed; mixed cargo when 
handled on the pier is sorted by hand and distributed by man-handling on push 
trucks. In two-story pier sheds freight elevators, chutes, and continuous belt 
inclines are sometimes used. e 


In European practise, which is in favor in some larger South American ports, 
shore cranes are often employed for loading and unloading, the cranes being 
generally of the portable type. Numbers in the following examples refer to 
Fig. 92. 

(x) and (2) Antwerp, Belgium, on the Scheldt. Quay wall runs entire length of the ~ 
city. Principal’ wharfage capacity is derived from interior wet docks. Range of tide is 
16 ft. Open sheds constructed some distance from quay wall. Portable crane spans 
outside railroad track; cranes handle cargo from the ship to cars, or,to the face of the shed, 
in which it is handled by hand trucks for storage or transfer to cars in the rear for re- 
shipment. Shed is for transfer or temporary storage. Warehouses for permanent storage 
are usually found with railroad connections close by. ; o 


(3) Hamburg, Germany, on the River Elbe. A greater amount of wharfage room is 
secured by interior basins. The plant of the Hamburg American Line is the one illus- 
trated. The sheds are about 2500 ft long and 175 ft wide, and are from 30 to 35 ft from 
the face of the quay wall. In this space are operated electric cranes which span ah out- 
side railroad track which handles the cargo from steamer to railroad track or to side of _ 
ship.” In jnterior of shed cargo is handled by hand trucks thru the shed for local storage 
or to carts or railroad tracks in’ the rear for direct delivery, or delivery to warehouses. 

(4) Bremerhaven, mouth of the Weser on the North Sea. Tide has range of 8 ft, 
but on account of insufficient depth of water, wet docks are employed. Shows typical 
section of the North German Lloyd terminal. Sheds are about 200 ft wide, of corru- 
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gated iron siding wooden roof bbe tar and gravel roofs. 
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Electric cranes are pro- 


vided for loading and unloading; cranes operate by picking up cargo from the holds of 
steamers by circular movement, swinging on to railroad cars on three lines of track, or 
to the sides of the shed. Loading and unloading are accomplished by this system on ‘the 


Lt <— Turntables 


Fig. 92. Cargo Handling Methods 


shore side, and by barges 
and ship’s boom and tackle 
on the water side. 

(5) Havre, France, at the 
mouth of the Seine. Range 
of tide 25 ft. Wet docks 
employed. Coffee and cot- 
ton landings. Sheds are 300 
ft wide and 2600 ft long. 
The sides are continuous 
rolling doors, roof of tar and 
gravel, with glass skylights. 
Cargo is handled by crane 
from ship to side of shed or 
to railroad track. 

(6) Southampton, Eng., 
American Line terminal. 

(7) London, Eng., shows. 
system of handling at Albert 
dock. Sheds are of light 
corrugated iron construction 
and run entire length of 
quays. 

(8) London, Eng., Tilbury 
docks. (9) Glasgow, Scot- 
land. Typical arrangement 
of cargo handling. 

Movable Shore 
Cranesformiscellaneous 
cargo handling, while not 
generally employed in 
American practise, are 
usually employed in con- 
nection with handling of 
homogeneous cargo in 
bulk, various types of 
standard gage locomo- 
tive cranes being used 
for that purpose. Special 
cranes or traveling trans- 
porters are extensively 
used, the following types 
being shown in Fig. 93. 

(1) One of four loading 
and unloading bridges at 
Rotterdam, Holland, 8 long 
tonscapacity. (2)Oneoftwo 
transporters, 10 long tons- 
capacity." (3) Coal loading 
and coe bridge. (4) 
Loading appliances. 

Fig. 94.shows typé of 
heavy locomotive crane em- 
ployed in connection with 


1806 Ferries and Special Works Sect. 16 


INVA 


VANVANNYA > 


ship repair and dry dock work. 
The crane is of so long tons capa 
city at 68 ft radius,’ of lesser 
capacities at greater reach and of 
15 long tons capacity at 123 ft 
reach, and travels 120 ft per 
minute, with a maximum load. 
Cost, about $50,000. Cranes of 
this type are in extensive use in 
various U. S. Navy Yards. 


Stationary Cranes. Fig. 
95 shows types of fixed shore 
cranes for heavy lifting and 
for building or repair purposes.. 


(x) 150 ton hammer head crane 
at Bremen, Germany. Interior 
spindle is supported on base step 
bearing, the crane revolving in 
the 4 leg tower. . 

(2)- 150 ton revolving crane at 
Kiel, Germany. Crane of the 
hammer head revolving type. In- 
terior spindle, stepped at the 
base, operating within the 3 leg 
support. 


(3) Bremen, Germany, capacity too tons, ham- 
mer head type, revolving on circular track at the 
base. : 

(4) Hamburg, Germany, 100 tons, stiff leg der- 
rick type of crane. 

(5) Barrow-in-Furness, Eng., 120 ton jib crane, 
revolving on pedestal base. 


Fig. 98. Cargo Handling Travelers Cranes of the hammer head type have been 
constructed of 250 long tons lifting capacity. Fig. 
96 illustrates English practise, and shows a-crane at, Portsmouth Dock Yard. 


Fig. 97 illustrating German practise, and is a 250 long ton capacity crane constructed 
for Blohm and Voss at Hamburg, Germany, in 1912. The crane is supported at a bear- 


Fig. 94, Traveling Dry Dock Crane 
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65.0’above Rail 
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ing on the top of the fixed spindle or tower, the enclosing structure revolves with the 
crane and bears against a track at the base. 


Sheer legs are often used for heavy lifting. Fig. 98 showing a too long ton sheer leg with 


Fig. 95. Heavy Fixed Cranes 


luffing jib device, the reach of the sheer leg being 
regulated by power operated horizontal screw, con- 
nected to the foot of the rear inclined member. 
This horizontal screw is sometimes replaced by a 
vertical quadrant with worm screw drive or pinion 
and racking. Sheer legs are also used for floating 
cranes. 

Floating Cranes are employed in connec- 
tion with shipbuilding and repair, for loading 
and unloading heavy weights, handling lock 
gates, and for wrecking purposes. Fig. 99 
shows the “A” frame boom type in extensive 
use in American practise. The “A” frame 
may be held in position by back stays of 
structural material or by wire cables, or in 
smaller derricks the “A” frame may be re- 
placed by a mast. Cranes of this kind are in 
use from ro tons to 250 tons capacity, the 
larger capacity being obtained in one crane 
by a lift directly over the bow, employing 
water ballast at the other end. 


Fig. 100 shows a revolving tower floating crane 
of 75 long tons capacity. A crane of this type is 
employed in New York by the Dept. of Docks and 
Ferries, for placing quay wall ‘concrete blocks. A 
similar crane is in use at Navy Yard, Boston, Mass. 
The load moment is taken care of by fixed ballast, 
water ballast, and the stability of the structure. 


The Bridge type’ of floating crane is shown in 
Fig. 101, the bridge or trolley running thru the 
uprights so that the load may be transported from 
shore or vessel to the deck of the crane, or thru the 
crane to be handled on barge or shore at the other 
end. This crane was constructed in 1gor, and re- 
built in 1910, and is at the Navy Yard, New York. 
Cost, $205 000. A similar crane is at the Navy 
Yard at Bremerton, Wash. Two bridge cranes of 
Iso tons capacity at the Navy Yards, Boston, 
Mass., and Pearl Harbor, H. T., cost slightly over 
$300 000 each. The load moment is counterbalanced 
by power, automatically operated counterweights 
or by water ballast. 


An Incline Bridge Crane is illustrated in Fig. 102, 
and is in use by Schneider & Company, Chalons, 
France, built in 1911, of 25 tons capacity. The 
revolving jib type crane is shown in Fig. 103. One 
of 250 long tons capacity is self-propelling and is 
in us2 at Wilhelmshaven, Germany. Two similar 
cranes of same capacity, with less reach, are in 
use in the Isthmian Canal Zone, where they are to 
be employed for removing and placing lock gates, 
and for other purposes. These cranes cost about 
$450 000 each, and can lift 672 000 pounds. The 
pontoons are 150 ft long, 88 ft wide, and r5 ft 9 
in deep. 
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39. Design of Cranes 


_, The. Design of cranes involves the field of mechanical, electrical, and civi 
engineering, and for floating cranes, also Naval architecture., For stationary o 


movable shore cranes; the struc- 
/\ 


and désigned in accordance 
with prevailing structtital steel 
practise, thé operating ma- 
chinery in accordance with elec- 
trical and mechanical machine 
design. Having decided onthe 
fequired lifting capacity and 
the speed of lift, in order to 
obtain the horse power of the ’ id 
power unit, allowance must be 

made for the loss in friction in hoisting 
blocks, geating, bearings, and operating me- 
chanism. Three to five percent loss in fric- 
tion should be allowed for each block sheave. 
The diameter of sheaves should preferably 
be 50 times the diameter of the wire cable 
atid should not be less than 30 diameters. ; 
Steam power is génerally used, altho on larger ee Le : 
stationary or floating cranes electric motor Figs. tg Nae so 
operation has come into general usé, gener- , s 

ated by cefitral plants or by isolated plants installed on the crane. 

With the application of the maximum load moment, structural steel work must bi 
designed to carry this and also the wind load, taken at 10 lb per sq ft of exposed surface 
or without load, 40 lb per sq ft. For floating cranes the longitudinal and transverse sta. 
bility is obfained, applying the formulas 

GM=(—B GV —Di)/V =Metacentric Height 

RM=sin 9/35 (I—B G.V—Di) =Righting Moment 
for which purpose the positior 
of the center of gravity for the 
entire structure is secured 
This calculation is made for the 
crane when light .and when lift. 
ing the maximutn load at maxi. 
mum reach. The point of ap. 
plication of the lifted load will be 
at the center of the sheave pir 
on the jib or boom of the miain 
structure. The, overturning 
moment due to the lifting of this 


| 


tural features are analyzed 
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Fig. 97. 250 Ton Crane, Hamburg, Germany Fig. 98. Sheer Legs 
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load is the product of the load by the horizontal distance from the center of the load to 
the center of the float or pontoon, and the change of trim due to the application of 
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Fig. 99. “A” Frame Boom Crane 


such load may be obtained in approximate terms by dividing this overturning moment 
by the moment due to inch change of trim. 


Moment due to change of trim of 1 in=DXGM/WI 


In these formulas G M =Metacentric height in feet; /=Moment of inertia in feet of 
_water plane of flotation; B G=Vertical distance in feet from Center of Buoyancy to cen- 


Side Elevation 
Fig. 100. Revolving Tower Crane 


ter of gravity; ¥=Volume of displacement in cu ft. D=Displacement in tons or Ibs; 
2i=Summation of moment of inertia in ft of interior water planes; W 1 =length of 
Waterline in inches, Half of the total change of trim will represent the reduction in 
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frechor rd at one end of a rectan- 
gular pontoon and the increase 
in freeboard at the other end. 
The heel or inclination due to 
wind pressure is given by 
Cot @=(DXGM) / (AXC L) 

in which A = Total wind pressure 
in tons or lbs, and rn 
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C L=distance in feet from cen- 
ter of pressure to center of 
lateral resistance. 


Fig. 101. Bridge Type Floating Crane 


40. Port Development 
The Growth and Development of a port involve many problems other 
than those of improving its strictly natural advantages by engineering works. 


The popular idea of the 
essential attributes of a 
port is its foreign water- 
borne commerce, with the 
necessary approaches, 
channels, quays, piers, 
docks, and structures to 
adequately receive, protect, 
and afford berths to vessels 
while loading or unloading. 
Imports and exports are 


generally considered as 


principally involved, little ekg 


attention being givento do- 
mestic cargo, land-hauled 
freight, with the require- 


ota} 
: Length 98 
Fig. 102. Incline Bridge Crane 


ment of rail terminals and interchange facilities, which all go to complicate the 


intricate problem. Proper provision 
for water-front handling as it affects 
ocean-borne trade is undoubtedly 
necessary, as is also similar provision 
for domestic or coastwisé shipping. 
However, incoming cargo is not con- 
sumed at the water-front of a port, 
or even within the port itself, nor 
does outgoing cargo originate on the 
» water-front or even entirely come 
into being in the port. The water 
carriage in nearly all instances is 
only. a part of the transportation 
involved. In view of this condition, 
port development at a large com- 
mercial center includes a proper 
provision for transfer 
between water car- © 
riers, land carriers, 
water and land car- 
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water carriers. Short 
land hauls from the 
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- water-front terminal may be made by cartage, but the bulk of land transpor- 
tation would, of course, be by railway, so that any comprehensive port plan 
must take account of and provide for economical co-ordination of water and 
land carriers, with expeditions and complete interchange of freight at reason- 
able rates. In ports with a large and populous hinterland two or more railroad 
trunk lines with their terminal will be involved. 

It is obvious that for outgoing and incoming cargoes these must be an 
or taken from all of the rail or other inland carriers and in turn delivered to, 
or taken from the vessel. A vessel, can of course be moved from pier to pier 
accumulating her cargo in that manner. Considering the usual high charter 
rate or per diem cost of large seagoing vessels, this involves loss of time and 
expense and must-be avoided where possible so that it is customary to, in as far 
as possible, accumulate cargoes in advance. 

Belt Lines, connecting main railroad feeders, are essential to proper port’ 
development, and should comprise in general an outer belt, which, while perhaps 
not a part of the port itself, serves to divert heavy traffic and afford an inter- 
change between railroads without the freight tonnage having to go through 
the congested terminals of the port, and in that way relieves freight congestion 

. in the port terminals; an intermediate belt, ‘which affords means of transfer 
between port railroad terminals and upon which will often be located industrial 
works and factories of the port community itself, so that these may have ready 

- ACCESS, by means of this belt, to interior shipping points or to water-borne car- 
riers; a water-front belt, which serves as the direct interchange between water- 
borne and land carriers, and this belt may be an actual railroad belt or its 
equivalent in whole or part,—a lighterage belt, that is, the transfer is effected 
by lighter i in the waters of the harbor and its tributaries, the lighterage taking 

' place in loose bulk or packages or by lighterage of railroad cars or car floats. 
New York City is a conspicuous example of a large port with such a lighterage 
~belt. The facility and economy with which such interchange and co-ordination 
are made by lighterage undoubtedly have contributed largely to the growth 
and.prosperity of the port of New York. 

Development of the port of New York thru lighterage has undoubtedly been an 
artificial one forced by certain economic competition between rail trunk lines who 
have absorbed in the freight rate all or a greater part of the lighterage cost. 

Imports and Exports, while in the popular mind the most important 
business feature of a port, are in reality, in nearly all cases, the least important 
as regards tonnage, altho the providing of proper facilities for the export 
and import trade is essential to the continuation of the growth of.the port. The 

_ very conditions involved have complicated the problems further, as it is found 
that in nearly all instances large commercial ports are. thickly populated and 
the centers of populous districts, seldom or never entirely self-sustaining as, 
regards food, clothing, implements, machinery, building materials, etc., so that 

'@ very large portion of the incoming freight, land- or water-borne, principally 
the former, is for local consumption or for redistribution from the port, inland 
or coastwise, as a manufacturing or sales center. This condition makes it 
necessary to give attention to features of port development other than those 
involved directly in export and import facilities. 

Port Planning involves intricate economic studies based upon statistical 
research of present and probable future growth, character of local manufactured 
products, consumption of materials, rail and other transportation rates, which in 
all need the careful attention of experienced specialists. Haphazardly placed 
piers, wharves, warehouses, transit sheds, sometimes placed i in too exposed loca- 
tions and without due correlation fo other economic requirements, have undoubt- 
edly resulted in considerable loss of time and ill-advised expenditure of funds. 
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The Free Port has not been resorted to in American port policy. The 
nearest approach is in the bonded warehouse referred to in Art. 23. A free port 
is an area on the seacoast or on navigable water within the boundaries of which 
imports or foreign cargoes may be brought, unloaded and stored without being 
required to pay the legal tax impost of the country in which a port is located. 
The advantages of a free port are that importers and foreign merchants can 
store and retain dutiable goods within the area’ without the additional invest- 
ment of the duty involved, and can retain such goods within the area of the free — 
port until it is brought inland, when duty is collected at the boundaries of the port, 
or it may be trans-shipped without being subjected to the collection of duty or 
expense other than that of handling and storage. Raw materials may be worked 
into manufactured articles within the confines of a free port, and such articles 

_trans-shipped without payment of custom fees or if taken over the boundary of a 
free port are subject to the impost on these manufactured articles. The various 
advantages of the free port have greatly stimulated the growth of such ports, as 
is witnessed in the case of Hamburg, and this method of port legislation and 
regulation might with profit be followed in American port economics. 


41. Shipping Terms 

Tonnage. When displacement of a vessel or docking capacity of a dry dock 
is referred to the tons are always long tons of 2240 pounds, and in all ship.and 
dock computations 35 cu ft of sea water or 36 cu ft of fresh water are taken as © 
weighing one ship ton. 

The gross tonnage of a vessel is the measure of her cubic capacity in terms 
of too cu ft and is the volume in cubic feet of all enclosed spaces inside of Sha 
divided by 100 cubic feet. 

The net registered tonnage is in the same way the gross tonnage less the volutid 
in 100 cu ft of certain machinery and other spaces not accessible to.cargo. Stich 
as crew space, steering-gear house, chain lockers, stores, etc. 

The term “ registered,” as applied to net tonnage, refers to the measurements j 
for that particular vessel as measured and registered by one of the national regis- 
try agencies, such as British Lloyds, Bureau of Veritas of France, or the American : 
Bureau of Shipping. The displacement of a vessel is the weight of the vessel — 
or water displaced by the vessel under any particular conditions and varies — 
with the draft of the vessel at any particular time. 

The dead weight tonnage of a vessel is the gross carrying capacity in tons 
and is the displacement of the vessel fully loaded, full draft to the Plimsoll mark, 
less the displacement of the vessel light and bare without coal, crew, and ship 
or crews’ supplies. The cargo carrying capacity of a vessel in tons is some- ; 
thing less than her dead weight tonnage; being this dead weight tonnage ‘Tess 
-the weight of bunker coal, crew, ship and crew supplies, ete. a 

The ‘actual cargo carrying capacity of any vessel is dependent on the spaces 
or cubage available for cargo loading and dead-weight tonnage exclusive of fuel, 
etc., carrying capacity. The ideal arrangements for which stevedores conte 
is to take advantage of full weight carrying capacity and completely fill volume 
of cargo carrying holds. In ‘general and for approximation purposés cargo 
carrying steamers in the ocean trade will carry about two-thirds of the tons of 
freight represented by dead-weight tonnage or about the number of tons weight 
represented by the numerals in the term “ gross tonnage.” Forty cubi¢ feet 
are generally considered as representing a cargo ton. 4 

In the design and construction of dry docks the weight to Ne lifted or the draft 
considered is that of the vessel light with no cargo and little coal. Dockage and 
other tolls are usually based upon the registered gross tonnage; an extra charge 
being: made for cargo or excess fuel, etc. The Plimsoll mark is the mark made 
on the sides of the hull amidship to men the depth to which the vessel may be 
safely loaded. 7 
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IRRIGATION 
1. Fundamental Considerations 


Definition. The practice of supplying water to crops by artificial means 
is called irrigation. Irrigation is essential in arid districts and may be profit- 
able in semi-humid regions where the rainfall is occasionally insufficient to 
mature crops and for certain purposes in humid regions as an assurance against 

- droughts. Irrigation water may be obtained from gravity flow by the diversion 
of natural streams or by pumping from surface or sub-surface supplies. 


Localities where irrigation is essential to successful agriculture may be found in 
western United States and Canada, the western countries of South America, southern 
Europe, Egypt, Persia, India, Australia and other parts of the globe. The census of 
1910 showed that in the United States there were approximately 32 000 000 acres of 
land under irrigation projects either wholly completed or in process of construction. 
Of this nearly 1 5 000 000 acres were being actually irrigated. The total expenditure for 
irrigation works in the United States up to 1910 was $308.900 000 and the total estimated 
cost of all irrigation works, including the cost of completing those under construction, 
was’ $424 000000. The estimated cost of preparing 32 000 000 acres of land for irri- 
gation was $443 000 000. 


The Development of the Irrigation Resources of a country usually begins 
with the bottom ‘lands lying close to the stream which provides the water 
“supply. In the early days of irrigation, ditches were built to serve a single 
farm or a small group of farms. Later, community ditches were built 
and irrigation companies were formed which irrigated larger areas under a 
single system. In the United States and other countries whose irrigation 
resources have been extensively developed, the more accessible lands are under 
irrigation and the fiow of streams during the irrigation period has been largely 
appropriated. There thus remains for development only the more inaccessible 
lands and those which must be supplied by the storage of flood flows and water 
not available during the irrigation season. In general, irrigation may be divided 
into four operations: the storage of water, the diversion of water, the convey- 
ance of water, and the application of water to the land. 


The Soils of arid districts extend to a greater depth and are commonly more fertile 
than those of humid localities. In the irrigated sections of the United States the soils 
are generally deep and of uniform texture. Hardpans are found near the surface of the 
ground in some localities, but they are usually dissolved by irrigation. Care should be 
taken to determine the crops to which an irrigated area is best adapted. This may depend 
upon the length of growing season as well as the soil formation. A strong growth of sage 
brush, bunch grass or other vegetation indicates fertile soil. Salt-grass and grease wood 
ate indicative of alkali.. In general, the soils of arid districts are well supplied with lime, 
potash, and nitrogen, but are low in humus content. 


2. Disposal of Irrigation Water 


Soil Moisture occurs in three forms, usually termed hygroscopic, capillary, 
and gravity water. Hygroscopic water is the moisture which perfectly dry 
soil will absorb from the water vapor in the air. It either may form an extremely 
thin coating of the soil particles or be held in loose chemical combination. 
It can not be removed witlHout artificial heat and has no value in sustaining plant 
life. Capillary water exists as a thin coating of the-soil particles. It moves 
from a wet soil to a drier soil in any direction. Capillary water is of chief value 
in supplying moisture for vegetation. Gravity water is the water contained by 

‘soil beyond its capacity to contain capillary water. It moves downward by. 
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gravity and is not retained by the soil, as such, if there is satisfactory drainage. 
After rains or if water is applied by irrigation, gravity water near the surface of 
the ground in passing downward may become capillary water in the lower 
strata. 

The amount of hygroscopic water in the soil depends upon the temperature, humid- 
ity of the air, texture of the soil, and other less important factors. It varies from a 
minimum of about 0.5 percent of the weight of the soil for coarse sand to maximums 
of 8 and 17 percent respectively for silt and clay. The limit of soil to hold capillary 
water is usually reached when it contains from 15 to 206 percent of its weight of mois- 
ture. Water will rise from 0.5 to 2 ft in one day and from o.7 to 4 ft in one week by 
capillary action. The rate of capillary movement increases with the fineness of the soil _ 
particles. The distance which moisture may be drawn by capillarity varies from about 
2 {t for sand to 5 ft for fine silt or clay. Cultivated soils contain from 30 to 50 percent 
of voids which marks the limit of their capacity to hold water. 

General Methods of Disposal. Irrigation water applied to land may be dis- 
posed of by (zr) plant transpiration, (2) evaporation from the ground, (3) per- 
colation to strata beyond the reach of plant roots and (4) surface waste. Only 
the water used in plant transpiration serves a useful purpose, and in successful 
irrigation disposal by the other three methods should be reduced to a minimum. 


Plant Transpiration is the process by which growing plants obtain nutri- 
ment from the soil. Carbon, which constitutes about one-half of the dry plant, 
is taken by leaf action from the carbon-dioxide in the air. Plants contain 
from 2 to ro percent of mineral matter obtained from the soil moisture in which 
it is dissolved. The remainder of the plant is composed of the elements of water 
combined with the mineral matter and carbon. There is a continual upward 
current of water through the plant. The soil moisture, containing mineral 
matter in solution, enters the hair roots of the plant, the water being dispelled by 
the leaves into the air in the form of water vapor. The rate of movement of 
the water usually varies from 1 to 6 ft per hour, but may be much greater than 
this. The rate of transpiration from the ground is greater for moist soils. It 
may. be equivalent to a depth of 4in over the ground surface per day when the 
ground is wet, but reduces as the capillary water in the soil becomes depleted. 


Evaporation from Soil. The rate of evaporation from the surface of saturated 
soil may be nearly three times as great as the rate from free water surface in 
the same locality. Under ordinary field conditions, however, the evaporation- 
is usually less than from free water surface. In general, the amount of evapora- 
tion decreases with the soil moisture. The evaporation is greatest from un- 
cultivated ground where capillary movement of the moisture is continually 
bringing water to the surface of the ground. Cultivation of ground forms a 
mulch which greatly retards capillary activity and consequently reduces evapo- 
ration. A mulch of 6 in_will save 80 percent of the water which would be 
evaporated from uncultivated ground. : 


Percolation. When irrigation water is applied to land the surface becomes 
saturated and the water gradually percolates to the lower strata. In the pas- 
sage capillary water is retained. If the amount of water applied to the land 
is small enough, the percolation will not extend beyond the depth where it may 
be reached by the roots, but if a larger amount is applied, some of the water will 
pass beyond the reach of the roots and be wasted. 


Sandy loam soils will retain about 2 in of water within a depth of 6 ft, but when more 
‘han this is applied, the greater part of it will pass to a greater depth. Coarse soils 
vill retain less moisture than fine soils aad therefore require more frequent irrigation. 


Surface Waste. There is always a certain portion of irrigation water which 
s lost before it soaks into the ground =This may occur in two ways, by evapora- 


' \ 
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tion and by running off the surface of the ground. The first of these ig eves 
present and can not be controlled to any extent. The latter loss, however, 
may be prevented or materially reduced by care in irrigating. Where propet 
care in using water is not exercised, this loss is frequently more than 20 percent 
of the water applied. 


3. Water Requirements 


Units. The unit of volume commonly used in irrigated districts to express storage 
_or the quantity of water required to irrigate a given area of land is the acre-ft. It is 
the amount of water required to cover an acre of land r ft in depth or 43,560 cu It. 
An acre inch is 1/12 of an acre ft. The unit used to express flowing water is cu ft per 
sec. One cu ft per sec flowing for 24 hrs is equal to.1.9835 acre-ft. A unit of measure 
for fowing water that is becoming obsolete in the miners inch (see Sect. 13, Art. 28). 


The Factors Affecting the Quantity of Water required to mature crops are: 
the character of soil, the climate, the time of irrigating, the number of irriga- 
tions, and the method of irrigating. The first two of these conditions are fixed, 
but careful study should be given to each locality to determine the system of 
irrigating which will provide the most econcmical use of water.. This, matter 
has been carefully investigated by the United States Department of Agriculture 
and by many of the western states. Itjhas been found that while the use of 
water up toa certain amount is beneficial, beyond this amount little if any appar- 
ent increase in the productivity of the land results. It has also been found 
that where the supply of water is insufficient to irrigate all of the available land 
lying under it, there is an economical limit to the amount of water which should 
be applied. . In other words, a greater profit from a given quantity of water 
may, in some cases, be obtained by spreading it over a larger area. This point 
is illustrated in the following example by Widtsoe (Principles of Irrigation 
Practice, page 337), assuming that sugar beets are worth $5 per ton and the cost 
of producing them, including interest on investment, is $60 per acre: 


Inches | Yield of | Total | Price | Gross Coe Net 
30 acre-inches|of water | beets | yield | paid | income ei Total | income 


-| spread over | on each_| per acre | of beets} for ton | from ee cost. from 
acre (tons) | (tons) | of beets} beets | 9° beets 

Tacre,, .....) 30.0 |” ar.o 21 $5 $105 $60 $60 $45° 

BI ACTES tetas: 15.0 19.5 39 5 195 60 120 75 
BUACLES the wie: 10.0 18.6 56 5 280 60 180 100 
AGRETES IS «0/0. 7.5 16.3 65 5 325 60 240 85 


= 


The above table shows that the greatest yield per acre is obtained by applying 
the 30 acre-inches of water to 1 acre of land, but the greatest net income for this 
quantity of water is obtained by spreading it over 3 acres. : 


The Character of Soil greatly affects the amount of water used for irrigation. From 
-two to four times as much water is used on coarse sandy soils as on silt and clay soils. 
On the Umatilla project in Oregon, where a coarse sandy soil predominates, an average 
of nearly 16 acre-feet per acre was used in 1912. By proper methods of irrigating the 
amount of water required may be greatly reduced. On coarse soils much water is ysually 
lost by percolating to the lower strata beyond the reach of roots. This can, in a la 
measure, be avoided by irrigating only a small area at one time and using a large head 
of water so that the area can he irrigated quickly. Since coarse soils have less capacity 
for holding capillary. water than fine soils, they require more frequent irrigations, but a 
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smaller quantity of water at each application: In general, the more fertile the soil the 
less water is required. Cultivating the soil forms a mulch over the surface and thus 
reduces the evaporation and thé water requirements. 

The Kind of Crop has an important bearing on the amount of water required. Ex- 
septing fruits the water required will vary with the length of the growing period. Alfalfa, 
which grows thruout the entire season, requires more water than plants of quicker 
growth. i ig 

The Quantity of Water Used for different crops in the United States as 
determined from extensive experimental data is given approximately in. the 
following table. Frequently much larger quantities than the maximum given 
are used, but in most cases these could be reduced by better methods of irrigating. 
Results of investigations in southern Europe, Egypt, India and Australia indi- 
cate requirements practically the same as the United States. 


Water Requirements for Different Crops 


Water requirements in acre-feet 
per acre 
Soil 

Average Average | Average 

' maximum |} minimum for sil 

rhea weed economic 

2 use of water 

. {| Clay and sandy loam 4:0, al 2.5 
daBaloa eppec cuttings) \ | Porous sandy soil 10,0 4.0 6.0 
Grain { | Clay and sandy loam 3.0 -I.0 ¥.§ 
sresreseess*=*\) Porous sandy soil 5.0 aad 2.5 
Potatoes {| Clay and sandy loam 3.0 1.0 es 
ee ee \} Porous sandy soil ’ sie 2.0 2.5 
Sugar beets. J | Clay and sandy loam 3.0- 0.5 192 
Pane is | \| Porous sandy soil 5.0 r.3 2.0 
Beavis fruits Clay and sandy loam 2.0 0.7 1.0 
, é \ | Porous sandy soil 4.0 rin 2,0 
erase. “et: J | Clay and sandy, loam 3-0 T2 1.7 
\ | Porous sandy soil... . 5.0 2.0 3.0 


The Times to Irrigate to secure the best results from a given water supply 
will be such that come nearest to fulfilling the ideal condition that the soil shall 
have an adequate and uniform moisture content thruout the growing period. 


Since. transpiration from large plants is greater than from smaller ones, and also- 


because maximum growth is obtained late in the summer when evaporation is 
greatest, more water should be applied during the latter part of the growing 
season. After vegetation has attained its full growth and becomes well matured; 
but little water is required. When water is obtained directly from streams this 
ideal condition is not usually attainable, since the water supply which is plenti- 
ful during the early part of the growing season usually decreases rapidly as the 
summer advances. If the source of supply is from storage reservoirs water is 
available when needed. An important consideration is that the ground should 
be thoroly moist at seeding time or when plant growth begins. To accomplish 
this, fall, winter or early spring irrigation has been practiced with éxcellent 
results. If the fall and winter rains are heavy enough to supply adequate spring 
moisture such irrigation is unnecessary. In localities where water is not avail- 
able during the growing period, short-season crops such as grains and early 
fruits have been grown successfully with fall and winter irrigation only. 


\ 
\ 
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. If the soil is well filled with moisture at the time plant growth begins in the spring, 
the first irrigation of the crop should be deferred until the need for more water is apparent. 
This permits the roots to obtain a more vigorous growth. After the first irrigation suc- 
cessive irrigations should follow as required. As a rule frequent irrigations using com- 
paratively small quantities of water are advisable. The usual practice, for fine soils, 
is to apply from 3 to 5 in of water at each irrigation. A smaller quantity of water should 


be used for coarse soils, if practicable, but the irrigations should be more frequent. 


The Number of Irrigations varies with the crop and tlie character of the soil. For fine 
soils, alfalfa should be given one or two irrigations for each cutting; potatoes, sugar beets, 
corn and similar crops are usually irrigated from 3 to 5 times, the bulk of the water being 
applied from July 1st to August 15th in the northwestern states; grains are given from 
1 to 3 waterings near the time of seed formation; deciduous fruits require a fairly uniform 
distribution of moisture, with rather more at the time fruit is forming; citrus fruits 
require irrigation thruout the year, with the maximum requirement in the fall. Coarse . 
soils require more frequent irrigations than the finer soils. 


Duty of Water is a coined term which has been used variously to express the 
water used and the water required for irrigation. The meaning of the term is 
ambiguous and its use could well be dispensed with. As more commonly 
applied the duty of water for a given crop means the quantity of water used 

' for irrigating the crop, as for example, 2 acre-feét per acre or a continuous ~ 
flow of 1 cu ft per sec to 80 acres. The net duty of water for an irrigation project 
may mean the average rate of use per acre for the project, water being meas- 
ured at the farmers’ intakes. The gross duty of water will then be the average 
rate of use per acre measured at the diversion, and thus includes all conveyance 
losses. 


4, Conveyance Losses 


Seepage and Evaporation. All canals and other conduits used, for con- 
veying water are subject to.losses from seepage and evaporation. Earth canals 
form fully 90 percent of the water-carrying systems of irrigation projects and 
from these, seepage losses usually amount to a large percentage of the water 
diverted. Evaporation losses in earth canals are always much less than seepage 
losses and the two sources of loss are usually considered together. When water 
is first turned into a canal, the banks and sides of the canal absorb water rapidly © 
until the ground has been filled to its capacity with capillary water, after which 
there is a steady and fairly uniform loss from gravity water. The coarser the 
soil, the greater the seepage. If canal waters contain silt this will-tend to deposit 
in the pores of the soil and reduce seepage. - 


Less important factors that are believed to influence the amount of seepage are the 
depth of water in the canal, velocity of water, and temperature of soil and water. When 
canals are located below other irrigation systems there may be an inflow of water which, 
in a measure, will counteract the effects of seepage and evaporation. Conveyance losses 
in canals may be expressed conveniently as a function of the wetted area. Extensive 
experiments in this and other countries have been made to determine the losses for 
different soils. The following table represents approximately the mean of these investi- 
gations for canals that have been in service five or more years, but it should be considered 
as subject to a possible error of at least 25 percent. The main difficulty will be found 
in proper classification of the soil. 


Canal Linings have been used extensively to reduce seepage losses. The 
most satisfactory- linings that have been developed are concrete or cement 
mortar, crude oil, and clay puddle. Which of these should be used depends 
upon the materials that are most readily available and other local conditions. 
Concrete linings are also effective in reducing friction losses and in the case of 
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canals excavated in rock this consideration may be more important than the 
prevention of seepage. Canal linings are always expensive and for this 
reason they have not been used extensively except where water is very valuable. 
Tn‘southern California many entire canal systems are lined thruout, while in 
other localities only those portions of canals are lined where seepage losses are 
greatest. 


Seepage and Evaporation Losses in Canals in Second Feet per Mile for Average 


Conditions 

Wetted Kind of material 

perim- 

eter of 

canal Sand ee, > Sandy 

section | chy | Clay | “Cy | Sandy | Fine ia soil with] ravelly 

in feet loam sara loam sand eat som oil 

gravel 
5 -08 -12 dele 38 -49 .6r .92 1.53 
10) io 24 -55 -76 .98 1.22 1.83 3.06 
15 mas -37 82 IIs 1.47 1.83 2.75 4.58 
20 Ze 49 1,10 1.53 1.96 2.44 3.67 6.11 
25 38 61 1.37 I.Q1 2.44 3.06 4.58 7.64 
30 -46 43 1.65 2.29 2.93 3.67 550 9.17 
* 35 53 -86 | 1.92 2.67 3.42 4.28 6.41 10.69 
40° , 61 98 2.20 3.06 3.91 4.89 7.33 12.22 
45 -69 I.10 2.47 3-44 4-40 5.50 8.25 | 13.75 
50 -76 1.22 2.75 3.82 4.89 .| 6.15 9.17 15.28 
55 84 1.34 3.02 4.20 5.38 6.72 10,08 *| 16.81 
60 .92 1.47 3-30 4-58 5.87 7.33 II.00 18.33 
65 -99 1.59 3.57 4.97 6.36 7-94 | 11.92 | 19.86 
7o 1.07 1.71 3.85 5.35 6.84 8.56 12.83 21.39 
75 1.15 1.83 4.12 5:73 _ 7-33 9.17 13.75 22.92 
80 I22 1.96 4.40 6.11 7.82 9.78 14.67 24.44 
85 1.30 2.08 4.67 6.49 8.31 10.39 15.58 25.97 
go ay 2.20 4-95 6.87 8.80 II.00 16.50 27.50 
95 1.45 2.32 5.22 7.26 9.29 11.61 17.42 29.03 
B dole) 1.53 2.44 |. 5.50 7.64 9.78 12.22 18.33 30.56 
4 


Concrete Linings are made of various thicknesses ranging from 14 to 5in. For the 
thinner linings only very fine aggregate should be used, and for linings 1 in or less in 
thickness a cement mortar is preferable. The proportions of cement to aggregate should 
be about 1 to 8 for the thicker linings and r to 4 for linings less than 1 in thick. When 
properly made, concrete linings will reduce the amount of seepage from 75 to 95 percent, 
the thicker linings being more effective. There is also a tendency for silt to deposit in 
the pores of the concrete which renders it more imperv:ous with age. For a lined canal of 
a given area, the cross-section should be such as will give the maximum hydraulic radiug 
practicable, but the slopes of the banks should not be less than the angle of repose of the 
material thru which the canal is constructed. Canal linings of cement mortar from 

to x in thick which have been constructed in western United States have given excel 
‘Jent service. By using a comparatively dry mixture, concrete may be placed without 
forms on cana! banks having a slope of 1 to 1. ' For steeper slopes forms will be necessary, 
The very thin linings should be used only for small canals. The following is the approxi’ 
mate range of costs of canal linings in western United States. In a few cases the cost» 
have been much greater than are here given: 


* : 
i * 
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Thickness Cost in Thickness Cost in Thickness Cost in 


of lining — cents per of lining cents per of lining cents per 

in inches sq ft in inches sq ft in inches sadtars 
wy 2.5 to 3.5 1% 4.2 to 6.0 3 6.6 t0 9.7 
34 3.0tO 4.1 2 5.0 to 7.2 4 8.4 to 12.3 
I 3.4 to 4.8 24% 5.8 to 8.6 is - 10.1 to 14.8 


. Oil Linings are made by sprinkling from 1 to 3 gal per sq yd of crude oil on the sides and 
bottom of the canal. Several light applications are used, and in some cases the surface 
is worked with a rake or harrow after each application. Good results have been obtained, 
however, by leaving the surface undisturbed after applying the oil. The oiled surface is 
generally rolled or otherwise compacted. Experiments indicate that oil linings when 
new will reduce seepage losses in canals from 50 to 75 percent. They deteriorate,. how- 
ever, and their effectiveness diminishes with age. The average cost of preparing oil 
linings in the United States, not including the cost of the oil, has been about 1.5 cents 
per gal of oil used. 


Clay Puddle Linings have been used in localities where suitable material is available 
within a reasonable distance. The clay is depcsited in a layer from 3 to 6 in thick along 
the bottom and sides of the canal, after which water is turned into the canal and the 
material is puddled by harrows or the tramping of animals. A good clay puddle lining 
will reduce the seepage loss by from 60 to 80 percent. It does not deteriorate, but becomes 
more effective with age. Fine surface soil thrown into a canal containing water and 
thoroly stirred up by teams dragging heavy chains or otherwise agitated has in some 


cases been quite effective in reducing seepage. ; 


5. Water Supply 


Total Water Supply. One of the first considerations in the investigation of 
an irrigation project is the determination of the amount of water available for 
the project. The discharge of the stream or streams forming the source of 
supply should be carefully investigated. A knowledge of the distribution of the 
flow as well as the total annual discharge for a period of years is éssential. The 
best data on which to base an estimate of future discharge are continuous dis- 
charge records covering a period of years. Such records, for many streams in 
the United States, are published in the Water Supply and Irrigation Papers of 
the U.S, Geological Survey. They may also in some instances be obtained from 
State Engineers’ offices or from private sources. On many streams, however, 
available discharge records cover only a comparatively short period or they may 
be entirély lacking. It also may be found that discharge measurements on 2 
stream haye been made at a.place quite remote from the proposed point of 
diversion. - Precipitation records are valuable for supplementing incomplete 
stream discharge data. Such records, published by the U. S. Weather Bureau, 
are available at one or more points for practically every drainage basin in the 
United States. 


The safest data for estimating future discharges are actual discharge measurements, 
near the place of diversion, covering a period of not less than ten years. A record for this 
period will probably include ordinary high and low water stages of the stream, and show the 
general distribution of flow thruout the year. If a project is under investigation and dis- 
charge records near the place of diversion are not available, a gaging station should be 
established at the first opportunity. If there is any doubt as to the adequacy of the water. 
supply for a proposed project, construction work should be delayed until supplementary 
data sufficient to provide a-satisfactory estimate of discharge have been obtained. In 
general, at least 2 years of continuous discharge records should be available near the place 
of diversion and these should be supplemented with such additional data Mba @ reason- 
ably reliable record for a period of at least 10 years may be estimated: 


. 
oT 
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Prior. Rights to Water. In estimating the water available for irrigation from 
a given stream, all prior rights should be investigated. In western United States 
‘the streams are controlled by the states and the laws regulating their use are 
not uniform and are continually being changed by new statutes and court de- 
cisions. The state laws governing the stream should therefore be understood. 
The waters of some streams have been adjudicated by the states and in such 
cases. records of prior rights are obtainable at State Engineers’ offices. In 
many instances it will be found that the records of water rights are.in such a 
condition that an examination of each canal diverting from the stream must 
be made to determine the amount of water actually used and the area of land 
under it that is entitled to water. 4 


Water Supply Available. The difference between the total water supply 
and the quantity of water represented by prior appropriations gives the water 
‘supply available. The estimate of available water supply is usually prepared 
by months by deducting from the discharges for eack month of the period covered 
by measured or estimated discharges the water represented by prior rights for 
corresponding months. These differences give the estimated amount of water 
that would have been available for each month during the period considered 
and if the period is long enough (preferably at least 10 years) they may be 
taken to represent the available future supply. 


The Water Supply Required for a given area will be that necessary to pro- 
vide for the irrigation of crops and in addition all seepage and evaporation losses 
in canals and reservoirs. (Arts. 3 and 4.) An estimate of the water supply 
required should be prepared for each month by adding the estimated seepage and 
evaporation losses. By comparing the water available with the water required, 
the deficiency for any month of the period covered by records may be deter- 
mined. If storage is to be provided, such deficiencies will give the amount of 
storage required: About 20 percent of an irrigable area will be occupied by 
roads and buildings or for other reasons will not be irrigated. This area should 
be deducted for purposes of estimating water requirements for an irrigation 
‘project. 


. 6. Canal Systems 


The System of Conduits and structures. necessary to convey water from the 
place of diversion to the farmers’ laterals is commonly called the canal system. 
It may consist of any o- all of the following: Canals, flumes, pressure pipes, 
tunnels, drops, wasteways, and various small structures. These should be so 
designed and constructed as to provide for the economic delivery and dis- 
tribution of the water used by tbe project. 

Canal Sections. (See Se’ 11, Art. 24.) The canal section of a given area 
which will provide the greatest carrying capacity, other things being equal, 
is the one naving the greatest hydraulic radius. With the side slopes ordinarily 


Original Ground Surface 


Fig. 1. Canal Section for Level Ground 
necessary in earth canals the section of maximum hydraulic radius has a bottom 
width less than the depth. There are practical objections to the use of such 
sections for earth canals. Figs, 1 and 2 represent respectively cross-sections © 


o 
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of earth canals for level and sloping ground. As commonly constructed b =3d 
to 4d, a=o.4d to c.6d, c=1d to 2d. The side slopes of canals in level ground 
and of the embankment side in sloping ground are usually 1 on 2 or 1 on 1%. 
On steep hillsides the uphill side of the canal may have a slope of 1 on 1, all 
slopes being kept as steep as possible in order to reduce excavation. In 
designing canals the cross-sectional area of the excavation is usually made 
‘about 10 percent greater than that of the embankments to allow for waste 
and shrinkage. 
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Fig. 2. Canal Section for Sloping Ground. 


The Most Economical Velocity of water for earth canals is usually the maxi- 
mum velocity which may be maintained without erosion. (See Sect.9, Art 17.) 
This permits the smallest cross-sectional area of the canal prism and results in 
a minimum construction cost. | The lower velocities are also objectionable in 
that they may permit the deposition of silt and the growth of aquatic weeds 
and grasses. In exceptional cases velocities lower than would otherwise be 
advisable may be used to conserve head. The velocity at which erosion begins 
varies with the character of material, the following being approximately the- 
maximum allowable mean velocities in ft per sec for different kinds of earth: 


Very light find sand............ r.0tol.s CIRY.. cevapeninrcteryeeitee 4.0 

Ropnmse/ SANG fis \s wos dis Fiolssatattys, ys I.5to2.0 | Fine gravel... 0°. a5.-s30.30 4.0 

BAHUYSOllswrie ye sce actus ae elsuiee 1.8to 2.2 Coarse gravel 5.0 

Light alluvial soil. . . Cemented gravel or hard- 

Clavey loaiae iis... Sains te 'sl eters le i : ans . ais sec oe 6.0to 7.0 
\ Rock, «fie eva 8.0to 15.0 


In a canal designed to carry water at a given velocity care should be taken to main- 
tain this velocity at all points. Where a drop is constructed in a canal the opening in 
the drop should be just sufficient to discharge the capacity of the canal while maintain- 
ing the normal depth of water.. Similar precautions should be taken above any structure 
which modifies the conditions of flow. A disturbance usually exists for some distance 
above and below any structure which requires a change in velocity and riprap or some 
other form of protection for the bottom and sides of the canal is usually necessary. The 
velocity of the water will accelerate at the concave side of a bend in a canal and on sharp 
curves some protective lining may be necessary. 


Canals in Rock are excavated with steep side slopes, commonly 1 on 14, and with bot- 
tom widths not more than two times the depth. They are also sometimes built with a 
semi-circular cross-section. Canals excavated in rock are usually lined with concrete. 
For canals in hardpan or other indurated material the conditions are intermediate between 
those for earth and rock. 


Flumes (see Sect.11,Art.15) are used to convey water across streams, ravines ~ 
or other depressions of the ground, and also around hillsides to avoid difficult 
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excavation. They are built of wood, steel and concrete, or of combinations 
of these materials. The substructure may consist of piers or posts of concrete 
or of wooden or steel posts or trestles. Trestles should be braced longitudinally 
and posts should be well tied together with both transverse and longitudinal 


bracing. Concrete bases or mud sills may be used for supports. Flume © 


channels usually have rectangular cross-sections when constructed’ of wood 
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Fig. 3. Steel Flume with.Wooden Substructure. 


or concrete and semi-circular cross-sections when constructed of steel. Fig. 3 
shows a steel flume with wooden substructure and concrete pedestals. Short 
flumes have been built over roo ft high, but as a rule flumes are better adapted 
to conditions where the height is not much over 20 ft. For greater heights 
especially for long depressions pressure pipes will usually be more economical. 


Pressure Pipes (see Sect. 10, Art.21 arid Sect. 11, Arts. 13 and 14) for irriga- 
tion purposes are usually built of wood, steel, or reinforced concrete. For small 
quantities of water, if the pressure head does not exceed 20 ft, vitrified sewer 
pipe and plain concrete pipe have proved satisfactory. Pressure pipes are used 
to carry water across depressions or 
around steep hillsides; small pressure 
pipes may be used.as laterals for distri- 
bution systems. 


Reinforced concrete pipes are best adapt- 
ed to pressure heads of less than 100 ft. 
Wooden stave pipes have been used for heads 

- of 300 ft or more, tho 250 ft is probably very 
near to the economical limit of such con- 
struction, For the higher heads, steel is 
used exclusively. The average life of steel 

is ter than that of wooden pipe, . ‘ 
cae ite of each is dependent upon the Fig. 4. Wooden Stave Pipe 
care with which itis maintained. (Art. 32.) : 
“Under ordinary conditions of use,’concrete pipe should last indefinitely. Wooden pipe 
being smoother than concrete or steel has a greater capacity for a given diameter. De- 
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Posits will form on the inner surface of a steel pipe, which may reduce its capacity from 25 

to 30 percent after a few yearsofservice: In determining the most economical pipe for a 

given locality, where continuous service is required, the first cost, life, and carrying capac- 

ity of each kind of pipe should be ccrsidered. Fig..4 is an example of a wooden stave 
- pipe, as manufactured by the Washington Pipe and Foundry Company, 


Tunnels (see Sect. 11, Arts, 32 to 41 incl. ) may be constructed across points 
to shorten canal lines, or thru divides to divert water to a different drainage 


built in the sides of 
rocky canyons where 
canals, flumes, or pres- 
sure pipes would be 
expensive to -maintain. 
In difficult side hill lo- 
cation, the water may 
be carried successively 
in canals, flumes, tun- 


order. 


Tunnels for irrigation 
purposes are usually lined 
with concrete, tho short 
tunnels in firm rock are 
sometimes left unlined. 
Concrete linings serve 
the double purpose of 
preventing caving of tun- 
é Section. nels and of reducing resist- 

Fig. 5. Strawberry: Tuanel,, Shale aes ance to the movement of 
water, thus increasing their capacities. The minimum dimension of the cross-section of a 
tunnel, except for very short tunnéls, should not be less than 6 ft and preferably 7 ft in 
order to allow free movement of the workmen. Beyond this limit they should be kept as 
small as practicable in order to reduce the cost. Velocities of ro to 12 ft per second in 
concrete lined tunnels are permissible. Fig. 5 shows a cross-section of the Strawberry 
Tunnel, Utah: The following table gives data relative to some of the more inipoctant 
tunnels of the U.S. eee Service. All tunnels are concrete lined. 


sides not foe tagged 
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Data for Puhnels of U. S. Reclamation Service 


: Maxi- | Maxi- ies Capacity k Be. 
Name of tunnel mum mum WH eahey rea, st per 
ae gauieck Shape height, | width, ft pef'seet|(tea ft lin ft? 
' ft ft ; : 
Gunnison...... Arched 11.4 10.5 |30580 1300 100 
Strawberry... Arched 8.5 7.0 | 19900 500 56 ; 
Tieton... 6. Circular. . 6.1 6.1 | 10 860° 336 29 
Tnickee Carson.| Arched...} 14.3 _12.0 +] 2725¢ | 1200 160 
Belle Fourthe. .| Horseshoe 8.0 8.0 1 306 320 54 
Huntley....... Arched...| 9.0 9.2 2,654* 4oo | 76 
* Total length of four tunnels. + Total length of three tunnels, 


nels, or pipes, follow-. 
ing each other in any 


basin. They are also . 


The Grade and elevation of water surface at the controlling points of a canal - 


system should be thoroly investigated. Special consideration is required where- 
ever a change in the velocity of the water occurs. When water from a canal 
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enters a pipe or culvert, changing to a higher velocity, allowance should be made 
for velocity head and head lost at entrance. A similar allowance should be 
made where a canal is changed to a smaller section. In this case the difference 
in elevation of water surfaces above and below the change in section represents 
head allowance for entrance conditions and change of velocity. If change 
- from a higher to a lower velocity is made gradually some of the velocity head 
may be converted into static head. 

In designing a canal or other structure for the passage of water the engineer peo 
make liberal estimates of capacities. Uncertainties as to the proper values oi coefficients 
necessarily exist and in general it will be safer to design a Se eye with a capacity 
slightly greater rather than less than that required. 


7. Drops and Chutes 


The Grade in Earth Canals should be ordinarily that which will give the 
greatest velocity that may be carried without eroding the sides or bottom of the 
channel. When, therefore, it is desired to drop an earth canal to a lower eleva- * 
tion, the excess grade must be taken up by a structure designed for the pur- 
pose. The function of such a structure is to maintain the normal velocity of 
the water in the upper canal and deliver it at the normal velocity to the canal: 
at the lower elevation. Two types of structures, commonly called Drops and 
Chutes, have been used for this purpose. - 


Drops are structures which concentrate the fall at one or more points. They 
usually are built of concrete or wood, the latter being satisfactory for temporary 
construction. The essential parts of a drop are the brest-wall, which extends 
across the channel and connects the upper and lower canals, the water cushion 
or pr platform on which the water falls, the various wing walls which connect the 


Rails to be bent 
+ up 2on each end jy, 
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Fig. 6: Drop with Grating ahd Water Cusiton 


structure to the sides of the canal, and the canal linings, which prevent erosion 
immediately above and below the structure. The brest-wall extends from the 
elevation of the highest water surface in the upper.canal to the bottom of the _ 
lowest part of the structtire. Sufficient opening should be left in the portion 
of the brest-wall which extends above the bottom of the upper canal to discharge 
just the required volume of water while maintaining the normal depth of water 
in the canal. The opening in the brest-wall may be either a weir or one or 
more notches. Trapezoidal notches, having the natrower of the two parallel 
sides flush with the bottom of the canal, are frequently used. Such notches may 
have semi-circular lips projecting from the base which causes the water to Spread - 
out and reduces the impact of the fall. 

The notched form of fall crest with water cushion below has been used with excellent ~ 
results. It appears to reduce the difficulties from erosion above and below the fall 


\ 
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Steel rails placed under the fall have not proved very satisfactory. Cut-off walls should 
be built into the backfilling, which should be moistened and thoroly tamped to prevent 
the water from breaking thru. Reinforced concrete has largely replaced other materials 
for the construction of drops. Fig. 6 showsa section of a “yo-ft drop with grating and water 
cushion at Uncompahgre, Colorado. Ordinarily, drops are not built more than about 
1s fthigh. For greater heights two or more drops in a series may be used. The amount 
of excavation -for the canal leading from the drop increases as the slope of the ground 
decreases. In gently sloping ground a series of low drops may, therefore, be more 
economical than one higher structure. 


Chutes are either lined canals or flumes, constructed on steep grades which 
connect two canals of different elevations. In addition to the conduit a chute 
must have a structure at the entrance to connect it to the upper canal and a 
structure at the exit to retard the velocity of the water before discharging it 
into the lower canal. The opening at the entrance to the chute should be just 
large enough to discharge the required volume of water while maintaining the 
normal depth of water in the canal. The conduit usually discharges into a water 
cushion in which baffles may be built to help break up the high velocity of the 
water. Canals should be paved for a short distance above and below the 
chute. The conduit may be of any length, and chutes several hundred feet 
Jong are not uncommon. Chutes with skort conduits built on steep inclines 
are~used in place of drops, Fig. 7 shows a reinforced concrete chute with a 
short conduit, of the Okanogan project, Washington. 


Fig. 7. Reinforced Concrete Chute 


The velocity of water in a chute will accelerate until it is just great enough to over- 
come the frictidnal resistance. To determine the required dimensions of the conduit it 
should be divided into short reaches and the hydraulic computations made for éach 
reach. The rate of reduction in area of the cross-section of the conduit will be more 
rapid at the upper end. 


8. Minor Structures 


Canal Crossings for Natural Waterways. At every place where a canal 

- crosses a natural diainage channel, whether such channel carries water continu- 
ously or at infrequent intervals, provision must be made for conveying the 
natural drainage to the lower side of. the canal. This may be done in either 
of the following ways: (x) by carrying the water under the canal; (2) by 
carrying the water over the canal; (3) in the case of small flows which may be 
expected only at rare intervals, by allowing the water to flow into the canal with 
provisions for it to escape over the opposite embankments; (4) by intercepting 
_. ditches above the canal which collect the drainage from small channels and con- 
_ vey it to some other channel for which a crossing is provided. Before design- 
ing a structure for this purpose a careful estimate of the maximum flow that the 
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channel may be expected to carry. should be made, and a liberal waterway 
should be provided in all cases. 


If the bottom of the canal is high enough natural deainaxe waters in small quantities 
may be carried under the canal in culverts or pipes. For crossing streams where large 
flows may be expected, it will generally be safer to convey the canal water over the stream 
in a flume, preferably supported by a truss, or under it in a pressure pipe. Short flumes 
or overchutes are sometimes used to carry small quantities of water over canals. Where 
drainage water is allowed to enter a canal a depression shouldbe left in the upper embanke 
ment which, together with a short section of the canal, is usually lined with concrete, 
The objection to this method is that sediment is washed into the canal. 


Wasteways are structures which may, in an emergency, divert the entire flow 
of a canal into a natural drainage channel. They are intended primarily as « 
safeguard to the canal and should preferably be located above the weaker por. 
tions where breaks are most likely to occur. In case of a break or other trouble,. 
if there is a wasteway above, the water may be turned out of the canal more ~ 
promptly than if the headgate alone must be relied upon for this purpose and 
the resulting damage wil be less: 


Fig. 8. Wasteway from Canal 


The essential features of a wasteway are a system of gates in the lower embankment 
of the canal and provisixc for diverting the water thru them. Many different types of 
wasteways have been built. Usually the gate sills are placed at an elevation lower than 
the bottom of the canal in order to increase the head on the gates. A low submerged 
weir is sometimes placed across the canal below the gates to help divert the water thru 
them. A similar weir upstream from the gates will retard the velocity of the water in 
the canal when the gates are open and reduce the erosion above the structure. If built 
in earth the canal for a short distance above the wasteway and the channel leading from 
it should be concrete lined or paved. Fig. 8 shows a wasteway discharging thru a tunnel 
of the Umatilla project, Oregon. 

Srillways are constructed by depressing the lower embankment of a canal to the 
elevation of the highest water surface which the canal is designed to carry. A spillway 
in an earth canal should have its crest and both slopes of the embankment lined with 
concrete. Spillways protect a canal against overflow, when drainage water enters it, 
when the water is backed up by an obstruction in the canal, or when a sudden rise in the 
stream from which the diversion is made allows too great a volume of water to enter 
the headgates. 
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‘Bridges must be proyided where a canal is crossed by road or railway. High 

way bridges may be built of wood or steel, or concrete arches may be used 
Wooden bridges resting on concrete piers and abutments are in very commo! 
use. For earth canals, where the velocity of the water is low, piers or posts i 
the channel are not objectionable except that they create a slight tendency t 
erosion in their vicinity. 


At Railway Crossings it may be found that the road bed is too low to allow clearance fo 
the water under a bridge. In such cases short inverted siphons or‘pressure conduits ar 
used. The intake and outlet of short pressure conduits should be carefully designe: 
to provide for the entrance and exit of water with the least possible disturbance, in orde 
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to make’the crossing with ‘a minimum loss of head. Fig. 9 shows a crossing of the Fee 
canal of the Umatilla project under the O. W. R. and N. railway. 7 


Sand Gates and Sand Traps. Streams used for irrigation frequently carr 
large quantities of silt, especially during flood stages. Diversion works on suc 
streams may be designed to exclude a portion of the silt, but some of it wi 
usually enter the canal. The finest sediment will be carried in suspension b; 
the minimum velocities that usually obtain in a canal system while the coarse 
material will be rolled along until it is finally deposited in the bottom of the canal 

_ Whe fine material that is carried thru a canal system to the irrigated land is’ 
valuable fertilizer but the coarser material which is deposited in canals reduce 
their capacity and is o! ‘ectionable. The water in canals acting as feeders t 
reservoirs should be made as free from silt as practicable in order to reduce to | 
minimum the deposition of silt in the reservoir. ‘ 


Different types of structures have been designed to remove the coarser material carrie 
by canals. In general such structures consist of an enlarged canal section which termi 
nates in a low weir placed across the channel or a basin having its bottom depressed beloy 
the subgrade of the canal, with sluice gates at the lower end. Owing to the retarde 
velocity of the water at this place the coarser sediment will move closer to the bottom o 
be deposited and a portion of it may be scoured out or allowed to pass out thru the sluic 
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gates. Frequently sand traps are built a short distance below headgates to remove the 
sediment as soon as possible after it enters the canal. In such cases, when there is more 
water in the river than is required for the canal, the sluice gates may be left open allow- 
ing a continuous discharge thru them. . If there is no surplus water, the gates are opened 
only occasionally for sluicing out the sediment which has been deposited. Sand traps 
built on this plan may also serve as wasteways, or WRENS works for the purpose of 
regulating the flow in the canal. 


Telephone Systems are essential for the proper operation of large irrigation 
projects. Telephone booths should be placed at intervals along m.in canals 
and at other critical points and connected to the operator’s house at the head- 
gate. This enables the’ water to be shut off promptly in case of a break in the 
canal or other trouble and also assists in the economical distribution and delivery 
of water. 


9. Diversion Works 


Purpose. Wherever water is diverted from a natural stream into an arti- 
ficial conduit some form of diversion works is necessary. This usually con- 
sists of a diversion dam or weir, which controls the elevation of the water sur- 
face in the stream, and a headgate, just above the diversion dam, which regu- 
lates the amount of water allowed to enter the canal. Sluice gates thru the dam 
and adjacent to ‘the headgate or other devices to prevent the entrance of silt 
into the’ canal may be provided. Structures, called regulating works, are some- 
times constructed a short distance below headgates for the purpose of diverting 
surplus water back into the stream. With such a structure the amount of 
water entering the canal may be more effectively regulated than when the head- 
gate alone is relied upon for the purpose. A sand gate is frequently combined 
with the regulating works. The laws of most states require that fish ladders 
be constructed in dams across natural streams. In some cases logways must 
also be provided. ; 


Low Diversion Dams. In general, when the diversion is made at a place 
where the stream lies in a flat sedimentary bottom, the natural regimen of the 
stream should be changed as little as possible. Under such conditions a very 
low dam or weir is preferable. If the stream has a flood plain subject to in- 
undation, the diversion dam should extend across the natural channel of the 
stream and earth embankments several feet higher than the highest flood stage 
should connect the structure to the higher land on éither side of the stream. ; 


Low diversion dams are commonly built of concrete or wood or a combination of the 
two. Concrete dams are usually constructed on rock formations. For earth or gravel 
foundations, a substructure consisting of a rock and timber grillage or bearing piles tied 

together with walings and caps covered with a deck of heavy planking, will be satisfactory - 

provided it is built low enough to be continually submerged. On this substructure either 
a wooden or concrete weir may be built. Fig. ro shows a plan of the diversion works and 
a cross-section of diversion weir of the Umatilla project, Oregon. 


High Diversion Dams may be built where a suitable site is avavauiel Any 
type of dam may be used for this purpose, the problem being similar to that 
encountered in constructing a dam for other purposes. High diversion dams 
may be built in rock canyons to avoid expensive canal construction, the proper 
height being that which will result in the lowest combined cost of canal and 


Between the highest and lowest types of diversion weirs any intermediate Helaht: may 
be used. Each diversion presents special features and the height and type of dam must 
be chosen to conform to them. Collapsable weirs may be used when it is required to 
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teduce the flood elevation of the water above the dam. Temporary brush and rock 
dams are sometimes used for diverting water into small canals. 


Headgates control the entrance of water into the canal. They are preferably 
built on the line of the bank of the stream at right angles to the diversion dam. 
They should be joined to the diversion weir so as to form part of the same struc- 
ture with it. Hea7gates usually consist of a series of gates separated from each 


other by piers. The piers rest upon a floor, of the same elevation as the bottom - 
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Fig. 10. Low Diversion Weir with Earth and Gravel Foundation 


of the canal, which should be of sufficient thickness to give the required strength 


and stability. Cut-off walls should be provided to prevent erosion and excessive — 


seepage beneath and around the structure. The width of gate opening will 
be the distance between piers and the height of opening is regulated by cur- 
tain walls between the piers. A walk is usually built across the top of the struc- 
ture and hoisting devices to operate the gates rest upon the walk. Gates should 


preferably be of such a size that they can be operated by one man. The total — 
gate opening should be sufficient to discharge the maximum capacity of the canal — 


in the contingency that one gate cannot be operated. 
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Headgates are commonly built of concrete, but wood may be used for temporary con- 
struction. Gates may be made of cast iron, steel, or wood. They are usually set in 
steel or iron guides imbedded in the concrete. The bottom and sides of an earth canal 
should be protected by riprap or concrete lining for some distance below the headgate 
to prevent erosion. Headgates diverting from streams which carry drift during flood 
stages should have the noses of piers protected by fenders to prevent clogging of the 
gate openings. Fig. 11 is a cross-section of the headgate shown in Fig. 10. 
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’ Fig. 11. Headgate for Low Diversion Weir 


Sluiceways are openings in a diversion weir, usually adjacent to the head- 
gate. They may consist of open panels‘in the weir or gates near the base of the 
weir. The latter are especially adapted to the higher dams. Sluiceways are 
necessary only on streams that carry considerable sediment. They serve to 
keep an open channel immediately in front of the headgates and to prevent 
the heavier sediment from entering the canal. They may also be used to regu- 
late the elevation of the water surface above the dam. Sluiceways must be 
kept closed when it is desired to divert all of the water in the stream, but with 
a surplus of water they may be left partially or entirely open. 


10. Storage 


’ Necessity for Storage. Storage is essential to the complete utilization of a 
stream for irrigation purposes. Only those waters are directly available which 
flow during the irrigation period and are not in excess of the immediate require 
ments of the area which they serve. Without storage all water in excess of that 
which is directly available must be wasted. On many streams, further develop- 
ment for irrigation purposes is restricted to the use of stored waters. 


Storage Reservoirs. The possibility of economical storage is dependent upon 
the availability of suitable reservoir sites. Natural lakes or basins may be used 
for storage when a suitable dam site exists at the outlet. A reservoir may be 
located on a stream, from which water is diverted, or on a tributary of this stream. 
The water supply from a tributary may not be sufficient to fill a reservoir 
located upon it, in which case the flow may be supplemented by a feeder cana] 
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diverting from-some other stream. If-conditions are favorable water may be 
taken thru a canal or tunnel from an adjoining watershed. 


An investigation of the feasibility of storage for a stream should include a complete 
reconnoissance of the drainage basin. Each possible site should be first roughly inves- 
tigated to determine approximate data relative to capacity, character of dam site, geo- 
logical formation of the area to be flooded, availability of construction materials, value 
of rights of way and other information relative to the cost and value of storage. From 
these data the sites appearing to possess the greatest merit may be selected and for 
them a more thoro examination may be made. Topographic maps of reservoir sites 
are indispensable in computing capacities. 


Seepage and Evaporation from Reservoirs. One of the first considerations 
in investigating the feasibility of a proposed reservoir should be to make a care- 
ful study of the geological formation of the area to be flooded with a view to 
estimating possible seepage losses. Many instances can be cited where reser- 
voirs have proved worthless after construction because of their inability to hold 
water. Such a condition results in great financial loss and humiliation to the 

responsible parties. The problem requires the mature judgment of the most 
experienced engineer. No rules can be laid down which will be safe guides 
in each case. In general, it may be stated that seepage losses from basins lying 
in rock (not volcanic rock) or clay will not be excessive. Reservoirs built in 
formations of fine loam or volcanic soil have generally given satisfaction, tho 
seepage losses from such reservoirs have been greater than from those lying in 
rock or clay. If any portion of the banks or bottom of the reservoir is formed 
of sand or gravel, even tho it may be overlain with a blanket of fine soil, and such 
sand or gravel might form an underground channel leading around or’ under 
the impounding dam or to some other drainage basin, there is grave danger of 
excessive seepage loss. On account of the large areas involved, efforts to reduce 
seepage in reservoirs by clay puddle or other methods have usually been unsatis- 
factory. If the water flowing into the reservoir carries much sediment, there 
will be a tendency for the reservoir to silt up and reduce seepage losses. Seepage 
Josses from reservoirs in rock or clay formations should not be more than 5 per- 
cent of the inflow, and in fine loam or other soil probably not more than 10 or 
20 percent. In coarse sand or gravel they may be anything up to the entire 
inflow. In determining the net supply of storage water evaporation losses 
should be deducted. ‘These may be obtained from tables of evaporation losses 
from free water surfaces. (See Sect. 13, Art. 19.) The apparent capacity of a res- 
ervoir may be considerably increased by BANK STORAGE. (See Sect 9, Art. 43.) 


The following rules of caution are given by. A. P. Dayis (Engineering News-Recora, 
April 4, 1918; p. 665): x. Avoid reservoirs adjacent to gypsum deposits and to lime- 
stone deposits which show evidence of caves. 2. Examine critically reservoirs in volcanic 
rock, as a few have failed in such locations. Coarse-grained sandstone seems to be an 
object of suspicion and should be critically examined. 3. Natural depressions are treach- 
erous and should be examined with care, and if they are near deep canyons or underlain 
with coarse material where water might readily escape, no Superficial tightness will 
avail to make them effective. . 


Storage Problems‘ commonly encountered in Se work are the determina- 
tion of reservoir capacity to supply a given quantity of water at specified rates 
of use, and determination of the amount of water available for irrigation from 
a reservoir of a given capacity. Where a reservoir receives all or a part of its 
water thru a feeder canal it will also be necessary to determine the‘ capacity 
of canal required to supply the storage. The solution of such problems may be 
readily accomplished by applying the principles of the mass diagram. "(Sée Sect.9, 
Art. 43.) In all cases irrigation water will be drawn from the reservoir at L, 
variable rate and the use line will be curved. 
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11. Distribution Systems 


The Function of a distribution system is to convey water from the main 
canal to each parcel of land to be irrigated. Water is usually diverted first 
into main distributing canals, then into main laterals and sub-laterals, and finally 
into the farmers’ ditches, from which it is applied directly to the land. It is - 
desirable to have as few openings as possible in the banks of main canals in order 
to reduce the danger from washouts and hence farm ditches should divert from — 
laterals and sub-laterals rather than from main canals. The distribution is_ 
usually made thru a system of earth canals, but where water has a high intrinsic 
yalue, or where seepage losses would otherwise be excessive, water may be 
delivered in flumes, pipes, or lined canals. 

Location. Water should be drawn at proper intervals from main canals 
into moderate sized branches 5 
so located as to command a Main. Canale 
the greatest area and serve : 
the land in the most direct 
manner practicable. The 
distribution is most economi- 
eally affected when the main 
‘distributing canals are lo- 
cated along the tops of ridges 
so that they can supply water 
to laterals: on either side. 
The laterals likewise should 
conform to the dividing lines ot 
between watercourses. It Fig. 12. Distributing System 
may not be found practi- , " 
cable, however, to conform rigidly to this plan. On fiat areas distributing canals 
may be run along or.parallel to property lines. Fig. 12 illustrates distributing 
canals and laterals diverting from a main canal. ; 

A Topographical Map of the area to be irrigated. with a contour interval of not more 
than 5 ft, should be prepared before attempting the design of a distribution system. 
In addition to topographical features, this map should show non-irrigable lands and other 
areas to be excluded from the project. Special features, such as vegetation, property 
lines, improvements and soil formation, are in some instances required. 


Design of Distribution System. In general, the entire distribution system 
should be planned, and the scheme for irrigating each part of the project should 
be worked out before any construction work is begun. This should be done 
even tho the construction for a portion of the system is to be deferred for some 
time. As the plan is developed the position of all canals, flumes, pipes, and 
other structures should be projected on the topographic map, and the area 
to be irrigated under each should be determined. 


Capacities of Canais should be. based upon the water requirements for the 
period when the greatest amount of irrigating will be done. It is customary 
to determine the number of acres that will be served by x cu ft per sec, during 
the period of maximum requirements. The required capacity of main canals 
and distributaries may vary from 1 cu ft per sec for each 120 to 160 acres irri- 
gated, for fruit lands where the water supply is fairly uniform and maximum 
economy in the use of water is practiced, to 1 cu ft per sec for each ‘so acres 
irrigated, where the supply of water is available for comparatiyely short periods 
and conditions are otherwise unfavorable. For diversified crops where the 
water supply is regular a capacity of 1 cu ft per sec for each 70 to 90 acres irri- 
gated is commonly used. ‘The capacity of farm laterals should not be less than 
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4g sq.bars 18'c.to c. 


Longitudinal Section 


‘oF 
Fiz. 13. Reinforced Concrete Turnout to Lateral 


the maximum head to be used in irrigating. This will vary from x to 2 cu ft 
per sec where furrow irrigation is practiced to 5 to ro cu ft per sec for flooding 
methods. If rotation irrigation is to be practiced the capacity per unit area 
served should be greater for laterals than for main canals in order to provide 

flexibility in operation. In 

general, an allowance -for 
= 00 seepage and evaporation 
“a should be’ added to the, 
Measuring Weir. above figures. 


Structures for Distribu: 
tion Systems are similar to 
those for main canals. Turn- 
outs must be provided, where 
water is diverted from main 
canals to distributaries and- 
at the heads of all laterals. 
Flumes or pressure pipes are 

Fig. 14. Wooden Head to Lateral constructed for carrying 

water across depressions. 

Drops are romuaned in earth canals where the slope of the ground is greater than: 

the allowable grade. These structures may be built of wood or concrete. Wood 

is more commonly used for the small turnouts and lateral heads. Measuring 

devices, generally weirs, are placed at the heads of farm laterals. Figs. 13, 14, 
and 15 are examples of structures for distribution systems. 


\ 
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b= bottom width of ditch at inler 3 \ omens ‘ 
d= depth of water at inlet “oll t= Ail | 34 e but not more 
€= depth of water at outler 
h=drop W.S. to WS. 


Fig. 15. Wooden Drop for Lateral 
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Irrigation by Pumping 


12. Irrigation by Pumping 


1835 


The Source of Water Supply may be either a natural stream, canal, or 
well. The pumping plant may be of any capacity from a single pump capable 
of serving a small farm to a number of large units supplying several thou- 


sands of acres. 


surface water. 


Large pumping projects are usually supplied with water 
from some surface source, while small areas may be irrigated from wells or 


Limited areas of bench land lying above the main canals of 


gravity projects may in some instances be economically irrigated from these 


canals by utilizing. water power generated at drops. 


is cheap enough may be. used for pumping. 
been used successfully for large plants in the United States,-while gasoline engines 
and electric energy transmitted from central stations have proved satisfactory 
for irrigating small areas. 


Any kind of power that 


Steam and crude oil engines have 


The Feasibility of irrigation by pumping depends upon the cost of water and 
its value to the land. The first cost of a pumping project may be low as com- 
pared to the cost of many gravity projects, but the operating expense and result- 
ing cost of water will generally be higher. 
ft is not profitable except where the crop is valuable or the water requirements 
small. Irrigation of fruit lands by pumping from deep wells has been practiced 
for many years. 


Pumping against heads of over 100 


Cost of Pumping for irrigation depends upon the unit cost of power, and the 


Kead or vertical lift. 


The power required will be the theoretical power necessary 


to raise the water at the required rate divided by the efficiency of the pumping 


plant. 


In general the efficiency of pumps increases with their size, and will 


vary from 30 to 80 percent, seprading upon the size, make, and care with which © 
installations are made. 


The Unit Cost of Power is generally less for large than-for small plants. 
This is because greater efficiency and smaller cost of attendance is possible for 
The cheapest power is that obtained directly from 


the larger installations. 
water power. 


Power may be produced from coal or oil in large plants at from 


1 to 2 cents per horse-power hour, while in small plants of low efficiency the cost 


-may be as much as-5 cents per horse-power hour. 


Cost of Raising Water per Acre-foot with Power at 1 Cent per Horse-power Hour 


Pump 
efficiency 


Head in ft 
| 
20 30 40 50 60 70 80 go 100 
$0.27 |$o.4r |$o.55 |$0.69 |$o 82 $0.96 |$r.10 |$r.24 $1.37 
+34 51 .69 .86 | © 03°] £1.20] 1.37 | £.54 | 1.72 
-39 59 .78 98 | 1.18 | 1.37 | 1.57.] 1-77 | 1.96 
.46 .69 .92-| 1.14 | 1.37 | 1.60 | 1.83 | 2.06 | 2,29 
-54 182 Tero |r. 37] L.65' cea 2 aout sea7) anes 
.69 | r.03 | 1.37 | 1.72 | 2.06 | 2.40 | 2-75 | 3.09 | 3.43 
.gr | 1.37 |_1.83 | 2.29] 2.75 | 3.20] 3 66] 4.12 | 4.58 
1.37 |, 2.06 | 2.75 | 3.43 | 4-12 | 4.80 | 5 49 | 6.18 | 6.86 
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13. Preparation of Land 


Clearing. Arid lands are usually covered to some extent with native vege- 
tation, -This may consist of grasses and small brush. which can be plowed 
under, or heavy brush or scrub trees. All surface vegetation and roots that will 
interfere with the cultivation of the land should be removed and burned. hs 


Sage brush is the most widely distributed of all of the desert plants. It commonly 
attains a height of from 2 to 5 ft. A substantial growth of sage brush usually indicates © 
a fertile soil. Sage brush may be removed by grubbing, or broken off by a team dragging 
a steel rail over it, or by other special devices. The cost of clearing land of sage brush 
usually varies from $3 to $6 per acre. The cost of removing large brush and trees may 
vary from $25 to $75 per acre, depending upon the size and thickness of growth. : 


Grading.. Unimproved land must usually be graded before water can be 
distributed over it uniformly. Proper grading is very essential to the economic 
use of water. It reduces the expense of irrigating and insures maximum crop 
returns with a minimum consumption of water. ~Many areas are comparatively 
smooth and the cost of preparing the land for irrigation is inconsequential. 
The cost of grading rough or rolling land may be from $15 to $40 per acre. 
The method to be employed in irrigating (see Art. 14) may greatly affect the 
amount of grading required. - Before beginning excavation, a detailed plan of 
the grading to be done should be worked out on an accurate topographic map. 


In many irrigated districts the soil is of uniform texture for some distance below the 
surface, Other localities have a comparatively thin surface soil which is underlain by 
a less fertile sub-soil. Where the latter condition obtains, too extensive excavation may ‘ 
seriously affect the productivity of the soil, and it may be advisable to modify the plan 
of grading and system of irrigation from that which would otherwise be desirable. Where 
land is sufficiently valuable, it may be practicable to move to one side the surface soil~ 
from the areas to be excavated or filled, and after grading to recover them with the 
surface soil. Grading is usually done with scrapers. Buck-scrapers,and Fresno scrapers 
may be used to advantage if the haul is short, while wheeled scrapers are preferablé for 
long hauls. Road graders and various types of home-made levelers ate used for smooth- 
ing the surface of the ground. 


The First Cultivation of raw land is frequently difficult and expensive and the 
first crop returns will usually be less than later ones. Light sandy soils are 
especially difficult to subjugate, as they are apt to drift and allow the seeds to 
be removed by wind action. Such soils must usually be cleared and planted in 
small areas, and protection from wind provided as soon as possible. Straw or 
manure placed over the exposed surface may provide a satisfactory protection.. 
Sometimes rows of sage brush, about so ft apart, at right angles to the direction 
of the wind, are left temporarily on the ground to act as wind breaks. A hardy 
grain, such as rye, is frequently used for the first crop. Pag 


14. Application of Water to Land - 


Classitication of Methods. The different methods of applying water to land 
may be classified as surface and sub-surface methods. Sub-surface irrigation, 
or sub-irrigation, is usually more expensive than surface irrigation and is not 
commonly practiced except where particularly favorable conditions exist. 
Surface irrigation may be accomplished by lateral percolation or by flooding. 


Farm Ditches. In any plan of irrigation farm ditches should be laid out with 
a view to providing the maximum efficiency and economy in the distribution 
and use of water. The water must be delivered to the highest point of the area 
to be irrigated, from which point it is conveyed by a field lateral to distributing 
ditches.” Fig. 16 shows a system of ditches that may be used for several methods 


i 
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of applying water where the. topography of the ground is suitable. Preferably . 


. 


farm ditches should run along’ fences and property lines or be parallel to them, 
but often they must be curved 
to better conform to topographic 
features. The best practice is 
to put farm ditches from 330 to ~ 


f 660 ft apart. Their capacity 
should be the maximum irrigat- 
AN ing head that is to be used. 


Uncontrolled Flooding re- 
quires less grading than other 
methods of irrigating, but it is 
more wasteful and does not 


provide a uniform distribution 
of water. This method is illus- 


trated in Fig. 17. A ditch is 
constructed along the upper end 
of the field and at intervals of 
> =a == 


Eeaeioste | 


Fig. 16. System of Farm Ditches Fig. 17. Flooding of Meadows. 


Cauais preferably not more than 20 
ecarreP emer ywasnyreueee NPT RRS, rods other ditches roughly pa- 


LS ala “oh wa gel ibe rallel to the upper ditch are 
i i i | : constructed. The area between 
any two ditches may be irriga- 
ted by opening the upper ditch 
at several points and allowing 
the water to flow over the land to 
the lower ditch. Usually many 
‘small dikes must be thrown 
up while irrigating to force the 
water over the higher areas. ~ 


A modification of the above 
method consists in making small ~ 
temporary ditches or furrows which 
lead from the supply ditch along 
the ridges and higher places in the 
field. Water is turned into these 
temporary ditches which overflow 
their banks and cause water to be 
distributed over the field. This 
method is used for irrigating grain 
and alfalfa and is an improvement 
c over the uncontrolled flooding 
moles method. 


' The Border Method of - 
Fig. 18. Flooding by Border Method Flooding is shown in Jig. 18. - 
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_ Parallel ditches should extend across the field at intervals of from 20 to’ 40 rods. 
“Small levees called borders are built between ditches from 2 to 4 rods apart. 
The areas between each set of borders should be graded so that the profile of 
the ground on any cross-section will be approximately level. Water turned on 
the land between two borders is confined to the area between them and if the 

* grading has been done properly the water is distributed uniformly. The objec- 
tion to this method of irrigating is that the upper portion of the area receives 
more water than the lower portion. 


This method is best adapted to fields having a gentlesaniform slope. A slope of about 
x ft in 500 ft is preferable. Where the natural slope is greater than this the grade may 
sometimes be reduced by running the borders diagonally across the field. The cost of 
preparing land for irrigation by the border method, including ditches, will vary from 
$10 to $30 per acre. 


The Contour Check Method of Flooding requires a supply canal at the upper 
end of the field with distributing ditches leading from it which pass directly 
down thé slope (Fig. 19). Check levees are constructed along contours between 
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Squares 


the distributing ditches, and cross levees divide the basins thus formed into 
two approximately equal parts, which are called checks. Each check may then 
be filled with water from the ditch adjacent to it. Levees should be about 9 in 
high and at least 6 ft wide at the base. Material for construction of levees is 
taken from the high places and the surface within each check should be graded 
to a fairly level surface. The cost of grading, where the slope of the ground 
does not exceed ‘so ft per mile, is from $10 to $30 per acre. The size of checks 
which has proved most satisfactory is from 1 to 3 acres. A large head, prefer- 
ably 5 to 10 cu ft per sec, should be available for irrigation by this method, the 
full head being used to fill one check at a time. 


A modification of the above method of irrigating has been used on rough land and hill- 
sides where the slope exceeds 1 in 20. The cost of grading is proportionally higher as the 
slope or degree of roughness of the land increases. The ground is graded to a series of 
level benches and terraces with a check levee at the top of each terraces The levees 
follow roughly the direction of the contours, but the checks are usually irregular in shape 
and vary considerably in size. " 
_ The Square Check Method of Flooding is best adapted to gently sloping 

ground. This method is similar to the contour check method, except that the 
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field is laid out in square checks without regard to contours. The size of checks 
varies from less than 1 acre to 5 acres or more, but for best results checks of 
not more than 3 acres are preferable. Sandy soils require smaller checks than 
the more impervious ones. Water may be turned into checks from distributing 
ditches or if the checks are small it may be allowed to flow from one check to 
another (Fig. 20). The latter plan has the disadvantage of giving the upper 
checks more water than the lower ones. The cost of grading for irrigation by 
this method, including the cost of ditches, will usually range from $10 to $30 
per acre. ; ag 


The Basin Method is a modification of the check method employed for irri- 
gating orchards. Levees are built around each tree and water is supplied from 
ditches placed between alternate rows of basins or allowed to flow diagonally 
across basins as indicated in Fig. 21. Mounds of earth are usually placed around . 
the trees to prevent the areas immediately adjacent to them from becoming 
submerged. Jointed pipes extending from a supply canal to the lowest basin 
coming under it are sometimes used for filling the basins: After the lowest 
basin is filled, joints of pipe are removed and the next basin above is filled. This 
process is continued until all of the basins in the row have been irrigated, when 
the operation may he repeated for the other rows. This method is economical 
of water and is well adapted to the us> of a small irrigating head. 
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Fig. 21. Basin System of Irrigation Fig. 22. Furrow Irrigation of Grain 


The Furrow Method of Lateral Percolation may be used in place of flooding 
methods for irrigating grain or meadows (Fig. 22) and is used almost exclusively 
for irrigating crops planted in rows. The land is prepared by constructing 
supply ditches across the field at suitable distances apart and running furrows 
down the slopes between them. Furrows are made with plows or with special 

‘machines called markers. Very little grading is necessary for irrigating by 
this method and the cost of preparing the land for irrigation is less than for any 
of the flooding methods. Furrows are frequently made on slopes as great as 
5 or ro ft per roo ft, but light soils may be eroded if placed on too steep slopes. 
The grade of furrows may be reduced by running them diagonally down a hill. 


For irrigating grains and alfalfa the furrows are made from 3 to 6 in deep and spaced 
from 2 to 4 ft apart. Crops planted in rows may have a furrow in each space between 
rows, or in alternate spaces between rows. For young orchards a furrow is usually placed 

on either side of the trees and after the trees mature several furrows are used for each 
row. Deep furrows are believed to givé more satisfactory results than shallow ones. 
_ The irrigation is accomplished by turning water into several furrows at one time and 
allowing it to flow to the end of each furrow, the moisture being distributed thru the soil 
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by lateral percolation. This method has the advantage of reducing evaporation and pro- 
viding a uniform distribution of moisture. It is objectionable in some cases in that large 
heads cannot be handled to advantage, and in general it requires more labor to apply 
the water to the land than other methods of irrigation. 


Sub-Surface Irrigation or sub-irrigation is the name applied to all those 
‘methods in which the water is applied below the surface of the ground. The 
water is conveyed in underground channels containing openings, beneath the 
area to be irrigated, and thru these openings the water percolates and is dis- 
tributed thru the soil by capillary action. The underground channels may 
consist of ordinary tile drains or perforated pipes. The cost of installation of 
such systems is high and in general the advantage obtained by them has not 
warranted the additional expense. In most localities surface irrigation is to be 
preferred to sub-irrigation. , 


Some lands are naturally sub-irrigated. Generally these are bottom lands underlain 
by gravel where the surface of the ground is but a few feet above the normal water sur- 
face of the stream. Water is drawn from this. sub-surface supply by capillary attrac- 
tion to or nearly to the surface of the ground. Deep rooted crops such as alfalfa’ are 
especially adapted to naturally sub-irrigated lands. Porous soils underlain by an imper- 
vious stratum quite near. the surface may sometimes be sub-irrigated by simply digging 
ditches at intervals of from 14 to 44 mile. Water flows down ,the slope between the 
two strata, and if near enouait to the surface, is available for plant growth. 


Spray Irrigation has long been used in cities for watering lawns and small 
gardens. In certain humid districts it is used for supplementing the rainfall 
on larger areas devoted to the production of truck and small fruits. The essen- 
tials for this method of. irrigating are a pumping plant and distributing pipe 
system. Hydrants may be located at suitable intervals over the field from which 
the water is applied to the land through hose, or parallel pipe lines from 50 to 
60 ft apart, elevated a few feet above the ground and provided with nozzles at 
suitable intervals may be used to distribute the water over the field. An 
irrigation system of this kind is expensive, but the increased returns will often 
more than justify the expense. 


15. Distribution and Use of Water 


Distribution of Water among Users. At certain periods of the irrigation 
season the water requirements of crops are greatest and. the demand for water 
may be excessive. The use of water cannot exceed the capacity of the i irriga- 
tion system, and some adjustment in the use of water is usually necessary - 
during certain portions of the irrigation season. On many large projects the 
farmer is required to give written notice from r to 6.days in advance, stating 
when he will want water and the head that he desires. When it is not possible 
to deliver water to all users on the date requested without exceeding the supply 
of water, or the capacity of the irrigation system, the distribution is adjusted 
so as to accord as closely as possible with the requests « of the various consumers. 


Rotation in Irrigation. The consumer’s right to the use of water is frequently expressed 
as a certain continuous flow, usually in cubic feet per second, thruout the irrigation season. 
As it is not economical to irrigate with a small head, it is customary for farmers whose 
rights to water are thus expressed, to rotate in its use, each taking a suitable head for such 
a time that the total water used will not exceed the allotment for-the season.. In many 
irrigated districts the right to water is expressed in some unit of volume, such as acre- 
feet per acre, or inches depth for the area to be irrigated. Such units are stipe for 
districts with an assured water supply. _ 
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_ Measurement of Irrigation Water. In order that irrigation water may be 
equitably distributed some plan for measuring the water turned into each farm 
lateral is necessary. The ideal method of measuring such water is with a meter 

_ that’ records the flow in some unit of volume such as cubic feet or acre-feet. 

Tho numerous devices for this purpose have been suggested none of them has 

been developed to a practicable working state. The present practice is to 

measure the rate of flow, and to multiply this rate by the time to get the volume 
of discharge. Weirs have been generally used for measuring the flow of irriga- 
tion ditches where sufficient. head is available. Headgates may be used as sub- 
merged orifices by rating them with a- current meter and determining the coef- 
ficient of discharge for different gate openings and heads. Similarly a dis- 
charge curve may be obtained from current meter measurements for a flume or 
a ‘permanent section of a canal. Cone’s Venturi flume may be used for meas- 
uring discharges where sufficient head is not available for installing a weir. 
Economy in Use of Water. In most arid districts the area of fertile land 
is much in excess of that which can ever be irrigated by the most effective use 
of all available waters. The limit of irrigation is therefore fixed by the water 
supply and not by the land area. Any water that is wasted or used in excess 
of that which may be applied to the land beneficially reduces the irrigable 
area. On the other hand, any improvement in methods of irrigation which 
reduces the water requirements, and all waste prevention, increase the area of 
land which may be reclaimed. Investigation of the use of water that will yield 
the greatest net return is therefore an important branch of irrigation engineering. 


The Method of Payment for water has much to do with the economy of its use. Com 
monly the farmer’s contract calls for a maximum quantity of water and there is no 
incentive for him to use a smaller amount. A better method of payment is for the 
farmer to pay for just what water he uses, or, if his contract calls for a fixed quantity of 
water, to allow a bonus for any smaller amount that he may use. Under such condi- 
tions, the farmers will readily become interested in practicing economy in the use of water 
anc in developing more efficient methods of irrigation, . 


SWAMP AND OVERFLOWED LANDS 


16. G»neral Considerations 


Classification. Those areas which are covered with water or whose soils 
contain an excess of water either continually or to such an extent as to render 
them unfit for cultivation are commonly spoken of as swamp or overflowed 
lands. There are three general divisions: . inland marshes, river-bottom lands, 
and tide lands. Most of these areas are susceptible of reclamation, and in many 
‘instances their development is of great economic importance. 

Location and Distribution. Swamp and overflowed. lands are distributed 
quite generally thruout the world and many such areas have been successfully 
reclaimed. The largest enterprises of this kind have been in Europe, where 
land values are high. Notable.examples are the English Fens, where 700000 
acres of tide lands have been reclaimed, and Haarlem Laké, Holland, where a 
shallow lake 43 ooo acres in extent has been converted into a fertile farming 
district. Large drainage enterprises have also been successfully completed in 
France, Italy, and other European countries. Of the large areas of swamp 
and overflowed lands in the United States only a small fraction have been 
‘reclaimed. 
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The following is the reclaimable swamp area by states, according to the statistical 
abstract of the United States for 1910, issued by the Department of Commerce and Labor: 


Acres 
New Jersey ...... wocaretiniiiene 60r 900 
New York...... as ete eatatee 576 000 
i 2 400 000 
226 000 
200 000 
35 000 
Georgia jOpegon3<a5s sates ce aipte gine §00 000 
FUER OS as ace btet stk > <iasefa miele 4 Pennsylvania..... ‘ 
Indiana Rhode Island... 
Muwarcetciss eae South Carolina. . 
Kansas......... South Dakota....... axtontensia 
Kentucky...... Tennessee. ...... eee operon 800 000 
Louisiana...... ‘Téxas.ikias Gers ae 
Maines dears. Vermont... .ss00... 
Maryland...... Wirginid:s deb wi sisiemievw ele 
Massachusetts. . Washington.........s0eeees 
Michigan....... West Virginia... . 
Minnesota...... Wisconsin. ...... 
Mississippi. . ... "WY OmIHg.. scsavs o's arsacsicisiarcte 
Missouri....... 
Nebraska... ... Potal .. AU Ele. Pots Saee - 74 481 700 
New Harapshice: Fast ad 43 000 


. Soil. Marsh lands are commonly covered with decayed vegetable matter 
and are usually very fertile. In.many cases, however, some element of plant 
food is deficient and certain crops will not grow satisfactorily without artificial 
fertilization. ‘This is especially true of peat and muck lands, which are usually 
lacking in potash. The subsoil of inland marshes is ordinarily similar to that 
of the surrounding country. Overflowed lands along rivers are composed largely 
of sedimentary deposits, silt and fine sand usually predominating. Tidal 
marshes may be formed of clay, sand and silt in any proportions. The soil 
formation of swamp and overflowed lands should always be carefully investi- 
gated with a view to determining its fertility and its influence on construction 
methods and plan of drainage. 


Natural Vegetation. Inland marshes frequently contain heavy growths of 
timber, or where the timber has been cleared they may .be covered with dense 
underbrush, stumps, and fallen trees. Other marshes contain growths. of 
coarse grasses, reeds, or moss. In all cases the expense of clearing must be in- 
cluded in the cost of reclamation. 4 


Topographic Map. The general characteristics of a drainage project can best 
be studied from a topographic map, which should be prepared early in the investi- 
gation. Contours of the area to be reclaimed should ordinarily be shown fot 
x ft intervals, and natural drainage channels should be carefully indicated 
Information as to soil formation, property lines, and source and amount of wate 
to be disposed of may be recorded on the map. Existing maps may sometimes be 
of value in determining tributary areas which res”? drain into the area t 
be reclaimed, 


. 
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17. Run-off 


Surface Drainage. The channels and outlets of a drainage system should be 
of adequate capacity to provide for the removal of water at such a rate that the 
ground will be ready for early cultivation in the spring, and that the growth and 
harvesting of crops. will not be seriously retarded. It is therefore the maximum 
or flood flows which must be considered in designing a surface drainage system, 
and the same principles apply regardless of the scheme of reclamation. Exces- 
sive run-off may result either from heavy rains, or the sudden melting of snows, 
but the most severe floods are caused by the former. 


The Maximum Run-off per unit area that may be expected from any drainage ~ 
basin decreases as the area increases. In general, the law of maximum dis- 
charge from flat areas, similar to those encountered in large drainage projects, 
may be represented by the equation 


Q=Kmers 


in which Q is the maximum discharge in cubic feet per second, M the drainage 
area above the point at which Q is required, in square miles, and K an empirical 
coefficient. If A is the area in acres, the formula may be written 


Q=0.00786K A", 


Values of K obtained from measurements of maximum run-off of a number of drainage 
projects in the Mississippi valley range from 20 to 60, They correspond to rainfalls of 
from 3 to 7 inin 24 hours. The measurements were made on areas varying from approxi- 
mately 2 to 200 square miles. The value of K depends primarily upon the maximum 
rainfall, but is influenced to a large extent by several other factors. ' It increases with the 
slope of the ground and the degree of imperviousness of the soil. The condition of the 
ground also influences thé value of K. A heavy rain falling on wet ground will cause a 
greater run-off than the same rain falling on dry ground. If the ground is frozen or 
covered with ice, conditions will be favorable for a large surface run-off. Precipita- 
tion records covering as long a period as possible should be consulted to determine the 
maximum rainfall to be provided for. This need not be necessarily the heaviest recorded 
rainfall, as it may be considered a ‘better business proposition .to allow the crops to 
suffer damage once in several years than to go to the expense of providing drainage ade- 
quate for the immediate removal of flood waters resulting from the severest storms. 


The Total Annual Run-off from a given area is the difference between the 
annual precipitation and the water returned to the atmosphere thru evaporation . 
and plant transpiration, subject to modifications from. ground water conditions 
and possible deep seepage losses. The effect of the two latter considerations 
‘is commonly neglected in approximate calculations. Many factors affect the 

amounts of evaporation and transpiration, the more important being the mean 
annual temperature, and the amount and distribution of rainfall. The humidity 
of the air, velocity of the wind, character of vegetation, degree of cultivation, 
and soil formation are also important influences. 


An accurate estimate of transpiration and evaporation losses for a given area involves 

a thoro investigation of the various factors involved. Rough estimates may be made 
by considering only the temperature and precipitation. Mean values of combined tran- 
spiration and evaporation losses, based upon observations in the United States, are given 
in the following table. The yearly run-off in inches is obtained by subtracting the proper 
. tabulated value from the annual precipitation. Observed values may be expected to differ 
by as much as 5 in from those given in the table. ‘: 


| \ 
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Average Annual Transpiration and Evaporation Losses in Inches 


ae, Mean annual temperature (Fahr.) 
Annual precipita- Pe 


tion, inches 

35° |) 40° | 45%. | 50° | 55° 1-6o% | 65° |. 70" fo gs® 
25, 16 17 18 19 20 2I 22 23 24 
30 17 18 19 20 21 22. elk: 24 24 Zoe 
35 ~ 18 19 20 2I 22 23 24 25 26 
40 19 20 ar 22 23 24 25 26 27 
45 20 21 22 23 24 25 26 27 28 
50 * aI 22 23 24 25 26 27 28 29 
55 22 23 24 25 26 27 28 29 30 
60 23 24 25 26 27 28 29 30 31 
65 24 25 26 27 28 29 3° 31 32 
7° 25 26 27 28 29 30 31 32 33 


18. Pumping Plants 


. 


Capacity. The removal of water may be accomplished by gravity or pump- 
ing or by a combination of the two methods. A pumping plant should be of 
adequate capacity to remove water at a rate that will prevent injury to crops 
up to the point where additional capacity will cost more than the damage to 
crops that will result if the additional capacity is not provided. The time which 
land may be flooded without serious damage differs for different crops, truck 
being more susceptible of damage.than corn, sugar cane, grains and similar 
crops, but in general the land should not be submerged for more than 24 hours. 
The capacity of pumping plant must be based upon a consideration of maximum 
run-off (Art. 17) and also upon the storage provided by canals, the maximum 
length of time that-crops may be submerged without damage, and the slope of 
the reclaimed area. Areas with considerable slope require greater pump capac: 
ity than more level areas, because of the tendency of water to collect and flood 
crops at the lawer elevations, 


In southern eouiend pumping capacities sufficient to remove from 1 to 1.5 in per 24 
hours have proved sufficient for areas of from 5000 to 10.900 acres. One inch of run-off 
in 24 hours is equivalent to approximately 27 cu ft per sec per sq mile. In the u 
Mississippi valley a pump capacity of from 0.25 to 0.50 in for similar areas has 
found satisfactory.. The records of the U. S. Weather Bureau at New Orleans for t ne 
22 years preceding 1914 show that for this period there were 43 storms during which the 
Drecipitation in 24 hours exceeded 3 in. These storms are classified as to their in 
as follows: 


43 rains exceeding 3 in in 24 hours. 4 a 
19 rains exceeding 4 in in 24 hours. ; . 
7 rains exceeding 5 in in 24 hours ae 
3 rains exceeding 6 in in 24 hours. | 
2 rains exceeding 7 in in 24 hours, 
2 rains exceeding 8 in in 24 hours. 
o rains exceeding 9 in in 24 hours, 


The Period of Operation. Ordinarily pumps will be operated early in the 
spring to get the ground ready for cultivation, and after heavy rains during 4 
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growing period. In the lower Mississippi valley, where plant growth continues 
thruout the year, the pumping plant must be ready to operate at all times. In 
northern United States pumping usually is not required for more than 20 days, 
while in the extreme south it may be required from 4o to 50 days in the-year. 

Location. Pumping plants should be located near the natural drainage’ outl2t 
if the area is approximately level, so that the water will travel the minimum 
length of canal. Unless electric power is supplied from a central station the 
facilities for transporting fuel must be considered in selecting a location for the 
plant. The ground should also be explored with a view to obtaining a favorable ~ 
foundation for the plant. 


Buildings. The footings under machinery and buildings should be of con- 
crete, and if built on earth they should be supported by piling. The pump should 
be mounted on the same 
block of concrete as the 
engine that operates it 
so that subsequent settle- 
ment will not throw them 
out of line. Buildings 
should be durable, of 
fireproof construction, and 
of sufficient stability to 
withstand the heaviest 
winds. 

Power. The kind of 
power to be used in a par- 
ticular case must depend 

upon local conditions, but 
each possible source of 
power should be investi- 
gated. The power finally 
selected should be that 
which requires the smallest 
operating expense, based 
upon interest charges, 
attendance, fuel, main- 
tenance and depreciation. ATI 
Pumping - by electricity {| Vite ee : ie 
has in many cases proved {.i-// 2 Pilea morse Supporto 5h 
satisfactory and where _ \ Bistioct Biting ; 
several drainage projects ‘ 
are in the same vieinity 
the generation of electric y 
energy at a common central station might be advantageous. Windmills have 
been used in Holland, but the uncertain character of this power renders it 
unsuitable for drainage purposes, except possibly as an auxiliary power. Steam, 
oil, gas-producer, and gasoline have been used for pumping in the United States. 
Gasoline engines have been used chiefly for small plants. Gas-producer plants" 
have generally proved unsuccessful for intermittent service. Oil engines using 
crude oil have proved very satisfactory both as regards oil consumption and the 
cost of attendance. Steam is more generally used for large plants than other ~ 
sources of power, but the large initial cost in foundations, settings, and appur- 
“tenances, and the high grade of mechanical ability required to operate steam 
plants, and the expense of keeping them continually ready for service are serious 


objections, © 


Bay 


Concrete Paved 


2 
EY 
2 


A Elev. 48 
ow ler. 58 


Fig. 23. Pumping Plant for Drainage System 
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Pumps should be selected and operated so as to secure the maximum efficiency 
practicable. The maximum lift will not usually exceed 10 ft and the bulk of 
the water will not be lifted more than 3 or 4 ft. It is at the lower lifts also that 
the greatest pumping capacity is required. It is desirable, therefore, that the 
pump$ should operate at very nearly their maximum efficiency for the lower 
lifts and operate at a satisfactory efficiency thru the entire range of lift. Cen- 
trifugal pumps have been quite generally used for drainage reclamation work. 
Fig. 23 shows an outline of the plan and’ elevation of. the Pewee plant for 
Louisa-Des Moines Drainage District No. 4, Iowa. 


The rated capacity of ordinary low head centrifugal pumps is based upon a celaatae 
thru the discharge opening of from ro to 12 ft persec. The loss of head due to friction 
may therefore equal or exceed the static lift. For this reason the suction pipe and dis- 
charge pipe should be made as short as possible and sharp bends should be avoided. 
The outlet should be submerged so as to induce siphon action in the pipes, and the dis- 
charge pipe should be flared at the lower end so that the water will discharge at a velocity 
of not over 5 ft per second. The suction pipe must be air-tight and the water should 
be drawn from a concrete lined intake several feet deeper than the minimum elevation of — 
water surface to be maintained. Centrifugal pumps if properly designed and installed 
should give efficiencies of 60 to 70 percent thruout the range of lift ordinarily encountered 
in drainage-work, but improperly selected pumps may give very much lower efficiencies. 
These figures refer only to the pumps, and friction-losses in pipes and velocity head at 
exit must be added to the static lift to obtain the actual head against which the pumps 
must operate. 


Average Loss of Head in Feet per roo-ft Length of Suction or Discharge Pipe of 


Pumps 

Velocity Diameter of pipe in inches Add 
in pipe for 
ft per each 
Sec ge 
6 9 | 12 | 15 | 18 | 21 | 24 | 30 | 36 | 42 | 48 | 54 | 6o | ~bend 

8 4.5| 2.7] 1.9] 1.4] 1.1] 0.9] 0.8] 0.6] 0.5] 0:4) 0.3] 0.3] 0.3) (012 

9 5-7} 3.4] 2.4] ¥.8] 1.4] 1.2] 1.0] 0.8] 0.6] 0.5] 0.4] 0.4] 0.3] 0.3 
10 6.9] 4.2].2.9|.2.2| £.7] 4.4] 1.2] 0.9] 0.7] 0,6] 0.5] 0.4] 0.4] O.4 
Ir 8.3] 5-0] 3.5] 2-6) 2.1] 1.7] 1.5] 1.1] 0.9] 0.7] 0.6] 0.5] 0.5] 0.5 
12 9.8] 5.9] 4.1] 3.1] 2.5] 2-0] 1.7] 1.3] 1.0] 0.9] 0-7| 0.6] 0.5] 0.6 
13. 11.5| 6.9] 4.8] 3.6] 2.9} 2.4] 2.0] 1.5) 1.2] 2.0} 0.8] 0.7] 0.6] 0.8 
14” 13.2] 7.9] 5.5] 4-2] 3:3] 2.7] 2.3] 2.7] 1.4] 1.1] 1,0] 0.8] 0.97) 0.9 
15 r5.1] 9.0] 6.3] 4.8] 3.8] 3.1] 2.6] 2.0] 1.6) 1.3} 14.1] ro} 018} ‘x0 


Cost. The cost of drainage pumping plants varies widely according to the 
type of machinery, expense of transportation, character of foundation and 
difficulties of erection. The following tables give costs of power plants and 
single unit pumping plants and fuel costs for different types of installation in 
Texas and Louisiana from data obtained in Bulletin 71 of the U. S. Depart- 
ment of Agriculture. The costs of pumps include foundations and piping, and — 
. the costs of power plants include engines, boilers, and their. foundations and 
auxiliaries. The costs of intakes, buildings, and discharge canals. or flumes 
are not included. 


Art. 18 Pumping Plants 1847 
Cost of Power Plants and Single Unit Pumping Plants 
Type of engine 

Indi Single unit or 

cated | Simple slide Compound Compound centrifugal pump 
horse-| Valve, non- condensing condensing pumping plant Gallons 

power condensing slide valve Corliss per 

min. 

From To From To From To From | Total 

20 |$r 100 |$r 500 |..../...].. UTS sropalliote wate et beat eet $2 000} $3 500 5 000 
REZ BROCE D BOO. ih. Simos olagail eq chezhehai| hays wecareli jue? des 2000} 4000] 10000 
100 | 4000 | 6500 | $2000] $3 500/$12 000|$14 000| 2500] 6000] 20000 
263) T\ard, 6 aheq Seen 8 000} 10000] 13.000] 18000} 3500] 7500] 30000 
et ee eer I0 000} 12000] 15 000} 21 000] 4500] 8500 40 000 
(ee ee en II 000] 15 000] 19 C00} 22000] 6000 9 500 60 090 
(0 Se Soe ee es 22000} 24000] 7500] 10500 80 000 
io Ee eee Cee 24 000| 26000] 9500] 12000] 100000 
MEME es Fis Sel wieioves «if loraje;~ sm! orto 26.000} 28.000] 12.000] 15 000} 120000; 
BEML M Gore yas | ore'ebcn well] eej6n oye 4 28 000} 30000] 14.000] 17000] 140000) 


Relative Fuel Costs of Several Types of Pumping Plants. 


For 1000 acres, 6 ft difference in levels, 8 ft total head. Amount pumped =r acre-foot 
per acre per season, at rate of approximately 1 acre-inch per acre in 24 hours, or 
42°cu ft per sec. ~ 3 


1 
1.H.P.| Total | Total 
of | costof| cost of| Total fuel cost per year of 
Water steam |fuel oillgasol’nj | Temoving total r2 in at 
horse- Type of plant engine | perhr|per hr pump efficiencies 
power B.H.P.|* at | at 12 named 
of gas | $1.25 | cents 
engine} per per 
barrel | gallon| 100%] 70%|60%|50%|40%| 30% 
41 |Simple slide-valve engine,| H.P. 
LS cee 50.5 |$0.88 |...... $238 |$3401$397|$476|$595/$795 
~ Simple slide-valve engine, | ° 
direct connected...... | 45.5 BON Sresxe te 218 | 311] 364) 436| 545] 727 
4r |Gasoline engine, belted..| 45.5 |...... $0.68 | 184 | 263] 307] 368) 460] 613 
4r |Gasoline engine, direct] 41.0 |...... .61 | 165 | 236] 275| 330] 412] 550 
_ Bonnected. jens s 
4x |Simple Corliss engine, 
1h 20 Be eee ae 49.5 TBO taasimante 135 | 193] 225] 270] 338] 450 
4x |Simple Corliss engine, | 
i direct connected...... 44.5 45 |,.004.| 122.) 174] 203] 244] 305] 407. 
42 |Compound condensed 
slide valve, direct. con- 
Gonnected. .....5,5+-| 45-5.) «36)). 0.) 98 | 140] 163] 196] 245] 326 
4r |Compound condensed 
Corliss, direct con- 
MEOREREY) Sis o oo ctae oer 44.5 sgt SPR 83 | 119} 138] 166] 208] 276 
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19. Levees and Ditches 


General. Excepting the pumping plant, where pumping is necessary, the 
bulk of the labor of land reclamation by drainage consists of the construction 
of levees and ditches. Drainage ditches are required to remove surplus water, 
and levees must be built to prevent the entrance of outside water upon lands 
subjected to overflow. The-study, therefore, is largely one of designing and 
locating these levees and ditches so as effectively to protect and drain the tract 
at a minimum cost, and in such a manner as to require the smallest future 
outlay for maintenance and repairs. 


Levees Subject to Current and Wave Action should be designed on liberal 
lines and carefully constructed (Fig. 24). They should preferably be located 
on the higher ground and between ridges to reduce excavation and secure a 
firm foundation to build on. The alignment should be as regular as S piater ry 
however, and sharp turns should be avoided. 


The slope of the face of a levee on the exposed side should not be steeper than r on 3 
and if built of light material a slope of at se 1 on 4 should be used. The inner slop® 
should be at least r on 2 and preferably t on 3. The borrow pit, which is always on the 
outer side of the embankment, should be sepatatsa from it by a berm of 30 to 50 ft. The 
width of the top of the embankment, should be at least 6 {t and a freeboard of 3 ft or more 
should be allowed between the highest water planned for and the elevation of the top of 
the levee. A tile drain is usually placed along the inner slope of the levee to intercept 
seepage water and make the base of the levee more firm. All vegetable matter should 
be removed from the strip of land which the levee is to occupy and usually this area is, 
corrugated with longittidinal plow furrows before the embankment is placed. A cut- 
off trench, filled with selected material, may be built near the center of the base of the 
levée. Levees subject to wave action should be protected by rock riprap or other con- 
sttuction to prevent erosion. (See Sect. 6, Art. 41.) 


Levees in Stiil Water may have a somewhat smaller cross-section than those 
subjected to current or wave action. They are commonly located on property 
lines without regard to the topography. This results in regularly shaped districts” 
and minimtim length of levee, but frequently the cost of construction and main- 
tenance may be reduced by following the higher and firmer land and deviating 
somewhat from the moce direct line. j 

Common dimensions for this type of levee (Fig. 24) are r on 2 or x on 3 for embankment 
slopes, a top width of embankment of 6 ft, a berm of 10 ft and a freeboard above the 
maximum high water elevation of 3 {t. To reduce seepage, the borrow pit should 


‘High Water Level 


Borrow Pit 


Cut-off trench Oo, 
Tile drain 


§ 
: 
: 
j 


Fig. 24. Cross-section of Levee 


be on the outer side of the levee, but it is sometimes placed within the tract and thus 
serves as a drainage canal, All vegetable matter and humus should be removed from 
the strip of Jand on which the levee is to be built and as far as practicable only the better 

_ grade of material should be placed in the embankment. Carelessness in these Tegards 
may result in excessive seepage thru the levee. Levees built of the mud common 
found in swamps will shrink from 20 to §0 percent of its original volume, and allowane 
for this shrinkage should be made when the material is placed. The shrinkage 
be less for sandy soils than for those in which clay predominates, 


Ditches of various sizes must be constructed and so located as thoroly t 
drain the area to be reclaimed. On pumping projects the larger ditches 
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serve for storing water after heavy rains and thus give greater flexibility to 
the pumping plant. In many instances the latter function is fully as important 
as the former, and quite commonly some of the main ditches are made much 
larger and deeper than would be necessary for drainage alone in order to pro- 
yide more storage. 

The size of each drainage ditch must be carefully determined from the duty which it 


has to perform, The general features are shown in Fig. 25. The side slopes are usually 
made about ron 114. When excavated with dredges it may be more convenient to leave 


2 


Bink Berm Berm 


Ditch 


5 Fig. 25. Cross-section of Drainage Ditch 
steeper banks and allow additional width with the idea that the banks will cave in and 
eventually conform approximately to 1 on 114 slopes. Excavated material should be 
deposited in spoil banks on either side of the ditch, leaving suitable berms between the 
ditch and banks. 


Excavating Machinery. Levees on firm dry land may be built either with 
teams and scrapers or with machinery. In marshy land the main canals and 


levees can usually be built better with floating dredges than by any other means, ~ 


If the ground is soft and there is nothing to interfere with its use, an orange 
peel dredge may be used. If the tract contains stumps and fallen timber a 
dipper dredge will be more serviceable. On account of its longer reach the 
orange peel type of dredge is preferable where the conditions are favorable for 


its use. Small open field ditches are frequently excavated by hand after the 


_ main body of the land’ has been drained. 


Maintenance of Levees and Ditches. Bushes aud other vegetation of rank 
growth should not be allowed on levee banks since water will follow the roots and 
increase seepage. After the soft material in a leyee has dried sufficiently it 
should be smoothed off and preferably seeded to Bermuda grass. It may then 
be mowed with a mowing machine, or the grass may be kept down by allowing 
stock to graze upon it. A heavy sod will assist in preventing erosion and in 


keeping out weeds and other objectionable vegetation. Grass and weeds should ~ 


be cut out of ditches from 1 to 3 times each year. At least once in 2 years the 
ditches should be cleaned of the accumulated mud and silt. : 


The Cost of dredging drainage ditches in the United States prior to 1916 
varied approximately from 7 to 11 cents per cubic yard. At the same time the 
cost of building levees with dredges varied from 10 to 19 cents per cubic yard, 
The cost of clearing right of way, where clearing is necessary, should be added 
to the above figures. The cost per acre of reclamation by drainage where both 
levees and interior ditches are required (exclusive of the cost of pumping plants) 


‘yaries from $15 to $45 per acre. The average cost of excavation on over 56 


drainage projects in the Mississippi valley has been approximately $23 per acre. 
Of this amount the ditches cost about one-third and the levees two-thirds. 


20. Inland Marshes 


Source of Water. The first step in the investigation, preliminary to deciding 
upon the plan of reclamation, is to determine the source of the water or the 
reason that the land is too wet. The water may come from direct rainfall, 
from visible streams, from the run-off from neighboring’ hills, or from springs. 


\ 
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The condition may be due largely to the fact that the natural outlet channel is 
obstructed or of insufficient depth or capacity to properly drain the area. 


Main Drainage Channel and Outlet. In order that a swamp area may be 
properly drained it is necessary that the outlet and main drainage channel should 
be deep enough and of sufficient capacity to carry the drainage of the swamp and 
all tributary areas while maintaining an elevation of water surface low enough 
to provide for effectively draining the area to be reclaimed. The natural drain- 
age channel thru an inland marsh may not be clearly marked or it may be very 
winding and obstructed with fallen timber and debris. One of the first require- 
ments in such cases is to excavate or straighten and enlarge and deepen such: 
channels and carry them to a natural outlet. If no satisfactory outlet exists, 
pumping may be resorted to, but inland marshes are usually drained entirely 
by gravity. 

Auxiliary Drainage. The amount of drainage required in addition to that 
provided by the main channel will depend largely upon the size of the marsh, 
the natural slope of the ground, the soil formation, and the source of under- 


Fig. 26. ‘Reclamation of Inland Marsh 


ground water. If the subsoil is sandy and especially if the ground has a fair ~ 
slope toward the main channel no additional drainage may be necessary. Also 
if the marsh is small no additional ditches may be required. If the subsoil is of 
impervious formation auxiliary drainage ditches across the ‘tract may be re- 
quired at 4- or %4-mile intervals. When springs occur on the tract they should 
be cut off by intercepting drains, that is drains which tap the source of supply 
before it reaches the surface of the ground. ‘This result may usually be accom- 
plished by means of an underground tile drain. If there is much flow on to the 
tract from surrounding hills a catchwater open ditch at the junction of the high 
and low land may be advisable. After the main drainage channel and prin- 
cipal auxiliary ditches haye been completed, if further drainage is required it ~ 
may be accomplished by open farm ditches or tile ‘drains. Fig. 26 indicates 
the different methods of drainage that may be used in reclaiming inland marshes. 


The Water Table thruout the tract should not be closer than 3 or preferably 
4 ft from the surface of the ground at any point. Marsh lands commonly — 


‘but 3 sides. In general 
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settle from 1 to 2 ft after cultivation, the settlement being greater in proportion 
to the depth of decayed vegetable matter with which the tract is covered. 
Proper allowance should be made in designing ditches and»drains, so that the 
Jand will be drained to a sufficient depth after settlement has taken place. 


21. Overflowed Lands 


Classification. There are two general classes of overflowed lands: tidal 
marshes which are periodically submerged and uncovered by the rise and fall 
of tides, and river bottom lands which are temporarily inundated during high 
stages of the streams... The lower lying marshes in either case may be perma- — 
nently submerged. Some lands, like those in southern Louisiana, may be sub- 
ject to overflow from both causes... As regards topography, the area to be re- 
claimed may either adjoin 
high land on one side, or ; Levee 
be entirely surrounded by ea 
overflowed land. In gen- 
eral, a similar plan may be 1 Mite, 20'Canal 
adopted for reclaiming all 
overflowed lands, the de- 
tails being changéd to suit 
the particular conditions. . 


Protection from Over- 
flow is secured by con- 
structing levees around the a 
area to be reclaimed, (Art. 2 
19.) If the tract joins 1 Mile, 30'Canat = 
high land on one side, TEE TERS 
levees will be required on _ 


= 
21 Mile, 30 ‘Canal x 


yond ebvupynid 


the area of such lands that 
may he reclaimed by one 
levee system is limited to _ }\"2_ __ 40 Canal 
that which is included be- ’ ay ‘Levee’ 

tween’ the main stream or Fig. 27. Reclamation of Overflowed Land 


“body of water and two of 


its tributaries. A levee 

runs along the bank of the main water and return levees follow the tributaries to 
the high land. Diversion ditches may be constructed near the foot of the slope 
where the hills join the flat land to deflect the hill waters and prevent their 
entering the tract. If the area to be reclaimed is’ surrounded by overflowed 
lands, levees must be built on all sides. Fig. 27 shows the system of levees and 
ditches of Area No. 7, Gueydan, Louisiana. Fig. 28 shows the method of re- 
claiming a tidal marsh near Dorchester, New Jersey. 


Drainage. The drainage system consists of one or more main ditches with 


‘auxiliary ditches spaced as required, but usually from 14 to 4 mile apart. 


Open farm ditches or drain tile may then be used to provide whatever additional 
drainage may be necessary. Open ditches should preferably be located on 
property lines or parallel to them, in order that they may interfere as little 
as possible with farming operations. 

The Depth of Ditches should be such that the entire tract may be satisfactor!ly 
drained to a depth of 3 to 4 ft. The practice in the lower Mississippi valley, 
Fig. 27, is to dig farm ditches 4 ft deep. The main ditches must have dimen- 


_ sions and slopes which will provide satisfactory outlets for the smaller aie 


= 


\ 
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Marsh lands will frequently settle 1 to 4 ft after reclamation, and this settle- 
ment may continue for several years. The probable settlement of the ground 
should be considered in designing the drainage system. 


Highway 


Fig. 28. Reclamation of Tidal Marsh 


The Outlet for the drainage system may be provided by gravity ot pumping 
or by a combination of the two. If a natural gravity outlet is relied upon a 
sluice gate must be provided where the water passes thru the levee. Sluice 
gates should act automatically and allow the water to pass out when the water 
surface is higher within than without the tract and close when the opposite 
condition obtains. A flap valve, hinged at the top, is ordinarily used for this 
purpose. A hand-operated gate should be installed in conjunction with the 
automatic gate to be used in case the latter gets out of order. River bottom 


Roadway, El. 17.7 


Fig. 29. Longitudinal Section of Levee through Sluice 


lands when subject to overflow for only short periods may be drained by gravity 
outlets if the water surface in the river is normally low enough, otherwise 
auxiliaty pumping will be necessary satisfactorily to drain the tract. a 

lands may be drained through automatic sluice gates, the gates being opened 
during low tides and closed during high tides. In localities where the tidal 
range is small and the elevation of the ground is low, reclamation can be accom- 
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plished only by pumping. In.many instances where tidal lands are drained 
by gravity the expense of auxiliary pumping would be more than justified by” 
increased returns from the land. ‘ 

In general, tidé lands drained only by gtavity lying t ft or less above mean 
low water have ho value for agricultural purposés, those between 1 and 2 ft 
above mean low water will produce hay, and those between 2 and 3 ft above 
mean low water will produce rye, potatoes, corn and other crops. The best 
restilts are obtainéd from land 3 ft or more above mean low water élevation. 


Sluices should be carefully designed and constructed with a view to obtain- 
ing both safety and effective service. Cut-off walls and thoroly tamped back- 
fulling will reduce the danget of leakage along the structure. Sluices may be ~ 
made of either wood or concréte, but the latter is preferable: The gates should 
be well balanced and fitted so that they will move easily and allow. a minimum 
of leakage and all hardware should be of bronze or some other non-corrosive 
metal. The tops of sluicés should be below ordinary low tides, as they thus 
afford better drainage and the gates being submerged will opetate more easily. 
The capacity of a sluice should be sufficient to discharge the maximum run-off 
to be provided for in addition to back leakage. Gates may be set either at 
the outlet of the sluice or in a chamber within the sluice. Fig. 29 shows a cross- 
section of a levee and sluice at Wellfleet, Massachusetts, 


FARM DRAINAGE 
22. Genetal Considerations 


Soil Moisture is one of the essentials of plant life, but all water in excess of that 
required by vegetation is harmful. The only water that is needed by plants 
is contained in the capillary water (Art. 2) which exists as a thin coating to the 
soil particles. Gravity water, that is water in excess of the soil’s capacity to 
contain capillary water, is not beneficial. Air within the soil is also essential to 
healthy plant growth, and this is excluded when the ground contains water in 
excess of plunt requirements. In a soil completely saturated with stagnant 
water, air is completely excluded and the ground becomes cold and ‘sour and 
entirely unproductive. The conditions miost favorable to plant growth obtain 
when fhe gravity water passes freely downward, leaving in the soil only as much 
water as is beneficial to plants, and allowing a free circulation of air thru the 
soil. 

The Ground-water Level, for ordinary soils and crops, need seldom be at a 
depth of more than 4 ft, and in some cases less. When too near the surface, 
water will be continually drawn up by capillary action, the percolation of preci- 
pitation will be retarded, and the soil will become cold and improperly aérated. 

Lands Requiring Drainage. Three classes of land may be considered: (a) 
That which is entirely unproductive or which cannot be profitably farmed with- 
out drainage, (b) that which may be profitably farmed without drainage but 
which with drainage will produce increased returns sufficient to justify the” 
expense of drainage, (c) that which cannot be sufficiently improved to justify 
the expense of drainage. Low lying matshy and springy lands belong to the 
first class. It is probable that all lands not having a porous subsoil, and 
especially clay lands, can be benefited by drainage. Whether it will pay to 
dats such lands depends on the value of the land before drainage as compared 
to its value after drainage. A fait criterion to apply is whether the increased - 
rettitiis after draitiage will exceed the interest on the investment required to 
drain the land. ie / c 
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Benefits of Drainage. Drainage benefits farm lands in the following ways: 
(a) By removing the surplus water, which is harmful to plants, and aérating 
the soil; ()).by warming the soil and thus decreasing danger from frosts, causing 
the seeds to germinate earlier; and grow more promptly, permitting earlier 
cultivation of the land, and increasing the length of the growing season; (c) 
by making the soil more granulated, porous, and friable, and thus increasing its 
ability to absorb rainfall. In general, the results of farm drainage are to make 
certain the production of crops each year and to increase the yields and profits. 


An Objectionable Feature of drainage is that the ground water in passing 
down and away carries with it in solution many elements that are valuable 
as plant food. There appears to be no remedy for this condition in humid 
regions, since adequate drainage is the first requisite. In irrigated districts 
the difficulty may be in a large measure overcome hy agslsicees the use of water 
to the actual requirements of crops. 


Preliminary Investigation. Before laying out a plan of drainage for a given 
area a careful preliminary study should be made and a topographic map should 
be prepared showing contours and intermediate elevations at controlling points. 
It is important that natural drainagé lines should be distinctly shown. A soil 
survey of the area should be made and the character of the soil and subsoil at 
different points may be conveniently marked on the map, supplemented by addi« 
tional field notes if necessary. The ground water also should be studied, 
especially if there is evidence that it comes from some source other than’ precipi- 
tation upon the area to be drained. The position of the outlet should be deter- 
mined from the field investigation and marked upon the map. The map and 
other data may then be used as a basis for the plan of drainage. 


20. Drains and Drain Tile 


Principles of Drainage.. There are two kinds of drainage: Surface drainage, 
by which water is conveyed over the surface of the ground; and sub-surface 
drainage, by which water is conveyed beneath the surface of the ground. Sur- 

. face drainage removes the water that cannot percolate into the ground as fast 
as it is supplied by precipitation or melting snow. Sub-surface drainage removes 
the water which cannot be retained as soil moisture. 

Farm lands require surface drainage to remove the excess water resulting yaad ‘heavy 
tains, but, in general, it is better to have as much water percolate thru the soil into the 
sub-surface drainage as possible. If ground slopes are too steep heavy showers will run 
off the surface before the ground has been wet as deep down as is desirable. Better results 
will usually be obtained from gently sloping land, where the bulk of the water soaks into 
the ground and that which is in excess of plant requirements is promptly removed by 
sub-surface drainage. It is frequently desirable to retard the surface drainage on slop- 
ing ground which may be accomplished in a measure by cultivating the land across the 
slopes. Farm drainage is primarily a problem of supplementing natural sub-surface 
drainage. 

Open Ditches receive water from the surface of the ground and also water 
that passes thru the soil. They therefore assist in surface drainage, which may 
be an advantage on very flat areas. In the lower Mississippi, where the rain- 

fall is heavy and the land practically level, open farm ditches are used almost 

exclusively (Fig. 27). Farm ditches occupy land which might otherwise be 
cultivated, and make it difficult to move farm machinery from one part of the 
farm to another. They are expensive to maintain and in clay soils they are apt 
to become puddled and prevent the free entrance of ground water, =: 


Sub-surface Drains are conduits below the surface of the ground with open- 
ings of a size that will permit the ground water to enter freely and exclude the 
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Surrounding earth. Box drains have been used to a limited extent. They are 
made of four boards nailed together to form a rectangular cross-section with 
cleats between the top and sides to leave nacrow openings for the entrance of 
water. Blind ditches partially filled with stones or poles were formerly used, 
but they were not permanent and have been abandoned. Tile drains Rane 
been found to provide the most satisfactory drainage, and they ate used almost 
exclusively. 

Kinds of Tile. There are two kinds of drain tile in common use: Clay tile 
and cement tile. Clay tile are sometimes made hexagonal or octagonal, but 
more commonly they are round. They range from 2 to 36 in in diameter and 
from 12 in in length for the smaller sizes to 30 in for the largest. Cement tile 
under 12 in in diameter are more expensive than clay tile, but over this size 
the cost of production may be less. The following comments on clay and 
cement tile are contained in F. armets’ Bulletin 524 of the U. S. Department of 


Agriculture: 


Clay Tile. Soft, medium, and hard-burned or vitrified clay tile are made. It costs 
less to make the soft-burned than the hard-burned tile and the selling price is lower, 
but the quality is not so good. Soft-burned tile have done good service, however, arid 
when put under ground below the frost line have lasted indefinitely. The best tile are 
burned to a cherry red and when struck by a piece of steel give a sharp metallic ring. 
In the north, where they are laid above the frost line, only the hard-burned tile should be 
used. Hard-burned, or vitrified, tile are practically nonporous; thus, they absorb little 
moisture and unless water stands in them they are not injured by freezing temperatures. 
A tile that cracks and shatters in winter when lying in the yards unprotected from the 
weather is not fit to use above the frost line and is not the best under any conditions. 
Thick tile make the best joints. Those with thin sides, especially in the smaller sizes, 
are likely to slip out of place and leave openings. Some manufacturers who ship tile 
make them with thin sides to reduce the weight and the consequent cost of transportation. 
A 4-in tile should weigh at least 6 lb, 2 5-in 8 lb, and a 6-in 11 lb. Some factories make 
them heavier than this, which is better so far as utility is concerned. 

Cement Tile. There are a number of machines on the market for making cement 
(or concrete) tile that cost from $50 to $100. One part of cement to about 3 parts of 
aggregate should be used. The largest pieces in the aggregate should not be more than 
one-half the thickness of the wall. The cement and aggregate should be well mixed and 
sufficient watér should be added to make the mixture moist-but not wet. After the tile 
are taken from the machine they should be placed in the shade. The longer the mold 
is allowed to remain around the tile the better. After the mold is removed the tile 
should be sprinkled twice a day for 3 or 4 days, or until thoroly cured. A well-made and 
well-cured cement tile, like a good clay tile, when struck with a piece of iron will have 
asharp metallic ring. Large cement factories are equipped with steam driers, with which 
the curing can be done to the best advantage. 
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“The General Plan of draining a given area should be determined before any 
drains are constructed, in order that all parts of the system when completed 
will work together effectively even tho the construction is to extend over a long 
period. Details not pertaining to the general scheme of drainage may be worked 
out as required. When more than one farm will be benefited by the construction 
of main drains, each party interested should contribute in the investigation 
n so far as the work affects his property. State laws usually cover the legal points 
volved. 

The Outlet is usually the ea consideration. On rolling or hilly lands a natural 
outlet ordinarily exists. On low level land an artificial outlet is usually neces- 
sary. The elevation of the water surface in the outlet should be low enough to 
brovide for the effective drainage of the area which it serves. It should be of 
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sufficient capacity to take care of the requirements of surface and sub-surface 
drainage. The expense should be assessed against all of the farms using the 
outlet in proportion to the benefits accruing to each. Outlets may be either 
open ditches or covered pipes. Tile up to 36 in in diameter have been used for 
this purpose. . 


Drainage Systems. There are two general systems of drainage: Partial 
and complete. Partial drainage systems are used on rolling land when it is” 
desired to drain only isolated portions of a tract, as illustrated in Fig. 30. The 
complete system is used when all of the land of a comparatively large area is to , 
be drained. Examples of complete drainage systems are shown in Fig. 31 and | 
32. It will be noticed that certain areas adjacent to the main laterals are 
double drained, and for maximum economy this double drained area should be — 
as small as practicable. For this reason long parallel field drains are preferal La 
The system indicated in Fig. 32 requires a smaller amount of tile than that 
indicated in Fig. 31. ’ | 


Fig. 30. System of Partial  Fiz.31. System of Com- | Fig. 32. System of Com- 
Drainage plete Drainage plete Drainage 
.S 3 “= 
iol 
Field drains should be laid in the direction of the greatest slope. This insures the 
greatest velocity and capacity. High velocities of water assist in scouring out the drains 
and in keeping them clean. It is very important that drains in sandy land should have - 
velocities great enough to scour out the sand which filters into the drains between the tile, 
A 4-in tile drain in sandy land should not be laid on a grade of less than 0.3 ft to 160 ft 
‘The laterals, submains and mains should perferably be located approximately im the 
lines of natural drainage, since the slope of the ground leads the water in this directi 
The drains should be laid as straight as practicable and bends should be made by smooth — 
curves. It usually will be found necessary to deviate somewhat from the natural drai 
age channel in order to improve the alignment. — 


The Depth and Frequency of Drains that will produce the most satisfactory 
results depends largely upon the character of soil. Where deep drainage 
be used the drains may be spaced farther apart. The more porous the soil th 
deeper the drains can be placed. In heavy clay soils of close textures, drains | 
placed toa depth of from 2 to 3 ft have produced good results when deeper drait 
have failed. In other cases clay soils have been satisfactorily drained at de j 
of from 3 to 4 ft. A depth of about 4 ft appears to be the best for sandy soils. 
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Practice also varies widely regarding the proper spacing of drains. In dense 
clay soils they skould probably be placed from go to 4o ft apart, and in sand 
a spacing of 200 ft may be used. For intermediate grades of material distances 
of from 50 to 150 ft may be selected to suit the conditions. 


Before deciding definitely as to the proper depth and frequency of drains for a given 
area a careful study should be made of all factors likely to affect the problem. Condi- 
tions vary widely and results obtained in one locality may not apply to another locality 
where conditions appear quite similar. Local conditions especially should be studied, 
and if time is available and other conditions seem to warrant it, experiments with dif- 
ferent depths and spacings of drains should be made before the completion of the work 
as a whole is undertaken. 


25. Capacity and Size of Drains 


The Required Capacity of a sub-surface drain depends upon the rate at which 
water will pass from the surface of the ground to the drain. The two princi- 
pal factors affecting the rate at which water wi!! enter a drain are the porosity of - 
soil and the amount and rate of precipitation : 

Drainage Coefficient. The inches depth of water which must be removed 
in 24 hours to satisfactorily drain any area is called the drainage coefficient of 
that area. Its value for different soils must be obtained from experiments. 
An investigation by the U. S. Department of Agriculture of a number of under- 
ground drains in Illinois and Iowa that were doing satisfactory service showed 
maximum discharges in 24 hours of from 0.11 to 0.27 in, most of the results 
varying from 0.15 to 0.20 in. These results were obtained on areas having 
fairly porous subsoils. Heavy clay soils and coarse sand soils will have respec- . 
tively smaller and larger drainage coefficients than the above. It also appears 
that the drainage coefficient of rolling land is about 20 percent greater than for 


flat land. The following may be considered average values of drainage coeffi- 


cients for different soils: 


Compact clay soil, flat, 0.12; rolling, 0.14. 
Medium porous soil, flat, 0.18; rolling, 0.22. 
Porous sandy soil, flat, 0.30; rolling, 0.36. 


With the drainage coefficient decided upon, the capacity of drain in cu ft per 


_ see required to dram a given area can be obtained by multiplying the area’in 


square miles or acres by the proper value in the accompanying tables: 


Decimals of an Inch of Run-off per Twenty-four Hours Expressed as cu ft per sec 
per square mile 


Inches Sr Nb OE, |e OZ, ey: sKOB) | eh OH: 08 06 .07 roe | 69 


ST a .27 -54 81] 1 Tn3A) [ood Od, |pod. 8B: jvgnng « gage 
I 2.69 | 2.96 | 3-23] 3-50 | 3-76, | 4.03, | 4.30] 4.57 } 4.84 | 5.2% 
2 5.38 | 5:65 | 5.92 | 6.18 | 6.45 | 6.72 | 6.99 | 7.26 | 7.53'| 7.89) 
3 8.07 | 8.34 | 8.60 | 8.87 | 9.14 | 9-41 | 9-68 | 9.95 |r0.22 |ro.49 
4 10.76 |x1.02 |1z,29 |1r.56 |11.83 | 12,10 |12.37 |12.64 |12.99 |13.18 


5 13.44 ‘13.71 |13.98 |14.25 |14.52 |14.79 |15.06 [15.33 |15.60 |15.86 
6 16.13 {16.40 |16.67:|16.94 |17.21 | 17.48 [17.75 |28.02 |18.28 |18.55 
A 18.82 |19.09 |19.36 |19.63 |19.90 | 20.17 |20.44 |20.70 |20.97 |21.24 
8 
9 


at:§i |21.78 |22.05 |22.32 |22.59 | 22.86 |23.12 |23.39 123.66 |'23.93 
[24.20 |24-47 |24.74 |25.0% 25.28 | 25.54 |25.81 |26.08 |26.-5.|26.62 


1.0 26.89 


\ 
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Decimals of an Inch of Run-off per Twenty-four Hours Expressed qs cu ft per sec 
per Acre . 


.O1 .02 -03 -O4 .05 .06 .O7 .08 -09 


. 00042] .00084| .001 26} . 00168 | .002T0} .00252] .00294] .00336] .00378 
.00462] .00504] . 00546) . 00588 | .00630} .00672] .00714| .00756} .00798) 
- 00882} .00924} . 00966) . 01008 | .oro50| .01092! .0r134| 01176). 01218 
. 01302] .01344| 01386) .01428 | .01470| .or512] .01555|-01597| .01639) 
.©1723| .01765| .01807) .01849 | .or891] .01933| .01975| .02017|.02059 


-02143] .02185] .02227|.02269 | .02311| .02353| .02395|.02437|.02479 
.02563] .02605| .02647|.02689 | 02731) .02773| .02815].02857|.02899 
-02983] .03025) .03067| .03109 | .03151| .03193] .03235] .03277| .03319 
- 03403) .03445] .03487| .03529 | .03571| 03613] .03655] .03697| .03739 
- 03823] .03865| 03907] .03949 | .03991| .04033] .04075| .04117].04159 


Size of Drain. The size of drain required to discharge a given quantity of 
water can, be computed from one of the open channel formulas. The Manning 
formula for the smallest diameter of circular conduit that will discharge a given 
quantity of water may be written, ‘ 


d=12 (3) ao 


s 


in which d is the diameter of the conduit in inches, Q is the discharge in cu ft per 
sec, s is the slope or fall per foot, and is the coefficient of roughness, which is 
to be given the same value as Kutter’s m. Values of » depend upon the degree 
of roughness of the pipe and the care that is taken in placing the tile to get smooth 
joints, the extreme range of variation being ‘from about .o11 to .or7. A value 
of .or4 should be attained from a good grade of tile if proper care is taken in 
laying them. Values of d from the above formula with 2 =o.14 given in the table 
cover the ordinary ranges‘of Q ands. For other values of # multiply d as given ~ 
in the table by the following factors: 


For m equal to............. .OIT .O12 013 .OI5 016 O17 
Multiply d in table by...... 0.91 0.94 0.97 1.03 1.05 1.08 


Formerly 2-in tile were used for farm drains, but: modern practice is to use no tile 
smaller than 3 in in diameter. The size of tile selected for a given case should ordinarily 
be the commercial size nearest to and larger than the computed size, excepting that no 
tile smaller than 3 in should be used. The following are diameters in inches of common 
commercial tile: 2, 24, 3, 4, 5, 6, 7,8, 10,12, 15, 18, 20, 21, 22, 24, 27, 30, 33, and 36. 
For main drains above 15 in in diameter vitrified sewer pipe is commonly used. 
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Diameters of Tile Drains in Inches and Decimals of an Inch Required to Discharge 
Various Quantities of Water at Different Slopes 


Dis- * s =fall per foot 

charge : 
incu ft 3 a eae 
“per sec |.0005] .c01| .002| .004} .006 .008| .or | .02 | .03 04} .05 I 
Roeeeseli2.o 7.8 | 156 | 15) | 1.4] 263)| 12) 2-0) FON) Fee 0.9 
,o2 | 3.0| 2.6 | 2.3 | 2.0/1.9 | 1.8] 1.7] 2-5] 1-4] 1.3 | 2-3 pe 4 
- 04 | 3-9 | 3:4 ].3-0 | 2.6] 2.5 | 2.3] 2.2] 2-0 DBP r27 a ae 
.06 | 4.5 | 4.0} 3-5 } 3-1 | 2.9 | 2-7 CAA SYM er Pee on ps tll erase lie on af esr 
Sos loser \4.4 13-9 |\3-41 3-2 -| 3-6] 2-9 | 2.5] 2-3)| 2-2") 2.2 I.9 
oo Ses4eo. | 4-2) 3-9 1-3-5 | 353.) 3-2 2.8 | 2.6 | 2.4 | 2.3] 2.0 
$2 7.1 | 6.3] 5:5 | 4.8] 4-5 | 4-2] 4-2 3.6 | 3.3 | 3-z | 3.04) 2.6 
43 | 8.3 | 7.3 | 6-4 | 5.6] 5-2 | 4-9] 4-7] 4-2] 3-9] 3-7] 3.5 | 3.7 
141) Oval Sea [7m | 6.3 | 5-8 | SiS: 523 14-6} 423 [oat | 3.9) 324 
.§ |r0.0| 8.8 | 7.7, | 6.8 | 6.3 6.0 | §-7 | 5-0 | 4-7 | 4-4] 4-2) 3.7 
6 |10.8 | 9.5] 8.3 | 7-3. 6.8 6.4) 6.1 | 5.4 | 5.0] 4.7] 4.5 | 4-0 
es lzo.iso.5 | 9-3 | S-2.). 7-5 | 7-2 6.8 | 6.0 | 5.6 | 5.3 | 5-5 4.4 
z.o |13.1 |rr.5 |x0.r | 8.8] 8.2 | 7-8 | 7.4 625 | 6.x |S. 7a) Ses aes 
1.2 |r4.0 |t2.3 |10.8 | 9.5 | 8.8 | 8.3 8.0] 7.0] 6.5 | 6.1 | 5.9 | 5.2 
1.4 |14.8 |13.0 |11.4 |10.0|:9.3 828 1h iSigdlepeg in6:or) GS | Guba as: 
1.5 |XS.2 |13.3 |11.7 |10.3 | 9-5 | 9:0. 8.7 | 7.6] 7.1 | 6.7 | 6.4 | 5.6 
2.0 |16.9 |r4.9 |13.1 |11.5 |10.6 |To.r | 9.7 8.5 | 7.9 | 7-4 | 7-5 G3 
2.5 |18.4.)16.2 |14.2 |12.5 |1r-6 |10.9 |10.5.) 9.2 8.5 |.8.1 | 7.8 4 6.8 
3.0 |19.7 |17.3 |15.2 |13-3 |12.4 [11.7 |11.2 9.9 | 9.1 | 8.7 SNM 733) 
3.5 |20.9 |18.3 |6.1 |14.1 |13.2 {12.4 |1r.9.|10.5 | 9.7 | 9.2 | 8.8] 7.7 
4 22.0 |19.3 |16.9 |14.9 13.8 |13.1 |12.5 |I1.0 [10.2 | 9-7 | 9.3 8.1 
5 23.9 j2r.0 18.4 |16.2 |15.0 |1¥4.2 |13.6 |12.0 |IZ.z |10.5 |To.r 8.8 
6 25.6 [22.4 |19.7 |17-3 |16.0 |15.2 'r4.6 |x2.8 |rr.9 |1n.2 |10.8 | 9.5 
7 127.1 |23.8 |20.9 18.3 |17.0 |16.1 |15.4 13.6 |12.6 |11.9 |II.4 |T0.0 
8 28.5 |25.0 |22.0 |19.3 17.9 |16.9 |16.2 |¥4.3 |13.2 |12-5 12,0 |10.5 
B<} 3r.0 |27.2 |23-9 |2z-0 |19.4 |18.4 |17.7 |15-5 |14.4 13.6 |13.2 11-5 
12 33-2 |29.1 |25.6 es 4 |20.8 |19.7 |18.9 |16.6 |15.4 14.6 |14.0 |12.3 
14 35.1 |30.8 |27.1 |23.8 |22.0 |20.9 |20.0 17.6 \16.3 |15.4 |14.8 |13.0 
16 36.9 132-4 |28.5 }25.0 |23.2 |22.0 |2T.r 18.5 |17.r |16.2 |15.6 |13.7 
18 38.6 |33.9 |29.8 |26.1 |24.2 |22.9 |22.0 |19.3 17.9 |17.0 |16.3 |14.3 
20 40.2 135.3 |32-0 |27-2 |25-2 |23.9 |22.9 |20-2 18.6 |17.7 |16.9 |14.9 
25 43.7 |38.3 |33-7 |29-6 |27.4 26.0 |24.9 |21.9 |20.3 |19.2 18.4 |16.2 
30 46.7 |41.0 |36.0 |31.7 |29.3 27.8 |26.7 |23.4°|21.7 |20.6 |19.7 |17.3 
35 49.5 |43.5 |38.2 |33.5 |3%.2 |29.4 28.2 |24.8 |23.0 |21.8 |20.9 |18.3 
40 §2.0 |45.7 |40. |35.3 |32-7 |3t-0 29.7 |26.1 |24.2 |22.9 |22.0 |19.3 
45 54.4 |47.8 |42-0 |36.8 |34.2 132.4 |31.0 27.3 |25.3 |23.9 |22.9 |20.2 
50 56.6 149.7 [43-7 [38-3 [35-5 |33-7 |32-3 |28-3 26.3 |24.9 |23.9 |21.0 
55 58.7 |51.5 [45-2 |39-7 |36.8 |34.9 |33-5 |29.4 |27.2 25.8 |24.7 |21.7 
6o | {60.6 |53.2 |46.7 41-0 38.0 |36.0 |34.6 |30.4 |28.1 |26.7 25.6 |22.4 
65 62.5 |s4.9 |48.2 [42.3 |39.2 |37-1 |35-6 |32-3 |29.0 |27-5 26.3 |23-1 
40.3 |38.2 |36.6 2 \27.m 123.8 

42.4 |40.2 |38.5 7 |28.5 125.0 

44.3 |42.0 |40,2 o |29.8 |26.1. 

46.1 |43.7 |41.9 3 |31.0 |27.2 

47.8 |45.2 143.4 5 |32.1 |28.2 
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26. Construction of Tile Drains 


Staking Out. Tile drains should be set true to line and accurately to grade. 
When curves are necessary they should be smooth and regular. Before begin- 
ning excavation stakes should be set so ft apart parallel to and about 2 or 3 {ft 
from the center line of the drain-on the side opposite to that on which the earth 
will be thrown. Elevations of tops of stakes should be taken with a level and 
the cut marked on each. These stakes will serve as guides for the rough excava-. 
tion. After the excavation is approximately to grade, batter boards should be 
placed across the trench opposite each stake at the same distance, preferably 
about 6.5 or 7 ft above grade. The center line is then marked on the batter 
Loards and a string connecting these points will be directly above and parallel 
to the grade line. The center line at any: point may then be 
‘obtained by dropping a plumb bob from the line, and the grade 
by measuring down with a pole of proper length. 


Excavation should be begun at the outlet. The trench may 

be dug either by hand or with a trenching machine. If much 

' work is to be done the trenching machine will prove more eco- 

nomical. For 6-in. tile or smaller the trench may be made 12 in 

wide at the top and-7 in at the bottom. The ditch should be 
finished at the bottom with a drain scoop. It is especially im- — 
portant that the bottom of the ditch be excavated accurately to 

grade and line before the tile are placed. i 


Trenching Tools and Machines. The special tools commonly used in’ 
digging trenches or drain tile are tile spades, a Shovel, pick, drain scoop, 
and tile hook. There are two kinds of tile spades, solid and open, the 
latter being used for wet sticky soils. Tile spades are from 16 to 22in 
long and from 5 to*6 in wide. A drain scoop is used for finishing the 
bottom of the trench preparatory to laying the tile. It should becurved 
to a radius approximately equal to the outer radius of the tile. A tile 
hook, Fig. 33, is used for placing tile inthe trench. It.consists of a bent 
14-in rod attached to a wooden handle. There ate a number of types of 
trenching machines on the market. ‘They vary from different styles of 
plows, which loosen the earth so that it may be more readily shoveled, 
to large machines of the wheel-bucket and endless chain type, which do 
all the work of excavation. The larger trenching machines vary in cost 
from $1800 to $6500. Trenching plows may be obtained at $20 to $300. 


Laying of Tile, like the excavation of trenches, should begin 
at the outlet. If the bottom of the trench has been properly 


Fig. 33 
Tile Hook 


smaller sizes of tile are usually laid with a tile hook by a man 
standing at the top of the trench, Care should be taken to see 
that the tile joints fit tightly, especially at the top. Crooked and imperfect 
tile should be thrown out and if used at all they should be placed together 
near the upper end of the drain, Curves are usually made by using crooke 

tile or by chipping off one edge of the tile. It is easier and better, however; 


Y-junctions should be placed where needed, the open end being plugged up unti 


prepared the laying of the tile should proceed rapidly. The 


to have special curved shapes, either drain or sewer tile, available for the wo tnt ’ 


the connection is made. Before the tile are covered the work should be inspected 
to see that all joints are properly made and that the tile are laid true to lin¢ dnd ~ 
grade. 
Backfilling. Before the trench is filled the tile may be surrounded by coarse 
hay, twigs, burlap, small Stones, or pieces of brick. This provides for a fteer 
entrance of water and helps to exclude fine sand from the drain. The first 
earth should be put into the trench carefully so as not to move the tile.’ The 


“f 
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remainder of the backfilling may be done with shovels, scrapers, or a turn 
plow. 

Outlets. Where a tile drain discharges into an open waterway the outlet 
should be protected by building a substantial retaining wall around it. The 
foundation should extend well below the bottom of the channel so that the wall 
will not be undermined by the current in the waterway or the water discharging 
from the drain. Only vitrified clay ar metal pipe should be used near the out- 
let, as the softer clay tile which will be satisfactory under ordinary conditions 
may disintegrate under the alternate conditions of freezing and thawing to which 
they will be subjected at the outlet. : 


Sturface-Inlets are sometimes constructed at low places to supplement surface 
drainage. They are commonly made of wood, concrete, or sewer pipe. They 
consist essentially of a small basin that extends to or below the bottom of the 
drain to which they are connected, with an opening at the top for the entrance 
of surface water. The surface opening should be covered with an iron grate 
which also should be protected by a covering of loose rock to prevent the entrance 
of dirt and drift. 

Silt-Basins or Sand-Traps are basins placed in drains or at the junctions of 
drains for the collection of silt and sand. They also afford an opportunity for 
the inspection of drains. The bottoms of the basins should be 2 or 3 ft below 
the tile to provide a receptacle for the silt, which may be cleaned out as often as 
is mecessary. These structures are’ not.required for clay or loam soils, but 
are useful where drains are laid in sandy soils. : 


27. Costs and Profits 
Cost of Round Drain Tile fo b Factory 


Prices quoted by manufacturers, subject to discount of from 35 to 55%. 


Length of | Weight per | Price per | Price of Y’s,| Linear ft per 
Size, in one tile, ft | linear ft, lb 1600 ft T’s, élls and | - car load of 
curves, éach 30 000 Ib 
2 I 3 ’ $ 12 $o.10 ooo 
24 I 4 15 .10 7500 
3 I 5 20 20 6000 
4 I 1% 30 +20 4000 
5 I 10 40 +30 3000 
6 x 13 55 +40 2500 
8 2 20 90 -60 1500 
10 2 30 135 1.00 i 1000 
12 2 40 180 1.50 750 


Amount of Tile per Acre. Where, over a considetable area, field drains are 
placed parallel and an equal distance apart, the number of linear feet of tile 
required per acre may be obtained by dividing 43560 by the distance between 
drains in feet. The following are linear feet for distances commonly used. 
An allowance of 5 percent should be made for breakage and imperfect tile. 


Distance apart.... 25 30 33 4o 50 66 80 100 150 200 
Lin ft per acre.... 1742 1452 1320 1089 872 660 545 436 291 218° 


Cost of Constructing Drains. Under favorable conditions, for 6 in tile or 
smaller, the cost ot digging trenches 3 ft by hand varies from 2 to 3 cts per ft, 


\ ay ; 
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On large contracts, trenching machines have done similar work for from 1% 
to 2% cts per ft. About so percent should be added to these figures for trenches 
4 ft deep. Laying tile and backfilling costs from 4 .to 34 ct per ft. If the 
ground is rocky or contains many roots the expense of excavation will be greatly 
increased. Very wet soil and especially quicksand may add to the cost of the 
work. The cost of laying a 12-in drain will be about twice as great as laying 
a small drain to:the same depth, 


The Cost per Acre of drainage will depend upon the distance between drains. 
If drains are roo ft apart, 436 lin ft of tile will be required: With the cost of 
4-in tile at’$20 per thousand delivered to the ground, the cost of tile per acre 
will be $8.72. If trenching costs 214 cts per ft and laying tile and backfilling 
3% cts per ft the total cost of drainage, exclusive of mains and laterals and other 
accessories, will be $20.25 per acre. Where field drains are spaced from 50 to 
x20 ft apart the corresponding costs of drainage may range from $45 to $15 
per acre. A common cost of tile drainage is about $25 per acre. 


* Profits from Drainage. The profits to be derived from farm drainage depends 
largely on the character of the land. The greatest profits usually result from the 
drainage of lands too wet for cultivation. The following examples are given 
in the Yearbook of the U. S. Department of Agriculture for 1914 as typical of 
results obtained from properly praning farm lands in the humid region of the 
United States: 


In the coastal plain of North Carolina about,25 acres that were producing nothing were 

tile drained for perhaps $250, probably not including costs of teaming and of supervision, 
and since then have produced a bale of cotton peracre. A field of 6 acres was drained for 
about $160, and the owner makes good crops on soil worthless without drainage. In the 
black prairie belt of Alabama, a field that had not been cultivated in years because too 
wet was drained with tile? then it produced one bale of cotton per acre and repaid the 
entire cost of drainage the first year. The following year the field yielded 50 bush of 
corn per acre, twice the rate from other parts of the farm. Another drained field produced 
one bale of cotton per acre, while the undrained land produced only half a bale. A 
to-acre field that yielded practically nothing in 1912 was tile drained, and in 1913 produced 
60 bush of oats per acre; in 1914 the rate was again 60 bush of oats, in contrast to 
ro bush per acre from the adjoining 15-acre field planted to the same grain. The cost 
of most of the tile drainage in Alabama has been about $25 per acre, some of it as high as 
$30 to $35, but increases of 50 to 200 percent in yields and the assurance of good crops 
every year instead of only in very favorable seasons are very satisfactory returns, The 
cost of drainage there has usually been repaid in 2 to 3 years by improved crops. In 
Towa, a field of 40 acres too wet for planting was tile drained at a cost of $24 per acre, 
after which it produced 60 bush of corn per acre. Another field was drained for $23 
per acre, thereby increasing: the yield from 15 bush to 40 and 50 bush of corn per 
acre. In Arkansas, on one of the State farms, 1 bale of cotton per acre was secured in 
favorable years, and nothing at all when the early part of the season was wet; the year 
following the installation of tile the yield was 114 bales per acre. In Nebraska a tract 
-of more than 700 acres was tile drained at $24.25 per acre, the pumping plant cost $2 
per acre, and as wart o1 a iarger district the cost of levees to protect from overflow was 
$9 per acre. The improvement, at a total cost of $35 per acre, immediately increased 
the crop on about 80 acres of corn 22 bush, and on another part the ii inctease in 2 years 
was from nothing to more than 3o bush of wheat per acre. 


28. Drainage of Irrigated Land 


Necessity. More than ro percent of the area in United States, which has 
been under irrigation for a considerable period, has become partially or entirely 
unproductive thru waterlogging or becoming impregnated with harmful mineral 
salts... These conditions, are brought about by over-irtigation and inadequate 
natural drainage, and the remedy lies in supplementary artificial drainage, 
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the necessity for artificial drainage or the system of drainage to be employed . 


snot apparent usually until after several seasons of irrigation, but from a study 
f the topography and soil strata it should be possible to foretell approximately 
be future drainage requirements of a ‘newly irrigated tract. Some irrigation 
rojects do not require artificial drainage and others require it only to a limited 
xtent, but in all cases the matter should be thoroly studied in connection with 
he investigation and design of an irrigation system. 


Alkali is the popular name applied to a number of mineral salts, harmful to vegetation, 
which are found in the soils of arid districts. The more common of these are sodium 
hloride, sodium sulphate, magnesium sulphate, calcium chloride, calcium sulphate and 
odium carbonate, All of these except the last appear on the ground as a white crust 


nd are called white alkali. Sodium carbonate, or black alkali, is the most injurious to. - 


lants. It is indicated by dark spots on the surface of the ground due to the dissolution 
f humus and vegetable matter which it causes. These salts are readily soluble in water 
nd irrigation waters after passing thru the soil become more or less impregnated with 
hem.- When the ground water reaches a sufficiently high elevation, moisture is drawn 
‘om it by capillary attraction to the surface of the ground, where the water is evapo- 
ited and the alkali is left as a thin deposit. After this action continues long enough 
aficient alkali collects on the ground to injure or destroy vegetation: The height to 
hich water will rise by capillarity varies from about 2 ft for coarse sand to 5 ft for fine 
lay. f 


Removal of Alkali. Lands which contain.an ‘excess of alkali either from 
atural causes or from irrigation usually may be-cleansed by irrigation after 
dequate drainage has been provided. The water-must be lowered below 
he limit of capillary action, and then by applying water the salts are dissolved 
nd carried thru the soil to the ground water. Usually two good irrigations 
ill reduce the alkali on the surface to a harmless quantity, tho in rare instances 
wo years Or more may be required for reclamation. 

Objects of Drainage. The specific results to be accomplished by the drain- 
ge of irrigated land may be one or more of the following: (a) The lowering 
f the ground water to a level where it will not interfere with the penetration 
f plant roots to the required depth; (6) the removal of alkali from the surface 
f the ground; ,(c) the removal of excess soil moisture and the aération of the 
ail. The problem differs from that encountered in. humid regions in that 
kaline soils are peculiar to arid districts and the amount of water which the 
nd receives under irrigation may in a large measure be controlled. 


Source of Water. A drainage system cannot be designed successfully until 
le source of the damaging water is known and its movement understood. The 
urce of the water may be (a) irrigation water. applied to the tract itself, (b) 
rigation water applied to an area at a higher elevation, (c) a canal or reservoir 
-a higher elevation. In the first case the movement of the water will be down- 
ard thru the soil. In the last two cases the water will move laterally either in 
yrous strata near the surface or under pressure beneath an impervious stratum, 

hardpan or clay. s 
Depth of Drains. ‘The drainage should be such as to keep the ground water 
vel below the depth which will allow the movement of water to the surface of 
e ground by capillary action. The depth must be more than 4 ft for fine soils. 
xperience has shown that the depth of drains should be never less than 5 ft 
id a depth of 6 to 8 ft will produce more efficient results. _Intercepting drains 
ould be placed at the depth that will most effectively cut off the flow of under- 
ound water. 

Location of Drains. The location of drains will always Sorts upon the source . 
.d movement of the damaging water, and no general rules can be laid down. 
arallel drains may be used’on flat areas where the water does not come from’ 


\ 
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_ some clearly defined outside ‘source. Such drains are usually spaced 300 ft 
or more apart. Intercepting drains may be used to cut off the ground water 
flowing from higher areas. They are usually placed near the foot of a hill or 
where there is an abrupt change of slope. A secondary intercepting drain is 
sometimes placed below and approximately parallel to the main drain to collect 
water that passes the upper drain. : 


The area enclosed by the shaded line, Fig. 34, shows a tract of land near Hyde Park, 
Utah, which had become waterlogged and alkaline from the irrigation of lands at higher. 
elevations. This land was success- 
fully reclaimed by the system of 
intercepting drains indicated in the 
figure. Fig. 35 shows a tract of 
land near Garland, Utah, that was 
reclaimed by a combined system of 
intercepting drains and field drains. 
Where water is carried from a higher 
area thru a porous stratum the in- 
tercepting drain should extend down 
to the impervious material, as indi- 
cated in Fig. 36, otherwise some of 
the water will pass below the drain. 
Fig. 37 shows a method of intercept- 
ing water under'pressure beneath an 
impervious stratum. This method 
may be used when the water is at a 
great depth. 


Open] Drain 


—<— 


' 
Capacity of Drains. The 
amount of drainage to be pro- 
vided for will depend upon the 
source of the water. Where the 
. water comes entirely from the 
irrigation of the tract being 
| drained it will usually be suffi- 
| cient to provide for the removal 
Y of 0.05 to 0.1 in of water per 24 
HI: hours. This is equivalent to 9 
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to 18 in for a growing period of 
6 months. Where the damaging 
water comes from an outside 
source, the determination of the 
proper drain capacity may be 
very difficult and definite rules 
Fig. 3!. Drainage of Irrigated Land by ~cannot be. given. 5 If the water 
fntercepting Duns comes from other irrigated lands 
: their areas and the amount of 
water percolating from them should be determined as accurately as. possible. 
Tf it comes from irrigation canals, the seepage losses in such canals should be 
investigated. The careful consideration of these matters may assist in a satis- 
factory solution of the problem. 


GSSSSSSSSS SSS SESS SSS 
BAy, 


> 
LLLMLU LILLIE LL lis hhh 


2000/— 


Drains. Either open ditches or closed drains may be used. The relative 
advantages and disadvantages of the two types are practically the same as with 
drains in humid regions. Nothing smaller than 4-in drain tile should be used 
on irrigated lands. The outlet may be either a natural drainage channel or an 
‘irrigation ditch. In the latter case, the drainage water will be available for 
irrigating areas lower than the one drained. Thé cost of trenching for tile 
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drains will be relatively higher than in humid regions owing to the greater depth 
of drains. If the banks tend to cave, timbeting must be resorted to, which will _ 
add materially to the cost of thé work. 

Over-irrigation and Drainage. The necessity for the drainage of irrigated _ 
lands is brought about largely thru over-irrigation. If water is applied to the 
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Fig. 35, Drainage of Irrigated Land by Intercepting and Field Drains 
land only within its capacity to contain capillary water the needs of vegetation 
may be provided for and no water will be lost thru deep seepage This ideal 


condition cannot always be attained, but in géneral the use of less water will be 
beneficial in many ways. The injurious effects of waterlogging and alkali’ 
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under Pressure 


usually can be overcome by drainage, but in the same manner that alkali is 
removed, various mineral elements of the soil, and humus and nitrogen which 
are valuable plant foods are washed thtu the soil and out of reach of plant 
roots, In all districts where over-irrigation is practiced, this process of leach- 
ing out the soil is in progress and the ground is gradually losing its valuable 
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elements of plant food. By exercising care in the use of water newly irrigated 
_ districts may, while providing adequate moisture for crops, avoid this waste 
and possibly prevent the necessity of constructing expensive drainage systems 
in the future. . 


LEGAL AND ECONOMIC FEATURES 


29. Administration of Streams 


Early History. During the early colonial period of the United States it was 
found that domestic legislation could not be enacted immediately to cover all 
subjects and provide for all contingencies. In order that some supplementary” 
law might be available to govern unusual cases, the states generally accepted 
the Common Law of England. This was presumed to be a temporary matter 
and it was believed that statutory law would soon replace this legislation bor- 
rowed en'bloc during a time of emergency. The states thus introduced, as a 
part of the,Common.Law of England, the doctrine of riparian rights. 


The Doctrine of Riparian Rights was given its first concrete definition by 
Lord Ellenborough, in the English House of Lords in 1805. A final definition 
of the doctrine was given in the House of Lords in-1833 in th ecase of Mason 2. 
Hill as follows: ‘‘ A riparian proprietor can have no larger right than he has 
by nature against those above and below him. Hence the right to have a stream 
flow in its natural state without diminution or alteration is an incident to the 
property in the land thru which it passes.” ~The doctrine as commonly under-' 
stood and interpreted is: ‘“‘ All persons owing land abutting on a natural stream 
have the right to demand that the waters of that stream shall pass their lands 
undefiled in quality and undiminished in quantity.” 


+The doctrine of riparian rights is negative and cannot be supported on arguments 
dealing with the beneficial use of water or public interests. It came into being before 
streams were of much importance in England save for navigation, and at a period when 
public interests were not considered. The English colonies have abrogated the doctrine 
wherever streams are of importance to the welfare of the people, especially where irriga- 
gation is an essential to agriculture. The defects of the doctrine were not soon discovered 
in the United States. The eastern part of the United States does not differ greatly from 
England in so far as the use of streams is concerned. Water resources were not appre- 
ciated during the early history of the United States. As the waters of streams and lakes 
were diverted for beneficial use conflicts arose between users, and the courts were appealed 
to for a definition of the rights concerned. The courts have had an impossible task and the 
record of their inability to administer a resource which must rest on technical judgment 
may be found among the archives of nearly every tribunal of justice. 


Principle of Prior Appropriation. When gold was discovered in California 
the miners established rules of their own making. The first man to stake out 
a claim had the right to the ground. He posted a notice which defined the limit- 
ing boundaries of his claim. Since most of the mining industry of California 
in the early days depended upon the use of water, some rule was necessary to ~ 
define their rights to the streams. They naturally accepted the same rule 
that applied to their claims, that is the first to use water had the first right to 
the stream. This was the birth of the doctrine of priority. This doctrine is — 
now accepted as one of the fundamental principles in the arid districts of th 
United States. - 4 ; 

California Legislation. In 1873 the legislature of California passed an act 
which recognized the doctrine of prior appropridtion and also provided for the 
posting of a notice at some conspicuous place on the river bank setting forth 
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the claims of the prospective water user. In 1878 California created the office 
of State Engineer, who was presumed to have general supervision of the streams. 
Some time later a contest was waged between the doctrine of appropriation and 
the doctrine of riparian rights. The leading case, Lux v. Haggin (69 Cal. 
255, at 398 et seq., 10 Pac. 674) was decided by the Supreme Court of California 
in 1884, upholding the common law doctrine. This decision has retarded 
development in California and prevented the enactment of legislation which 
might heve brought about an effective administration of water resources. 


Colorado Legislation. Colorado adopted the best features of the California 
legislation and was the first state to abrogate the doctrine of riparian rights. 
The office of State Engineer was created in 1881. Claims to water are made 
by filing in the office of the county clerk, the courts determining the rights accru- 
ing under the claims. This system has resulted in expensive litigation, and 
unnecessary delay in the*settlement of claims. The main features of the 
Colorado law were adopted by other states and in many cases an attempt was 
made to enforce its provisions and at the same time accept the doctrine of riparian 
rights. 

The Wyoming Water Laws. Laws very similar to those of Wyoming fags 
been adopted by practically every western state with the exceptions of 
California, Colorado, Montana and. Washington. The Province of Alberta, 
Canada, has also adopted the principal features of these laws. The Wyoming 
water laws represent the first attempt to place the control of water in the state. 
They were drafted by Dr: Elwood Mead, Territorial and later. State Eagincey 
The following clauses were placed in the constitution of Wyoming: 


ARTICLE ‘I és 


“Sec. 31. Water being essential to industrial prosperity, of limited amount, and easy 
of diversion from its natural channels, its control must be in the state, which, in providing 
for its use, shall equally guard all the various interests involved.” 


ArticLe VIII 


“Sec. 1. The water of all natural streams, springs, lakes or other collections of still 
water, within the boundaries of the state, are hereby declared to be the property of the 
state.” 

“Sec. 2. There shall be constituted a ‘board of control, to be composed of the state 
engineer and the superintendent of the water divisions; which shall, under such regula- 
tions as may be prescribed by law, have the supervision of the waters of the state, and of 
their appropriation, distribution and diversion, and of the various officers connected 
therewith. Its decisions to be subject to review by the courts of the state.” 

“Sec 3. Priority of appropriation for beneficial uses shall give the better right. No 
appropriation shall be denied except when such denial is demanded by the Pa inter- 
ests. ” 

“Sec. 4. The legislature shall by law divide the state into four (4) oe divisions, 
and provide for the appointment of superintendents therefor.” 3 

“Sec. 5. There shall be a state engineer who shall be appointed by the governor of 
the state and confirmed by the senate; he shall hold his office for a term of six (6) years 
or until his successor shall have been appointed and shall have qualified. He shall 
be president of the board of control, and shall have general supervision of the waters of 
the state and of the officers connected with its distribution. No person shall be appointed 
to this position who has not such theoretical knowledge and practical experience and skill 
_as shall fit him for the position.” 

Under the law which was enacted by the first legislature of Wyoming, the ‘board of 
control determines all rights to the use of water. Litigation has practically. disappeared. 
Every water user knows the limits of his rights and the state takes the initiative in their 
determination and protection, But few appeals have been taken from the board and it 
es been upheld in practically every case. To initiate a right, an application for permit 

is filed with the state ‘engineer. If approved, this becomes a permit and the date of the 
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priority is fixed by the time of filing the application in the office of the state engineer. 
When the irrigation or other works are completed the proper division superintendent 
takes proof of the water user and a certificate of appropriation is issued. This is the 
final guarantee of the right by the state. The state requires complete plans to be filed - 
showing the details of all construction that is contemplated. Where dams over 5 ft 
in height are to be built across the channels of running streams or over to ft in height 
elsewhere, the state may appoint an engineer to supervise construction—the builder 
paying the cost of this work. Some of the fundamental principles embraced in the law 
are contained in the sections which follow: 

“Sec. 724. A water right is the right to use the water of the state, when such use has 
been acquired by the beneficial application of water under the laws of the state-relating’ 
thereto, and in conformity with the rules and regulations dependent thereon. Beneficial 
use shall be the basis, the measure and the limit of the right to use water at all times, not 
exceeding in any case, the statutory limit of volume. Water being always the property 
of the state, rights to use shall attach to the lands for irrigation, or to such other pur- 
pose or object for which acquired in accordance with the beneficial use made and for which 
the right receiyes public recognition, under the law and the administration provided 
thereby. Water rights cannot be detached from the lands, place or purpose for which they 
are acquired, without loss of priority.” 

“Sec. 725. Water rights are hereby defined as follows Patagis to use: Preferred 
uses shall include rights for domestic and transportation purposes; existing rights not 
preferred, may be condemned to supply water for such preferred uses in accordance with 
the provisions of the law relating to the condemnation of property for public and semi- 
public purposes. Such domestic and transportation purposes shall include the following: 
First—water for drinking purposes for both man and beast. Second—water for muni- 
cipal purposes. Third—water for the use of steam engines and for general railway use. 
Fourth—water for culinary, laundry, bathing; refrigerating (including the manufacture 
of ice), and for steam and hot water heating plants. The use of water for irrigation 
shall be superior and preferred to any use except where turbine or impulse water wheels 
are installed for power purposes.” 

The four water divisions are further subdivided into water districts. In these smaller 
areas water commissioners have charge of the diversion and divisica of water, under 
the supervision of the division superintendent. The water commissioners have police 


powers, 


30. Irrigation and Drainage Development Acts 


State and National Laws have been enacted for the purpose of encouraging 
or assisting irrigation developmett in the United States. There has been no 
national drainage legislation, but drainage statutes haye been enacted by most 
of the states. - Under certain conditions more effective results could doubtless 
be obtained thru government legislation, especially for the reclamation of river 
bottom lands along interstate streams where drainage is incidental to flood 
prevention and the sastens becomes a matter of national as well as local im- 
portance. 


The Desert Land Act, approved in 1877, represents the first legislation enacted ° 
for the purpose of stimulating irrigation development. Like all development 
acts of this class, it provides a method of securing title to public lands, making 
their reclamation thru irrigation, one of the requisites for patent. The 
entryman, under this act, must comply with the water laws of the state and 
proof of irrigation in compliance with such laws must be submitted. The 
desert land act originally permitted an entryman to secure 640 acres by irrigating 
at least 5 acres in each legal subdivision of 40 acres, Since lands have become 
more valuable, Congress has limited the entry to 160-acres and the entryman 
is required to reclaim all of the irrigible lands of the entry. 

The Irrigation District Law originated in California in 1887. A certain 
district or area is defined by the people interested in irrigation development and © 
under the law an organization is effected which has some of the ROWE and i 


i a0 hay PCa ates: 
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~ authority of a municipality. Bonds are issued for the purpose ‘of financing 
the construction of irrigation works. ‘The lands of the district are held as secur- 
ity for the bonds. The officers of the district comply with the laws of the state 
with regard to water rights. The state exercises no supervision beyond this 
The Carey Act was authorized by Congress in 1894. Under its provisions 
lands are donated to the states under the condition that the states provide 
for their reclamation. In the first measure passed by Congress, one million 
acres of land were donated to each arid state which elected to accept the imposed 
responsibility by legislative enactment. The states are authorized to con- 
tract with companies which perform the construction that is required,and then 
dispose of interests in the same (commonly referred to as water rights) to set- 
tlers in accordance with the area irrigated by each freeholder: At a certain 
stage in development, usually when the irrigation works are completed, the lands 
are patented to the state and as settlement takes place, and freeholders pay their 
installments to the constructing company and water is beneficially applied, the 
state patents the land to the settler. 


The United States Reclamation Act was athena by Gonpress i in 1902. 
It provides that all revenues derived from thc sale and rental of public lands shall 
be employed in the construction of irrigation works designed for the reclamation 
of arid lands. The United States Reclamation Service was organized gradually 
to take charge of the work. Projects are carefully ‘studied and the irrigation 
works are then designed and laid out. When the works are finished settlement 
is invited. Settlers acquire lands in areas that are estimated to support a 
family comfortably. Under some projects the farm areas are as small as forty 
acres. These are entered under the homestead act and the’settler is given 20 

- years to complete his payments toward a proportionate interest in the irrigation 
works. Water users’ associations are formed under each project and as the 
settlers make their payments they become active participants,in the manage- 
ment of the irrigation. works. Finally, the government withdraws and leaves 
all responsibility in the hands of the local organizations. 

The earliest drainage law enacted in the United States was by the colony of New Jersey 
in 1772. Statute books of all the states have subsequently been filled with similar legis- 
lation. In x850 the Swamp Land Act of the Federal Government patented to the Public 
Land States swamp land now aggregating over 63 000 000 acres. The Act contemplated 
the reclamation of this land by the states as an incident to the perfection of good title, 
In the interval the states have parted with most of this land. to railways, corporations, 
and individuals, and little or nothing has been undertaken toward its reclamation. 

District Drainage Laws enacted in various states are generally based on the 
following fundamental principles of. self-government, namely, (x) the consent 
of the majority of the interested landowners is necessary before a drainage 
district can be organized; (2) the drainage district cannot be organized unless. 
it is clearly shown that the benefits to be derived will exceed the cost; (3) no 
drainage district can be organized unless it is shown that the work will be con- 


ducive to public health or general welfare. In general, the state laws require” 


presentation of a petition by interested land owners setting forth the necessity 
and nature of the improvement accompanied by a bond. This petition is in 


some states presented to the cotinty commissioner; in others to county aS t: 


Visors or judges of the county court. 

The drainage laws of some states Provide for the appointment of county drainage com- 
missioners and surveyors, in others for the appointment of a competent engineer. In 
some states the laws are based primarily on the idea of drainage for sanitation and the 
appointment of a sanitary or drainage commissioner for the counties. In others, drain- 
age districts are created from time to time by statute, and a pronig for drainage com- 
missions and for boards of assessors. 
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31. Cost and Value of Project 5 

Cost Estimates. A preliminary estimate is usually prepared for the purpose 
of studying the feasibility of an undertaking. The final estimate which is used 
as a basis for letting construction contracts and other negotiations should be 
based upon a thoro investigation of the project and should consider all costs 
and expenses from the inception of the project to the time when it becomes a 
going concern. Cost estimates for land reclamation projects may be divided 
into four divisions: preliminary costs, the cost of construction, interest on in- 
vestment, and the cost of colonization. 3 


Estimgtes of Preliminary Costs include preliminary surveys and investiga- 
tion, financing, rights of way, water rights, damages, legal fees, and all expenses 
incurred’ in perfecting rights and titles so that nothing will arise later to inter- 
fere with the progress of the work or the rights of settlers. Bond discounts 
may properly be considered a part of the expense of financing. Legal complica- 
tion or expenses likely to be incurred from the diversion of waters, deflecting 
the course or modifying the flow of natural channels, should be investigated 
with particular care. 


Estimates of Cost of Construction include the costs of all labor, supplies and 
equipment required for building the project. They should be liberal and make 
proper allowance for unforeseen contingencies such as unusual floods, and possible 
rise in the price of labor and cost of materials. Estimates of the cost of struc- 
tures and excavation should be based upon a reasonable knowledge of founda- 
tion conditions and the character of material to be excavated. Unexpected 
difficulties are usually encountered in excavating under water, and these should 
be allowed for in making estimates. The cost of engineering, which includes 


final surveys, plans and supervision will usually range from 5 to 10 percent of - 


the construction cost. 


Interest on Investment, which begins with the first expenditures, increases 
in amount until the project is completed, and remains a charge against the cost 
of construction until it can be carried by revenues received from the project. 
As each tract of land is settled it.carries its proportionate share of the interest 
charge. In order to reduce this expense to a minimum the construction work 
should be carried forward without undue delay and an active campaign for colo- 
nizing the land should be undertaken ‘at as early a date as practicable. 


The Colonization of,a reclaimed area is an important feature of its develop- 
ment and an independent advertising and selling organization is usually advis- 
able, Frequently the colonizing of a project is given out by contract, at a stipu- 
lated price per acre, to a colbnization company, the commission being deducted 
from the revenues received from sales. No matter how attractive a newly 
reclaimed project may be, its advantages must be advertised and opportunities 
for showing the land must be provided. Frequently free railroad transporta- 
tion from long distances is furnished by colonizing agencies to prospective 
settlers. It is important that a project should be settled and put under cultiva- 
tion with as little delay as possible, in order to reduce interest charges and secure 
prompt returns on the investment. For this reason a, vigorous colonizing cam- 


- paign, with a view to settling the greater part of the project in a comparatively 


short time is generally advisable even tho it may require a larger expenditure 
than would be necessary if the settlement’ were extended over a longer period 
of time. The cost of colonization may vary from $5 to $25 per acre, depending 
upon the desirability, location, accessibility, and price of the land as well as the 
efficiency of the organization end general business conditions. 

The above comments refer more particularly to projects developed by private wanslan 
but in general the same principles apply to government reclamation work. Under 


—— eo 


at. 


Art. 31 : Cost and Value of Project , 1871 


the terms of the U.S Reclamation Act, the reclamation fund is available without inter- 
est and the expenses resulting from delays in construction and colonization, tho just as 
real, are not so readily apparent. The government has provided no method of effectively 
advertising and colonizing its projects, and much of the available reclaimed area has not 
been settled. 


The Value of Raw Land after reclamation. will depend upon the fertility 
of soil, the kind of crops to which it is adapted, market conditions, transporta- 
tion facilities, the efficiency of reclamation works, temperature, precipitation, 
length of growing season, and general business conditions. The safest basis 
for estimating the value of land is the market price of similar lands in the same or 
neighboring localities, making proper allowance if necessary for the expense 
of subjugating wild land. 


The Cost of Reducing Raw Land from its wild state to the condition where it can be 
profitably cultivated may be considered as a part of the total cost of reclamation. Tf, 
as is usually the case, the farmer bears the expense of preparing his land for cultivation, 
the cost of this work in addition to the difference between the value of crops that might 
be expected from the land if, thoroly subjugated, and those actually obtained while the 

‘land is being brought to a condition of profitable cultivation, should be deducted from 
the market price of similar cultivated lands inthe locality to obtain the approximate 
value of the rawland. The three principal items of cost are: Clearing the land of 
native vegetation, grading, and putting in and successfully growing the first crops. 


The Value of a project before reclamation may be estimated by deducting 
the estimated investment required for development from the estimated value 
of the land after reclamation. This difference may also be considered as the 
estimated profit from the investment. , 


Reclamation Projects as Security for Investment. After a reclamation 
project is completed and colonized and in successful operation it furnishes ideal 
security for investment. It is permanent and continually increases in value as 
improvements are made and the land is brought to a higher state of cultivation. 
Such security is comparable to a farm mortgage. A proposed or partially com- 

. pleted project, however, has a market value equal only to the value of the raw 
land which it embraces, and it is only within this limit that it provides safe 
security for an investment. The securities usually issued for the development 
of land reclamation projects are common and preferred stocks and bonds. 


Projects may be financed with stock alone, with bonds alone, or with stock and bonds, 
If only stock is issued, the stock represents the actual investment, and the risk of the 
venture is shared by all of the stockholders. If only bonds are used for obtaining funds 
it is usual to issue common stock to the amount of the bond issue, the former representing 
the speculative feature of the investment, A large part of this stock is then distributed 
with the bond buyers as a bonus, the remainder being used in promoting the enterprise. 
Financing with stock and bonds requires an actual investment in stock which places 
the bonds ona sounder basis. 


Failure of Reclamation Projects may result from improper engineering or 
poor business management. Engineering failure may result from under esti-° 
mating construction costs, improper designs, or,.in the case of irrigation pro- 
jects, over-estimating the available water supply. From the business stand- 
point, failure may be caused by extravagance in the use of funds, inefficient 
management, inadequate arrangements for financing, colonization difficulties, 
or the short-sighted policy of putting an exorbitant price on land. The 
revenue from every project is dependent upon its successful colonization, 
and this not only requires that the project be settled with a good class of people, 
but that they be maintained in a prosperous and contented condition. Re- 
claimed lands:are usually sold on the partial payment plan, the initial payment 
being frequently 25 percent of the selling price, with equal annual payments 
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and interest on deferred payments until the total amount is paid. It is a com- 
mon experience on newly reclaimed areas that the settlers do not appreciate 
the expense or time required to subjugate, raw land and having invested too 
much of their capital, either because of paying an exorbitant price for their 
land or buying too large an acreage, they do not have enough money left to 
develop their land, and as a result they are not able to make deferred pay- 
ments and the lend goes back to the original owners. 


32. Operation and Maintenance 


Organization. The right to participate in the benefits of an irrigation of 
drainage system is inherent with every tract of land which it embraces. This 
implies that every land owner within a project is entitled to a voice in its manage- 
ment. In some instances reclamation works are owned and operated by com~ 
panies who contract with land owners to provide the benefits of the system at a 
fixed annual rate. More commonly the ownership of reclamation works ulti- _ 
mately passes to an organization composed of the land owners each of whom 
participates in the operation of the system proportionately to the area of land 
which he owns. This may be accomplished by forming a stock company in 
which x share of stock is issued for each acre of land. Such an organization 
has general direction of the operation of the system. 


Water Users’ Associations are formed by the water users of the projects of the U. S. 
Reclamation Service as soon as it appears probable that a project is to be constructed, 
The object of these associations is to facilitate dealings with the Department of the 
Interior and, after the construction work is completed, to participate in the operation 
of the project. The ownership, and operation of storage works remains in the hands of 
the Government while the distribution of water is left to the management of the Water 
Users’ Associations. 


The Operation of a reclamation system may be divided into three general 
divisions: (a) The operation proper, which includes the operation of pumps 
and other machinery, and for irrigation projects the delivery and distribution 
of water; (b) maintenance; and (c) clerical work. The force necessary will 
depend upon the size of the project. The organization should be such as to 
provide for effective and efficient service from the system, to keep the project 
maintained in a satisfactory operating condition, and to keep all records and 
accounts in a proper manner. General supervision will rest with the board of 
directors, or its equivalent, who determine the general ‘policies of the system. 
Direct supervision is under a general manager, who is the responsible head. © 


The Head of the Operating Department of a drainage project may be the chief engi- 
neer of the pumping plant. On irrigation projects he is the water superintendent, and 
has charge of the distribution of the irrigation water. Under the superintendent are ditch 
riders who apportion the water among the various users. One ditch tidér can oversee 
the distribution of water for 2000 to 3000 acres, where water is controlled at'the farmers’ 
headgates. If delivered to lateral headgates he serves from 5000 to 10000 acres. The 
- water superintendent should be thoroly versed in the principles of water measurement 
and the ditch riders should be sufficiently skilled to be able to make an equitable dis- 
tribution of the water. 


f.4 
Maintenance as applied to reclamation projects includes the repairs, and labor 
necessary to keep the system in successful operation. Repairs to canals or 
structures damaged by floods, cleaning canals; replacement of broken parts of 
machines and similar work belong properly to maintenance, and it may alsd 
include minor extensions and betterments and the replacement of inexpensive 
structures. A regular maintenance force should be employed to keep the System 


Art. 32 


in satisfactory operating condition, excépt in case of unusual accidents, in order — 
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that the expense of maintenence for different years may, as nearly as practicable, 
be uniformly distributed. 


Depreciation. There is a natural limit to the life of many of the parts of a 
reclamation system. Canals, levees, earth and rock dams ana similar structures 
if properly maintained, and not accidentally destroyed should last indefinitely. 
Also it cannot be said that there is any limit to the life of many properly con- 
structed concrete or masonry structures. Wooden and steel structures, however, 
will eventually deteriorate to such a state that they can no longer be main- 
tained in a satisfactory working condition. The depreciation of the different 
parts of a reclamation system should be estimated in advance and provisions 
for replacements should be made by an amortization fund created by equal 
annual contributions, which are included as a part of the operating expense. 


The Average Life, in years, of various parts of reclamation systems is approximately 


as follows: 


Wooden flumes, redwood........; mPa Pan, RASS aA 15 to 20 
PUipricle ES TIT, sare sielateta'sisrejo hrs ave atetapere te Mitlpate 6 F415 


Wooden flumes, pine................. 
Wooden stave pipe, fir, uncoated... ..”. 


Wooden stave pipe, fir, wellcoated................ 


Wooden stave pipe, redwood, uncoated 


Wooden stave pipe, redwood, wellcoated. 25 to 30 
Miscellaneous small wooden structures... to to 20 
Steel riveted pipes, unceated............ sive sae a0 2008S 
Steel riveted pipes, wellcoated.. 30 to 4o 
Centrifugal pumps............ eet : 12 to 20 
SARA OVPUACS 5 5 sic loeisi2 c) 5:0. od vinis siete lo 15 to 25 
LUTEST Ap HOB eR oe CO BER Og .. 12 to 20 
Crude-oil engines.........:.. w+. TOtO15 
Pole lines for telephones or transmission BIS oe siete ee io tors 
ACRE TIC: IO ROLES 5 4 ha l06) ope -28 2/6 ea [main citia,si cian (aie. SA  dosse ESvta a6. 
Buildings and improvements.......... Peer eee 25 to 75 


The life of a structure depends largely upon the care that is taken to preserve it and 
the conditions of use to which it is subjected. Woed that is alternately wet and dry 
will deteriorate more rapidly than if kept continually wet. ERE, above water may 


be preserved by keeping them well painted. Wood or steel 


uried in the ground or 


submerged or in contact with water for considerable periods will last longer if well coated 
with asphaltum or tar. The following, relative to the life of wood stave pipe (by D. C. 
Henny, Reclamation Record, August, 1915), was collected from a large number of in- 


stallations: 


(a) Under favorable conditions of complete saturation, fir well coated may have the 
same life as redwood uncoated. 
(6) Either kind of pipe will have a longer life if well buried in tight soil than if exposed 


to the atmosphere. 


is maintained. 


Such life may be very long, 30 years or over, if a steady pressure 


(c) Either kind of pipe will have a longer life if exposed to the atmosphere than if 
buried in open soil, such as sand and gravel and yolcanie ash, provided in a hot or dry 
climate it be shaded from the sun. 

(d) Under questionable conditions, such as light pressure or partially filled pipe, fir, 
even if well coated, may have only one-third to one-half the life of redwood, 
 (e) Under light pressure the use of bastard staves should be avoided. 

(f) The use of wooden sleeves in connection with wire wound pipe is objectionable and 
‘has caused endless trouble and expense. 

(e) If wooden sleeves are employed they should be provided at least for sizes from 10 in 
up with individual bands to permit taking up leaks. ‘ 


‘Annual Cost cf Operation includes all e-penditures required to secure the 
benefits from the reclamation works and maintain them in working «condition, 
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There is a wide variation in costs for different projects. The following represent 


the annual range of costs.on a large number of projects: 


Cost per acre of distributing water............ $0.40 to $1.00 
Cost per acreof maintenance................. -50tO 1.20 
Cost per mile of canal of maintenance.......... 50.00 to 125.00 
Cost per acre of general expense.............. ead to -80 


Cost of pumping water. (See Art. 18.) 
Cost of depreciation; each part of system must 
be considered separately. 
Total cost per acre of operation............... 2,00 tO 4.00 


Other costs are taxes, insurance, interest on investment and sinking fund, 
any or all of which may be included as a part of the annual expense. 


The following is an estimate of the annual cost of irrigating 40 000 acres of land in 
southern Texas by pumping. It is based upon a total yearly water consumption of 


120 ooo acre-feet pumped against an average head of 20 ft. It does not include taxes, - 


insurance, interest on investment or sinking fund: 4 . 


Pumping Plant 


Depreciation, 714 percent of $145 GOOrese cts tore $10 875 
Labor 
Z engipemen:...4 2... cca secs $4 200 
OMATEMIER ce '5 ate hg 'a(s1<\plaiate ce eas 3 650 
Day labors tht ais kit eniee 2 400 
Ss I0 250 
Fuel, 40 000 bbls oil at $1.50.........2ce eee eee 60 000 
Incidental supplies and repairs. .......,..-...-: 3 000 
SS $84 225 
Canal System ; 
Depreciation of flumes, 714 percent of $40 000... $3 000 
FOiditch riders!at $Q0. 5... tii ia afeletaienislalale eee 9 000 
I superintendent (civil engineer).............- 2 400 
PIASSISTR DE Ses chien 5 Wass meeeriaie tare eycieIe asi I 500 
Cleaning canal system........./........ 25 000 f 
Renewals and maintenance, structures.......... 8 000 
, MPSCeWaNEOUSS. AN. ce spe oe ra Fe nicec cece eoostaraet 3 000 
re 51 990 
- General 
’ [ O)0ilae 7 A BURG RH SES aoe Bee ad peice 
General manager... 
Assistants.) 0.2... 
IGIELES 1/5) vans tahagi dels 
2 automobiles, operation ind depreciation SEAR 2 000 
Miscellaneous expense. 22... 2.600... e cece eee 5 000 
—_— 18 400 
< < Total’annual expense. ios viecccscceecce : $154 425 
33. Engineering Reports : eee 


Purpose. : A report on a land reclamation project should set forth, in clear | 


and concise form, the essential, characteristics of the enterprise. All data on 
- which conclusions are\based should be given, in order that the report will 
withstand a critical inspection by other engineers, but the controlling features, 


on which the feasibility of the project depends, should be intelligible to any — 


good business man. Voluminous details, such as run-off, temperature, and pre- 


- 
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cipitation records may be included in an appendix. Reports are always required 
in connection with the firlancing of reclamation projects, and their value in this 
fegard may depend, in a large measure, on the standing and reputation of the 
engineer who makes them. In order to bring a project properly before i investors, 
the promoters of the enterprise should have the report of a reputable engineer. 
Financial concerns, before investing, ordinarily require an independent report 
from their own engineer. Frequently several reports are made befove a pro- 
ject is financed. Reports may be made at intervals during construction to 
determine whether work is progressing satisfactorily and in case of failure the 
creditors may require a report to determine the status of their securities. 


An Investigation must precede the preparation of a report. This includes a 
field examination and a search for all data bearing on the development or suc- 
cess of the project. Ordinarily all surveys and other data of the field engi- 

“neers will be available and these should be scrutinized with sufficient care to 

_ justify conclusions as to their reliability. Information relative to land values, ~ 
crops, market conditions and similar matters may frequently be obtained 
from interviews with reliable persons, but data obtained from such sources 
should be accepted with caution. Government reports should be used if poss‘ble 
for securing temperature, precipitation, and stream flow data. Information ~ 
obtained from investigating other projects in the locality is always valuable. 
Frequently additional surveys, test pits or other work will-be required, but these 
should not be of extensive character. If data sufficient for an intelligent re-_ 
port are not available, this fact may be stated in the report, or the investi- 
gation may be postponed until full and complete data are secured. The field 
investigation ordinarily should not require more than one or at the most two 
weeks. 


The Contents of a wanes should be such as will set forth clearly the feasibility 
of the project from both engineering and business standpoints. In general, the 
main points to be shown are: (qa) the efficiency of the reclamation system, 
(b) the cost of reclamation, and (c) the value of the project after reclamation 
or the net profit to result from the development of the project.. The material’ 
should be presented in logical order and each subject should be discussed under 
an appropriate heading. The following are headings, with outlines of subject 
matter to be treated under each. They will have to be modified to Suit the 
particular conditions of different projects: 


(x) Introduction. There should be a few introductory statements leading up to the 
main body of the report. These may include the authority for making the report, the 
data on which the report is based, the engineer’s opinion of the reliability of such data, 
the period covered by the investigation, and other general information of a similar 
nature. 

(2 Location. It is important that the general location of the project deoula be 
described. Principal boundaries, railway and water transportation facilities, and dis- 
tances to the more important markets should’ be given. A small scale general map 
showing this and other information will be valuable. 

(3) General Description. A general description of the project should be given before” 
entering into details. This may include important topographical features, the area 
of the project, and a comprehensive outline of the scheme of reclamation. A map of the 
project showing the general plan of reclamation should be included with the report and - 
referred to in the discussion. 

(4) Climate. Since the growth and time of marketing crops depends in a large measure 
on climate, this subject may be discussed in considerable detail. Tables may be prepared 
from government records showing maximum, minimum, and mean temperatures and 
amounts of precipitation for the different months of the year. Dates of last killing 
frosts in the spring and first killing frosts in fall should be given. 

(5) Soil. The soil formation of the project from the standpoints of texture, fertility, 
adaptability to particular crops, and drainage conditions should be discussed. If the 
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soil formation varies greatly a soil map may be included.. Government'and state publi- 
cations give valuable data relative to soils for many localities. 

(6) Crops. Information as to the kinds, yields, and values of crops to which the lands 
of the project are particularly adapted should be included in the report. The costs 
of growing, the times of marketing, and the net returns to be expected from producing 
different crops may also be given. Information of this kind may frequently be shown 
to’advantage in tables. 5 

(7) Markets. The market for crops is usually an important consideration, and this 
should be discussed. Transportation facilities and freight rates, should be given con- 
sideration in this connection. 

(8) Water Supply, The success of an irrigation project depends in a Jarge measure 
upon the adequacy of its water supply and this subject should be treated with considerable 
detail. The two things to be determined are the water supply available and the water 
supply required, and the analysis of the problem should show the data used and the steps 
taken in arriving at conclusions in regard to these matters. The discussion may be ‘in- 
corporated under the following headings. 

(82) Period of Irrigation showing the time when different crops will ordinarily be i irri- 
gated-and the number of irrigations for different crops, with conclusions as to the approxi- 
mate distribution in the use of water. 

(8)) Water Requirements for crops or duty of water based upon a study of the needs 
for irrigation of the crops likely to be grown on the project. 

(8c) Water Supply Necessary for the project determined from considerations of plant 
requirements, actual area to be irrigated, and seepage and evaporation losses in canals 
and reservoirs: 

(8d) Water Supply Available, determined from a study of stream flow and other. 
hydrological data, with proper deductions for prior rights to water. This phase of the 
problem will require careful investigation and all conclusions should be supported by as 
many records as practicable. If such records are too voluminous to be eI 
in the body of the report they should be put in the appendix. 

(9) Run-off. The run-off from an area to be reclaimed by drainage should be iacndaeal 
in detail and all precipitation records and other data necessary to support conclusions 
should be given. If pumps are to be used at the outlet the reasons for selecting a pumping 
plant of a certain capacity should be fully explained. 

(10) Cost of Project. An estimate of the cost of developing a project, up to the point 
where it will become a going concern, should be included in the report-and the main 
elements entering into the cost should be discussed. Estimates of this class should be 

_made on a liberal basis so that ample allowance will be made’ for all contingencies, - 

(rz) Annual Cost. An estimate of the annual cost of operating the project should be 
submitted. This, like the estimate of cost, should be on a liberal basis. 

(rz) Value of Land. The various condirions affecting the value of lands after recla- 
mation should be discussed and an estimate of values should be submitted. It is im- 
portant to distinguish between the value of raw lands after reclamation and the value of 
cultivated lands. 

(x3) Net Returns. An estimate of net returns on the investment may be submitted. 
This will be obtained by deducting the total exnenee of reclamation from the estimated 
value of land. 

(14) General Conclusions. A few short, dioout paras¢raphs summarizing aha main 
points brought out in-the investigation should be given at the beginning or at the end 
of the report. The conclusions should contain definite statements of opinion regarding 
the value of crops, the adequacy of water supply for irrigation projects, the estimated 
cost of reclamation, the cost of operation, the value of land, estimated returns from the 
investment, and other important features. In some instances the report eka be con- 
cluded with the engineer's recommendations, ¢ i 


American ‘Civil Engineers’ Handbook 


1877 


INDEX 


BY 


CLINTON L. -BOGERT 


ASSOCIATE MEMBER OF AMERICAN SOCIETY OF CIVIL ENGINEERS 


Numbers refer to pages 


Abrasion, machines, 375 
test, paving materials, 375, 378, 1647, 
1650 
Abscissa, 1413 
Absorption tests, 378, 386 
Abutments, 750-755 
arch, 755 
economic, 724 
thickness, 726 
architectural details, 747 
. concrete, 500, 503, 517 
culvert, 173 
hollow, 750, 755 
reinforced concrete, 564 
riprapped, 587 
U, 755 
Acacia, physical properties, 1523. 
Acceleration, angular, 1494 
force and, 1488 
of gravity, 1081, 1470, 1485 
time and space graphs, 1484 
train, 160, 269 
Accidents, railroad, 248 
Acetylene gas, properties, 152 
Acid, 1516 . 
action on concrete, 522 
process, steel-making, 402 
rust promotion, 418, 419 
tests, stone, 386 - 
Acre-foot, 1816 
Acres, equivalents, 1552 
to hectares, 1564 
Activated sludge, sewage, 1282 ; 
Adhesion, reinforced concrete, 531, 544 
. tests, 531,685 
_ theory, 538 
unit stress, 542 
wheel to rail, 271 
Adobe, bricks, 1646 
Advantage, mechanical, 1508 
Aeration, water, 1209 
Aeroplane, laws of flight, 1546 
Aggregate, bins, 1606 
bituminous concrete, 1685 - 
coarse, 499, 500, 502 
concrete, 499-505, 516 
crushing, 515, 1695 
filter, 1216, 1217 


fine, !9” 


Aggregate, grading, 502, 1695 


heating, 518 
measurement, 515 
mechanical analysis, 490, 503 
quantity in concrete, 503, 516 
reinforced concrete, 502, 527 
screening and washing, 514 
size, 499, 500, 507 
specific gravity, 500, 502 
specifications, 502 
storage, 514, 1696 
strength, 506, 508 
voids, 496, 50r 
determination, 500. & 
test, cost, 378 
weight, 502 
Air, brakes, trolley, 305 
bubbles, water, 1157 
chamber, caisson, 636 
hydraulic ram, 1153 
mechanical filters, 1222 
piston pump, 1150 
well pumps, 1204 
characteristic equation, 1579 
combustion, 1547, 1519 
compression, thermodynamics, 158t 
compressor, hydraulic, 1157 
comprest, caisson, 640 
tunnel driving, 1191, 1401 
contact bed, 1278 
discharge, 1587 
engine, 1507 
entrained, pumps, 1148, 1150 
flow, pipes, T100, 1106, 1587 
furnace, cast iron, 393 
lift, 1154, 1204 
lock, caissons, 637 
physical properties, 1526 
pump, diving, 622 
resistance, aeroplanes, 1546 
trains, 158 
shaft, caisson, 637 
skin friction, 1548 
in soil, 1853 
solubility, 1075 
sound transmission, 1537 - 
space, walls, 551 
specific gravity, 1526 
valves, 1246 
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Alaska spruce, 424 
Alcohol, denatured, 1519 
Alder, physical properties, 1523 
Alfalfa, irrigating, 1817, 1818, 1837 
Alge, 1200 
Algebra, 1410-1416 
Alidade, 95 
Alkali, concrete injured, 522 
in soils, 1814, 1863 
- Alkalinity, water, 1209, 1210 
Alloys, 414 
physical properties, 1524 
resistance, electrical, 1609 
rusting, 419 _ 
steel, 408 
transition regions, 1534 
Alluvium, angle of repose, rr10 
foundations, 607 
Alphabet, Greek, 1410 
Altars, graving docks, 1765 
Alternating current, 1611, 1626 
Alternator, 1611-1615 
life, 269 
voltage, 303 
Altitude, astronomic, 103, 106 
by barometer, 85, 86 
Polarisgro7 
star, 110 
sun, 109 
Alum, coagulant, 1210 
sewage treatment, 1273 
and soap, waterproofing, 521, 604, 1288 
Alumina, cement, 481 
- stones, 574 _ 
Alumino-ferric, 1273. 
Aluminum, 413, 419 
atomic weight, 1514 
bronze, 416 
electrical conductivity, 1524, nosh Me 
fatigue, 332 
physical properties, ree 
strength, 416 
sulfate, 1210, 1273 ‘ 
Sylvester wash, 604 \ 
symbol, 1514 
weight, 416 
wire, 413, 1607 
Ammeters, 1603 
Ammonia, physical properties, 1526, 
1579, 1586 
Amortization fund, 1424 
Ampere, 1599 
hour meters, 1631 
Amphibolite, paving tests, 1648 
Amplitude, harmonic motion, 1485 
Anabena, 1200, 1206 
Analysis, coal, 1518 
mechanical, 490; 503 
sewage, 1266 
water, 1205 
Analytic geometry, sieicile 
Anchorage, cantilever bridge, 941 
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Anchorage, standpipe, 966 
steel pipe, 1240 
suspension bridge, 959 
trolley wire, 286 
Andesite, paving tests, 1648 
Aneroid, barometer, 84 
Angles in geometry, 1420 
batter, 685, 686 
central, curve, 125 
deflection method, curves, 127 
degrees, in radians, 13, 38, 1420 
double functions, 1418 
friction, 670, 759, 1500 
frog, 204 
functions, 12, 13, 37, 38, 1416 
tables, 12, 13, 1006-1072 
half functions, 1418 
hour, 103 
intersection, curves, 125 
mensuration, 66, 67, 100, 117 
natural trigonometric functions, 13, 
38, 1052-1072, 1134 
negativ, 1417 
repetition, 67, 118 
repose, 668 
dry materials, bins, 973 
embankments, 164 
friction relation, 1500 
loose earth, 668 
submerged materials, 669, py 
1302, 1728 
slope, line, 1414, 1436, 1438 
small, trigonometric functions, 36, 
1006, 1412 2 
spherical, 1419 
switch rail, 206 7 “et 
torsion, 366 
in triangulation, 66, 114, 117 
trigonometric, 12, 13, 37, 1006-1072, 
1416, 1418 . 
vertical, stadia survey, or 
Angles of structural steel, 445-448 
bars, rails, 198 
bend test, 864 
bulb, cost, 878 
connections, 870 
cost, 878 
flange, 890 : 
position, 874 
thickness, 860 * 
lug, gusset plate, 822 
minimum thickness, 860 
purlins, 821 
rail joint, 196 
rivets, 860 
shelf, 860, 875, 876 
stiffener, 879, 887, 888 
specifications, 862 
tension members, 822, 910 
thickness, increasing, 437 
timber, connections, 769 i 
weight, increasing, 437 ts | 
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Aniline, 1531 
water measurement, 1126 


Animals, burrowing, 1301, 1307, 1310 


draft, transport, 1512 
levees, 656 
Annealing, castings, 403, 867 
Annuity, 1424, °1426 
Anti-differential, 1431 
Anti-friction, curve, 1445 
Anti-function, 1418 
Antimony, 1524, 1524 
Apatite, 1523 
Apothecary’s measure, 1553 
Apparatus, testing, 373 
Apron, stock guards, 214 


. 
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Arch, masonry, architecture, 725, 747 


ashlar, 726 

construction, 746 

cost, 726 

crown thickness, 725-727, 734, 1260 
deflection, 744 Fi 
drainage, 747 

‘economy, 725, 747 

equilibrium, 726, 731 

erection, 746 

existing long span, 726, 750 


‘failure, 726 


falsework, 791 
loads, 722, 732 
parts, defined, 72r 


overflow dam, 708, 718, 1312 
Aqueducts, 1319-1330 

arch, loads, 722 

brick, cost, 603 

canal, 1337, 1339, 1826 

closed masonry, 1321 

cost, 1323, 1324 

existing, data, 1322-1330 

flow, 1106 

flow-line masonry, 1321 

flumes, 1329 

lining, 1321 

open, 1363 


Arbitration bar, cast-iron tests, 383,.865 


Arc, catenary, 1445 
. center of gravity, 1470 
circular, 35, 1420, 1470, 1478 
curvature, 1437 
lamps, 1627, 1632, 1635 
length, 35, 39, 1420 
measurement, 1419 
moment of inertia, 1478 
parabolic, 957, 1104, 1421 
rise, 29, 39, 1420 
Arch, 721-755, 846, 947-955 
abutments, 755 
economic, 724 
thickness, 726 
analysis, 730-745,,.947-955 
elastic method, 737 
aqueduct, loads, 722 
concrete, 726-752, 794, 799 
culverts, 173, 176, 178 
curves, central, 723 
dam, 720, 742, 1204 
vs. dome, stability, 810 
falsework, 748, 701 
friction coefficient, 670 
floor, 474, 542, 835 
groined, 1224, 1232 
hinged, 722, 733, 947-952 
influence lines, 746 
inverted in foundations, 615, 1345 
joints, pressures, 682, 688 
‘kinds, 722 - 
linear, 723) 956 
mas¢ “ey, 721-755 
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piers, 726, 754 
resistance line, 730, 731, 745 
ring shortening, 744 
stability, 727, 729 
temperature stresses, 743 
unit stresses, 664 
voussoir, 721, 727, 7475 795 _ 
piers, 726, 754 
ratio, rise to span, 724 
reinforced concrete, 558, 727, 746 
relieving, walls, 685,697 
ting, 721 ' 
roofs, 840, 947, 95 # 
sewer, 1260 — 
sheeting, 721, 747 
spandrel, 722, 733 
economy, 725 
steel, 047-955 
fixt, 953 
long span, 948 
spandrel-braced, 952 
temperature stresses, 950, 955 
three-hinged, 947, 950 
two-hinged, 947 
types, 947 
terra-cotta, 474, 543, 835 


three-hinged, influence lines, 745, 952 


masonry rib, 729, 733 
steel, 947, 950 
trainsheds, 840 
under water pressure, 740 
waterway, maximum, 724 
Archimedes’, principle, 1077 
spiral, 1444 
Aré, 1552 
Area, center of gravity, 1469, 1470 
circles, 30, 31, 32 
cutting off given, 76 


equivalent units, 1550, 1552, 1562- 


1564 . 
geometric figures, 1420-1422 - 
irregular figures, 1421, 1435 
land, computation, 67-69 
level sections, 139 
net, structural steel, 822 
rectangular plates, 461 
reduction of, in tests, 384 
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Argon, 1514 
Arguments, numerical tables, 37 


Arm, anchor and cantilever, 936, 941 


couple, 1453 
force, 1452 
Armature, 1610, 1611 
Armor plate, 403, 412 
Arresters, lightning, 1625 
Arris, tools, 582 
Arsenic, 1514 
Artificial stone, 420, 524 
Asbestos, 1525, 1536 
Ash (tree), 422, 426, 430, 1523 
Ashes, angle of repose, 668, 971 
constituents, 1265 
disposal, 1264 
fuels, 1517, 1518, 1580 
pits, 221, 251, 253 
thermal insulator, 1525 
weight, 667, 668, 971, 1264 
of wood, 422, 1517, 1525 
Ashlar masonry, 588-592 
cost, 710 
expansion coefficient, 667, 744 
loads, safe, 505, 664, 666 
modulus of elasticity, 667, 744 
weight, 610, 667 
Asphalt, 1651 
bituminous, pavements, 1687 
block, 1644, 1651, 1680, 1682 
bridge floors, 874 
cement, 1651, 1652, 1682, 1684 
concrete, steel work, 874 
mixing plant, 1697 
native, 1652 
- paints, 436 
pavements, 1680-1684 
characteristics, 1644, 1680 
compared to ideal, 1642 
cost, 1683 
crown, 1656 
life, 1645 
materials, 1650 
mixing plants, 1697 
weight, 847, 869 
rock, 1652 
sheet, pavements, 1680-1683 
characteristics, 1642, 1644 
defined, 1652 
sidewalks, 1692 
specific gravity, 1522 
steel-pipe coating, 1244 
testing, 1652 
waterproofing, 521, 872 
Asphaltenes, 1651 
Astronomy, 48, 102-114 
Asymptotes, 1437 
Athletic grounds, lay-out, 77 


Atmosphere, dynamic reaction, 1545 


effect, survey sights, 8r 


pressure, 1074, 1§25, 1545, 1858 


refraction, 50 


Atmosphere, resistance, 158, 1546 


standard, 1525 

waves, 1539 
Atoms, 1515 
Auditorium, lighting, 1636 
Auger, earth, 605, 1372 


Automobile, road travels, 1641 ~ 


Auto-transformer system, 276. 
Avogadro’s law, gases, 1078 
Ax, stone cutting, 582, 583 
Axis, celestial sphere, 102 
conjugate, 1442 
ellipse, 1440 
hydraulic, rr08 
inertia, 1475, 1477 
instantaneous, rotation, 1495 
moments, 1452 
neutral, 340 
revolution, 1423 
rotation, 1489 
Axles, cold bend test, 388 
impact test, 384 
steel, 404 
Azimuth, 91, 103, 110 
angles, 66 


B 


Babbitt metal, 417 
Backfilling, tile drains, 1860 
Backing, masonry, 584, 590, 710 
Backsight, 79 
Backwater, 1110, 1160 
Bacteria, anaerobic, 1272 
sewage, per capita, 1266 
removal, per cent, 1276, 
1282-1284 
specific gravity, 1213 
sunlight, effect, 1198, 1267 
water, 1207, 1212, 1213 
removal, 1225 
Baffles, 1212 
Bag, cement, 488, 492 
street-sweepings, 1700 


Index to Fourth Edition American 


1280, 


Balance, running and standing, 1492 


Balancing, dynamics, 149% 


method, center of gravity, r470 


Ball bearings, 330, 1507, 1508 
Ballast, 180, 182 
cost, 183, 250, 253 
lateral pressure, 675 
railroad bridges, 872 
weight, 858 
Ballasting, 180 
Balsa, 422 


, Baltimore building laws, 666, 757 


Band, stave pipe, 1327, 1328 

Banks, pressure, 670-675 
protection, canals, 1334, 1355 
revetment, 1721 oo 


slopes, 1110 ae 
water conpents) 1178, 1194 4 


‘ 
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Banquette, levees, 655 


Bar (Alluvial), mouth of river, 1718 


sea, 1710 


Bar (Materials) (see also Rod), 451 


angle, rails, 198 
arbitration, 383, 865 
bus, 1620 
eccentric loads, 337 
grate, 304 _ 
lattice, 833 

cantilever chord, 940 


compression member, 365, 860, 917 4 


inspection, 406 
tension members, 910 
workmanship, 866 
reinforcing, 452, 528 
revolving, stress, 338 
roof, tunneling, 1375 
steel, properties, 451, 452, 457 
upset, 456 
Z, 45% 
cost, 878 
purlin, 821 
weight increased, 437 
Barium, 1514 
hydrate, water softening, 217 
Bark, tree, 422 
Barking, steel fracture, 397 
Barley, angle of repose, 971 
weight, 971 
Barns, electric railroad, 307 
Barometer, 84 
height, equivalents, 86, 1555 
leveling, 84 
pressure measurement, 1545 
sound relation, 1537 
weather forecasts, 1539 


~_ Barrel, capacity, 1551 


cement, 488, 492, 515, 155% 
Basalt, paving, 1646, 1648 
physical properties, 1522 
Bascule bridge, 921-923 | 
pier design, 752 
Base, chemical, 1516 
forming elements, 1515 
line, 116 
net, 116 
paint, 436 
right triangle, 1416 
stable body, 1457 
Base-ball diamond, 78 
Basement, height, 703 
Basic pig iron, 392 
Basin, catch, 1260 
dry docks, 1760-1777 
i reinforced concrete, 567 
sedimentation, water, 1212 
settling, sewage, 1271 
silt, drains, 1861 
Basket-ball court, 78 
» Batter, 685 
frost, 696 
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Batter-boards, buildings, 75 
Battery, storage, 1637 / 
Bauer’s thread standard, 457 


|’ Bauxite, alum, 1210 


brick, 1525 


| Bay, building, 816 
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Bazin formula, open channels, rros 


weir, 1102, III9 


| Beach, accretion, 1713 


erosion, 1709 
Beacons, 1724 
founding, 618 
Panama canal, 1362 
Beam, 340-350, 1462 
action, column, 361, 370, 823 


bending moment, 342, 346-354, 882, 


1462 
Bethlehem, 437, 440, 441, 442 
brake, test, 387 
bridge | floor, 871, 874." 
building walls, 838 
cantilever, 340 
combined stresses, 370 
reinforced concrete, 556 
stresses, 346, 347, 1462 
cast-iron, 350, 845 


combined stresses, 345, 369, 823, orz 


compound, design, 775 
concrete, failure, 359, 512 


constrained, 340, 345, 352-354, 370 


continuous, 340, 356 
curved, 370, 949 
deck, cost, 878 
deflection, 346-354 
combined stress, 370 
compound beams, 775° 
curved, 949 — 
impact, 360 — 
wooden, 761 
direct stress, 823, 912 
elastic curve, 345-354 
failure, test, 359 
fixt, 340, 345, 352-354, 370 . 
flexure formulas, 342-355, 535. 
floor, bridges (see Floor, beam) 
girder, 440, 442 
horizontal shear in, 344 
I (see also I-Beams), 437-442 
impact, 334, 359 
inclined, 80r 
loads, equations, 346 
notched, 763 
overhanging supports, 346. 
reactions, 341, 346, 1462 
reinforced concrete, 534-546 
resilience, 350 
rolled structural, 437, 845 


sections, properties, 343, 43744 ‘ 


shear, 341, 343; 346, 1462 
sheave, impact, 334 
simple, 340, 348, 370 © 

spacing, economic, 438 » 


< 
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Beam, steel, 437, 845, 858, 878 - 
stone, 350, 704 
T, 537, 539) 542, 544 
‘tests, 358, 378, 382, 428, 539 
trussed, 776 
uniform load, 341, 346-357, 1463 
uniform section, 346 
uniform strength, 355 
unsymmetric loads, 438, 80x 
wooden, 759 
failure, 344, 360, 420 
joints, 775 
safe loads, 760 
tests, 386, 438 
trussed, 776 
wrought-iron, gor, 845 
Beaman’s stadia arc, 92 
Bearing, ball, 330, 1507, 1508 
capacity, soils, 605-613, 1619 
efficiency, 1508 
journal, 1504, 1506 
Magnetic, 44, 62 
metals, 417, 1506 
tivet, 826, 898 
bridge specifications, 858 
building laws, 845 
tests, 407 
roller, 1507, 1508 
water turbine, 1183 
Beaufort scale, wind speeds, 1544 
Bed plates, bridge, 867, 876, 878 
Beech, glued joints, 435 
physical properties, 1523 
Belgian block paving, 1674 
Belt lines, port development, 1811 
Belting, 433, 434 
transmission, 1501, 1508 
weight, 434 
Bench, marks, 58, 79 
method, tunneling, 1379 
Bend, river, 1717 
Bending, 340 
cold, test, metals, 390 
reinforcing steel, 53m 
* structural steel, 390; 864 
compression members, 823, 912 
cross, 823 
moment, 342, 882, 1462 
arch, 735 
beams, 342, 346-354 
" sign, 342, 735, 882, 1452, 1462 
Bends, caisson disease, 641 
-_ pipe, 1097, 1243 
. Bent, mill building, 823 
trestle, 782, 961 
Benzophenone;' boiling point, 1531 
Bernoulli’s ‘theorem, 1077, 1128, 1132 
Bessemer, pig iron, 392 
steel, 402. 
Bethlehem, beams, 441, 442 
flanges, 437°" 
tests, 440° 
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Bethlehem, H column, 443, 444 
Biel’s formula, flow, 1106 
Bin, aggregate, 1696 
coal, 971, 1792 
reinforced concrete, 552, 567 
steel, 971 
Binder, sheet asphalt, paving, 1685 
Binocular, prism, 1529 
Binomial theorem, 1411 
Birch, physical properties, 1523 
Birmingham wire gagé, 471 
Bismuth, 1514, 1524 
Bite, framed timber, 790, 705 
Bitt, mooring, 1745 
Bitulithic paving, 1685 
Bitumens, 1651 
extraction from aggregates, 1654 
tests, 1652 
Bituminous, compounds, paving, 1650—- 
1654 
concrete paving, 1651, 1684-1686 
characteristics, 1642, 1643 
foundations for others, 1660 
mixing plant, 1698 
_ fillers, 1674, 1678, 1670 
gravel pavements, 1690 
macadam pavements, 1651, 1667— 
1672, 1687-1690 : 
compared to ideal, 1642, 1643 
as foundations, 1660 
materials, 1650-1654, 1684-1690 
tests, 1653 
pavements, 1642, 1643, 1651, 1684— 
1690 
surfaces, 1643, 1651, 1667-1672 
Bivalence, 1516 ¥ 
Blast furnace, 390 
Blasting, gunpowder, 1520 
Bleaching powder, 1211, 1284 
Blister steel, 402, 409 
Block, angle, 807 
artificial stone, 420 
asphalt, 1644, 1651, 1680, 1682 
concrete, buildings, 524 
harbor works, 566, 701, 1736 
masonry dams, 1287 
graving docks, 1767 | 
head, timber, 768 
hollow tile, 474, 835 
side, timber framing, 769 
signaling, 222, 311 : 
stone, paving, 1674 
compared with ideal, 1642, 1644 
materials, 1646 
specifications, 1649 
terra-cotta, 421, 474, 839 a 
wood, paving, 1650, 1679 
compared with ideal, 1642 
expansion, 426 
highway bridges, 869 
preservation, 1650 
weight, 667 
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Blow-off, pipe lines, 1247 
Blowholes, castings, 394, 306, 402, 418 
Blown, metal, 400 
petroleum, 1651 
Blue gum, physical properties, 15.23 
Blueprints, 55 
Bluestone, flags, 1692 
footings, 614 
slab strength, 665 
Board, breast, 1374 
clear, 428 
fence, railroad, 168 
measure, 462 
sawing out, 425 
thickness, 428 
Boat, canal, 1342, 1343, 1352 
spikes, 763, 766 
Body, center of gravity, 1468 
changes in cross-section, 335 
falling, 1485 
impact, 333, 334, 1498 
moment of inertia, 1477, 1490 
rotation, 1489, 1493; 1495 
specific gravity, 1077 | 
Boiler, 1588, 1617 
blowing off, 216, 218, 1208 
capacity, 1588 
compounds, 1209 
corrosion, 1207, 1208 
cost, 1621 
evaporation, 229 
foaming, 216, 218, 1208 ; 
head, stress, 320 
horsepower, 1588 
life, 260, 1873 
location, power plant, 1617 
plate, 399, 404 
scale, 216, 1208 
tests, 387, 1590 
tubes, 464, 1518 
strength, 329 
test, 390 
water, 216, 1208 
Boiling point, 1526, 1531 
Bollards, 1744, 1768 
Bolster, 760 
bridge, 86x 
Bolts, 455, 766 
anchor, 685, 966 
dimensions, 455 
drift, 766. 
expansion, 685 
flanged pipe, 466 
fox, 685 
heads, 455 
holes, 198, 466 
replaced, lug screw, 764 
vs. rivets, 826, 843 
shaft couplings, 367 
strap, 766 
_ structural steel, 820, 826, 845, 861, 
867 , 
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Bolts, tests, 387 
timber work, 766, 769, 772, 775 
track, 197, 199, 388 
turned, 867 
weight,.457 
Bond, ashlar masonry, 590 
brick masonry, 6or 
masonry, 666, 1286 
rails, 295-209 
reinforced concrete, 535 
beams, 544 
equation, 539 
friction, 532 
mechanical, 532 
tests, 531, 685 
working stress, 542 
rubble masonry, 592 
Bonded warehouses, 1755 
Booster, electric, 1610, 1625 
Borda’s tube, 1085 
Borings, auger, 605, 1372 ‘ 
core, 581,-605, 1372 
diamond drill, 585, 605, 1372 
samples, 1372 3 
shafts, 1368 
subaqueous, 1372 
wash, 605, 1369-1372 
Boron, 1514 
Borrow-pits, 153-156, 1848 
Boston, building laws, 666, 757, 843- 
845 
rod, 52 . 
Bottles, water analysis, 1205 
Bougie decimale, 1527 
Boulder, borings, 605, 1375 
in slope walls, 587 
Boundaries, crooked, surveying, 69 
legal, 70 
topographic symbols, 58 
Bounds, stone, setting, 72 
Bourdon pressure gage, 1131 
Bowling green, staking out, 78 
Box, culverts, 175, 561, 592 
drains, farms, 1855 : 
highways, 1655 
section, chords, 911 
wood, 1523 t 
Boyle’s law, gases, 1078, 1579 
Bracing, arch centering, 792-796 
beam bridge, 879 * 
bin, 971 
diagonal, buildings, 827, 844 
lateral, deck bridge, 881, 919 
girder bridge, 881, 892, 804 . 
. truss bridge, 919 
specifications, 862 
viaduct, 961 
specifications, 862 
sway, arch falsework, 796 
deck bridges, 881, 919 
thru bridges, 919 
trestle, 679 
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Bracing, viaduct, 961 Brick, physical properties, 421, t522 
wharf piles, 780 Piers, strength, 421, 504, 602, 704 
wind, buildings, 833, 844 “ represt, 505 . 

~ Brackett’s formula, pipe thickness, 1235 sand-lime, 421, 597 

Brake, car, 304, 1502 sewer, 1258 
horsepower, 1592, 1598 flow, 1105 
movable bridges, 932 jy material, 506 
resistances, trains, 16z laying, 600 
shoes, 305, 1502, 1503 shearing strength, 421 

Brass, alloys, 414 sidewalks, 1696 
expansion coefficient, 1524 silica, 1525 
extruded, on quays, 2713 * size, 5096 
physical properties, 1524 sound, test, 597 
Poisson’s ratio, 335 specific gravity, 1522, 1525 

Brazing, rail bonds, 297 specific heat, 1522 

Breakwater, 565, 1706-1709 strength, 42z 

Breeze, velocity, 1543, 1544 crushing, 421, 597, 602 

Brest wall, 698 flexure, 614 

Brick, 420, 595-601 tests, abrasion, 375, 378, 1650 
absorption, 386, 421, 507 eae absorption, 386 
artificial stone,, 524, 526 transverse, 386 
asphaltic, waterproofing, 521, 140t thermal conductivity, 1525 
bats, paving, 1659 vitrified (see Vitrified brick) 
bauxite, 1525 waterproof lining, 521 
brittleness, 326 weight, masonry, 325, 600, 666 
broken, contact beds, 1278 paving, 421, 847 
cement, 524, 526 Brickwork, weight and strength, 325 
chimney, 1619 Bridges, 846-963 
clay, 421, 595, 500, 1649 aqueduct, 1321 
columns, 366 arch (see Arch) 
cost, 5096 bascule, 921-923 
crushing strength, 325, 421, 507 pier design, 752 
domes, 810 beam, 560, 870 
expansion coefficient, 336, 1522 bracing, specifications, 862 
face, 421, 552, 506 canal, 1828 
fire, 421, 1525 | cantilever, 935-046 
footings, 614 . cast-iron, 396, 846, 865 
fracture, 327 catenary, trolley, 973 
friction angle and coefficient, 669 centrifugal forces, 857, 858, ee? 
furnace linings, 1525 clearances, 857 
immersion effect, 507 connection details, 826, 866, 867 
internal friction, 340 : continuous, 846, 923 

- laying, 599, 603 ~ x cost, 878 } 
lining, flow coefficient, Tres, rr06 curves, loads, 857, 858, 965 
lock facing, 1344 deck, 846, 880, 919 
machine-made, 596 draw-, 921-935 
magnesia, 1525 electric railroad, loads, 854 
masonry, 599-604 end bearings, 861 sis 

expansion coefficient, 667 erection, 788, 875, 878 
footings, 614 expansion provisions, S61 
modulus of elasticity, 667 ferry transfer, 1789 +t 
safe stresses, 664, 666 flooring, wooden, 785 ora 
Strength, 325, 422, 601 floors, 869-875 
Weight, 325, 600, 666° live loads, 856 
modulus of elasticity, 421 . protection, 874 
modulus of rupture, 350, 421, 633 reinforced concrete, $60 © ‘ 
mortar adhesion, 498, 600, 666 specifications, 862, 866 
mud, 595 ties, 857 ict 
pavements, 1676-1670 timber, 785-788 
compared to ideal, 1642-1644 foundations, cost, 641 
crown formula, 1657 gitder, 560, 879-803 ~ 


paving (see Vitrified brick) highway, dead loads, 847 bad 
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Bridges, highway, floors, 785, 866 British thermal unit, foot-pounds, 1533, 
live loads; 849-857 1570, 1574 
metal thickness, 860 horsepower hour, 1589, 1593 
impact, 334, 856, 858, 882 saturated steam, 1583 
inspection, 865, 868 Brittleness, 326 
life, 879 Broken stone, aggregate, 499, $03, 568 
lift, 921, 922 ballast, 180 
loads, 846-858 bituminous concrete paving, 1684 
auto truck, 856 bituminous macadam, 1687 
a Cooper’s, 848 | cementing capacity, 1647, 1648 
on curves, 857, 858, 965 ; contact beds, 1278 
electric railroad, 854 : cost, 1649 
locomotive, 848 drains, retaining walls, 696 | 
- long span, American, simple, 900 grading, 503 
materials, specifications, 863 vs. gravel, 508 
moments, 850 " hauling cost, 184, 515 
movable, 921-035 F lateral pressure, 675 
overload, 848. road foundation, 1659 
painting, cost, 879 roads, 1663-1666 
parts, accessible, 859 screens, 1696 
plate girder, 879-896 (see Plate gitder) size, aggregate, 507, 1649 
pony truss, 846, 863 specific gravity, 502 
railroad, cost, 240, 251, 253 sprinkling filters, 1280 
dead load, 846 tests, 1647 
detail drawing, 916, 920 voids, 500, 50 
* floors, 787, 872 weight, 502, 667, 1666 
impact, 856, 858 Bromine, 1514 
live loads, 847-858 Bronze, 415, 416, 417, 1524 
long Spans, goo Brooks, survey, 69 
timber floors, 785 Broom, street-cleaning, 1690 
reinforced concrete, 560 Browne and Sharpe wire gage, 47% 
renewals, falsework, 790 Brush, commutator, 1612 
roller, size, 858, 861, 864, 867, 889 . groins, 1713 
shear, 850 Bubbles, running water, 1157 
shop cost, 878 Buck scraper, 647 
simple, 846, 8go-920 Bucket, conveyor, coal, 220 
skew, 846, 857 F dredge, 658, 659 
span, determination, 724 orange peel, 658 
specifications, 859-868 steam shovel, 652 
steel for, 405-413, 863 Buckled plates, 860, 872 
cost, 878 Buildings, 527-354, 826-845 
working stresses, 411t, 888, 863, bay, 816 
965, 971 brick, cost, 603 
suspension, 846, 955-960 central stations, 1616, 1621 
swing, 021-935 concrete, mix, 504 
test, 387 floor (see Floor, buildings) 
thru, 846 foundations, bearing capacity, 607, 
bracing, 919 : 608 
Howe, 806 concreté mix, 504 
plate girder, 894 loads, 610, 611 
types, 899 pneumatic, 636, 639 
timber, 805 3 height, laws, 845 
truss, 899-946 laws, 666, 703, 757, 843-845 
tubular, 880 life, 1873 
type, movable dam, 1315 lighting, 1633, 1636 
weight, 847_—. loads, 610, 834 
workmanship, 866 mill, 826-832 
Bridge type, floating crane, 1807 office, cost, 842 
Brine, freezing process, 1367 erection, 877 
Briquettes, cement, 486 loads, 610, 834 
stone dust, 1647 steel, 833 


British thermal soe 1533, 1574 * walls, 838 | 
: : 


j 


| 


1886 Bui—Can Index to Fourth Edition American 


Buildings, piers, 703 ~ Cable, suspension bridge, wires, 404, 472, 
power-plant, life, 269 057 
power station, 274 transmission line, 1629 
railroad, cost, 250, 251, 253 underground conduits, 279 
reinforced concrete, 504, 527-554 weaving, 472 
settlement, 607, 608, 611 Caboose track, yards, 215 
staking out, 76 Cadmium, 1514 
steel, 826-845 Cesium, 1514 
bracing, 833, 844 Caisson 
connection details, 825, 826 breakwater construction, 566, 1707 
cost, 842 ' disease, 641 
crane impact, 828 graving dock, 1773 
erection, 877 hydraulic, 621 
tall, 833 ; lighthouse foundations, 1726 
wind stresses, 830 k open, 630-635 
substations, 276 pneumatic, 636-641 
topographic symbol, 59 intake tunnels, r19r 
walls, bearing, 685, 703 quay walls, 1738 
brick, thickness, 838, 845 reinforced concrete, 566, 633, 635 
concrete blocks, 526 shaft sinking, 1366 
cross, 703 Calc spar, 1523 
fire-proof, 837 Calcium, atomic weight, 1514 
footings, 614 chloride, palliatives, 1667 _ 
mill buildings, 827, 837 salts, hard water, 1206 
office buildings, 835, 845 Calculus, differential, 1427 
openings, 838 integral, 1431 P 
plates, 86 Calking, metal tunnel linings, 1399 
reinforced concrete, 551, 554 Calm, wind speed in, 1544 ‘ 
thickness, 703 Calorie, gram, 1523, 1532, 1569 
weight, 610 large, 1532 
wiring, 1626-1630 Camber, arch centering, 798 
Bulkhead, line, 1741 plate girder, 862 
shore protection, 1721 truss, 862, 918 
walls, 1727 Camera, surveying, 100 
Bunkers, steel, 971 s Canalization, rivers, 1724 
Buoyancy, 1076, 1077 Canals (drainage), 1363, 1328 
Buoys, 1724 Canals (irrigation), 1363-1365, 1821- 
Panama canal, 1362 ‘ 1829 
screw piles, 618 aqueducts, 1826 
Bus bar, 1620 capacities, 1833 
Bush, hammer, 583, 585 crossings, waterways, 1826 
metal, 417 5 : cross-sectioning, 82 
Bushel, British, 1550, 1554 culverts, 1827 
equivalents, 1551, 1554. \— curves, 1822 
to hectoliters, 1565 drops and chutes, 1825, 1834 
Imperial, or Winchester, 1549 earthwork, 646, 647, 1364 
Bushes on levees, 1849 flow, 1104, 1365 
Butt, joints, 322, 895 grades, 1824, 1825 
timber, 768 headgates, 1830, 1831, 1841 
Buttress, walls, 685, 607 : lining, 1365, 1818-1820 
Butternut, 425, 426, 430, 1523 losses, 1364, 1818 
Bypass on gates, 1246 sections, 1363, 1821 ) 
silting, 1829 
5 Cc side slopes, 1363, 1822 L 
; systems, 1821-1825 
Cable, catenary, 956, 973, 1413 5 velocity of water, 1364, 1822 
electric, 280, 1629 Canals (navigation), 1331-1362 
eye-bar, 955, 959 aqueducts, 1337, 1339 z 
messenger, 281, 975 bank protection, 1334, 1355 it 
steel, 404, 957 | boats, 1342, 1343, 135% 
suspension bridge, 955-959 cross-sectioning, 82 


» stress, 957,959 . ; culverts, 1336 raigint 
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Canals (navigation), currents, 1356 Car, passenger, 233, 290 
curves, 1333, 1357 repairs, 243, 310 
earthwork, 646, 647, 648, 1364 ~ resistance, 158, 161 
flumes, 1330 steam railroad, 233 
gates, 1352 transporting heavy girders, 875 
lining, 1333-1335, 1365, 1818 wheels, 393, 395 
lock, 1331, 1344-1350 Carbenes, 1651 
operating power, 1340 Carbon, atomic weight, r514 
reinforced concrete, 567 cast iron, 391 
losses, 1337-1340, 1364 fixt, 1654 
control, 1334 fuels, 1517 
navigation, 1331-1336 5 lamp, 1634 
prism, 1331, 1335 monoxide, 1517, 1526, t§79, 1618 
ship, 1356-1363 municipal refuse, 1265 
side drainage, 1336 pig iron, 392 
statistics, 1354 in steel, effect on strength, 403, 405 
water required, 1337 | limits, 401 
Candle, international, 1527 nickel steel, 411 
power, 1632, 1635 rails, 191, 197 
Cans, street sweeping, 1699 special steels, 412 
Cantilever, beams, 340 tempering effect, 4o4 
combined stresses, 370 wood, 422, 1517 
reinforced concrete, 556 wrought iron, 396, yor, 405 
stresses, 346, 347, 1462 Carbon dioxid, chardetehiene equation, 
bridge, 935-946 1579 : 
footings, 556,613. chemical reaction, 1515 
stresses, 346, 347, 1462 chimney gases, 1590 
system of erection, 877 bf combustion product, 1517, 1618 
Cap, trestle bent, 784 corrosion theory, 418 
' wooden columns, 770 physical properties, 1526 
Capacitance, circuit, 1600, 1602 thermometer, 1531 
Capacity, circuit, 1623, 1630 in waters, filters, 1214 
- electrostatic, 1600 Carbonic acid, waters, hardness, 1205, 
equivalent units, 1550, 1554, 1565 1209 
factor, 1184 solubility, 1207 - 
measures, 1549, 1550 _ stagnant waters, L199, 1200 
motors and generators, 1611 Carborundum, brick, 1525 
thermal, 1575 -furnace lining, 1535 
Capillarity, capacity, soils, 1815 Carcel, unit, 1527, 1632 
Capillary, depression, mercury, 1545 Carey Act, reclamation, 1869 
tubes, 1088 Cargo handling, 1804 
Capitalization, 1426 , Carnot’s cycle, 1577, 1578 
' Capstan, 1777 Cart, earthwork, 649 
graving docks, 1768 sprinkling, 1690 C= 
Car, derrick, 876 Cartesian coordinates, 1436 
dimensions, 234, 209 _| Cast iron, 390-396, 409 
earth, shrinkage, 655 alloy, 408 
electric railroad, 299 ‘ bar weight, 453 
acceleration rate, 270 bending, unit stress, 845 on 
barns, 307 blocks, working stress, 845 
brakes, 304 bridge work, 396, 865 
dimensions, 299 brittleness, 391, 396 
heating, 306 : coefficient of expansion, 394 
interurban, 299 column, 366, 843 
lighting, power, 273 : formulas, 364 
repairs, 310 + 2% stress, 844. 
resistance, 161 composition, 390, 401, 865 
ferry transfer, 1790 corrosion, 419 
freight, 233 : defects, 394 
idler, 875 elastic limit, 325, 394 
maintenance, 234 z fatigue, 332 4 
monorail, 1497 flexure test, 382, 865 


’ 


1888 Cas—Cen index to Fourth Edition Ameticain | 


Cast iron, fusibility, 394 Ceiling, blocks, terra-cotta, 476 
heat of fusion, 394, 1576 plastered, deflection allowed, 759, 837 
internal friction, 340 weight, 610, 817, 836 
kinetic coefficient, 1503 Cellar excavation, 659 
malleable, 410: Cells, standard electric, 1590, 1637 
metallurgy, 390 Cement, 432, 480-489 
modulus of elasticity, 325, 304 asphalt, 1651, 1652, 1682, 1684 
modulus of rupture, 350, 394 bag, 488, 492 orig: 
painting, 842 barrel, 488, 492, 545, 1551 
physical properties, 1524 bituminous, 1685 ; 
pipe, 1235-1239 brick, 524, 526 

culverts, 174, 1658 briquettes, 486 
flow, 1089-1095 chemical analysis, 480, 482, 487 
intakes, 1190 efflorescence, 603 
lead-lined, 1250 expansion coefficient, 514, 1522 
metal specifications, 394 fineness, 484 
test specimen, 384 Grappier, 432, 481 
weight, 1237 grout, filler, 1675, 1677; 1680 
plates, 372 hardening, 481, 514 
Poisson’s ratio, 335, 339 inspection, 488, 489 
refined, 411 kinds, 480 
rusting, 419 La Farge, 432, 481 
shear, 325, 394, 306, 845 lining, flow coefficients, rr05 
sound transmission, 1537 manufacture, 481 
specifications, 865 - _Imeasurement, 515 
specific gravity, 394, 401, 1524 mixing, 484 . 
specific heat, 1524 mortar, 492-409, 501, 503, 600 
stress-deformation diagram, 324 natural, 480, 482, 488 
stresses, unit, 396, 845 neat, 488, 408 
tension, direct, 396 normal consistency, 485 
testing, 382, 395, 865 : packing, 492 
_test specimen, 381, 865 paste, 484, 4:92 
torsion, 369, 304 physical properties, 487 
ultimate strength, 325, 394 portland, 480, 488, 495 
weight, 325 production, 483 
welded joints, 313 . puzzolan, 480 

Cast steel, 410, 411, 820, 845 : quantity, concrete, 492, 516 

Castings, copper, 413 . reinforced concrete, 480, 527 
flexure test, 382 sampling, 483 
iron, specifications, 395 setting, 481, 486, 488, 498 
malleable, 393, 395, 410 slag, 480, 483 
shrinkage, 303, 417 $ ; soundness, 485 Pia 
steel, 403, 411 . ; specific gravity, 483, 1522 

* _ composition, 407 - > specific heat, 1522 

physical qualities, 407 specifications, 487 
stresses, 858 storage, 488, 480, 514 
tests, 389, 864 strength, 487, 488, 407 

Catalpa, fence posts, 167 » temperature effect, 497 

Catch bdsins, 1260 testing, 483-487 ‘ 

Catchment area, development, 1196 compression, 382 
yield, 1192 conditions, 493 

.Catenary, cable stress, 956, 973, 1413 cost, 378 
bridge, 973 tile, roofing, 824. 
construction, wires, 283, 290, 973 drains, 1855 

cost; 268 use, 480 
equation, 1445 * water, 485, 404 
transformed, arch curve, 723 weight, 492 

Cavil, stone cutting, 582 Cementation, process, steel, 402 

Cedar, 422, 423, 426, 1523 test, road materials, 1647, 1648 
fence posts, 167 Cental, 1553. 
stave pipe, 1328 Center of gravity, 1468-1473 


strength, 430, 756, 758, 805 stable body, 1457 
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Center, gyration, 1477 
inertia, 1468 
percussion, 1499 
pressure, hydrostatics, 1076 
station reduction, 120 
Centering, arch, 748, 791-799 
Centigrade scale, 1530 
Centimeters, to inches, 1560 
per second, equivalents, 1554 
per second, to feet per minute, 1566 
* Central America, measures, 1551 
Central station, 1616, 1621 
Centrifugal, force, 338, 1490 
pump, 1147-1149 
cofferdams, 629 
for drainage, 1846 
life, 1873 
pumping cost, 218 
test, duty, 1504 
turbineé-driven, 1152 
tension, 338 
Centroid, 1468 
Cerium, 1514 
Cesspools, 1252, 1284 
Chains, crane, sizes, 469 
efficiency, power transmission, 1508 
strength, 390, 460 
surveying, 42, 1552 
suspended, curve, 1445 
test, 387 
Chamber, air, caisson, 636 
hydraulic ram, 1153 
mechanical filter, 1222 
piston pump, 1150 
grit, 1270, 1274 
, splicing, wires, 279 
Change, adiabatic, 1575, 1580, 1586 
entropy, 1578 
isodynamic, 1575 
_ state, thermodynamics, 1575, 1580 
Channel (steel shape), 440 
combined stress, 344 
cost, 878 
plate girder cover, 859 
shearing factors, 458 
washer, 807 
weight increased, 437 
Channels (water), drainage, 
1850 
flow, 1104-1112, 1130 
harbor, regulation, 17173 
long, flow, 1104 
mouth of river, 1718 
navigation, lighting, 1725 
new, rivers, 1718 
obstructions, 1108, rrrz 
open, Ifo4-1112, 1130, 1365, 1826, 
river, cross section, 1104, 1108 
drag-line dredge, 659 
ship, radius, 1719 
Channeling machine, 578, 1331 
Chanoine wicket, 1314, 1379 


\ 


. 


swamps, | 


Cen—Cin' 1889 
ry ~ ae 
Characteristic, equation, 1574, 1570 
logarithmic, 37, 978 
Charcoal, 1517 
Charles’ law, gases, 1078, 1579 
Chats, 180, 406, 1647 
Checker brick, 1525 ' 
Chemicals, measuring water, 1126, 1188 
sewage treatment, 1273 
water softening, 217, 1209 
Chemistry, 1514-1522 
Cherry, 1523 
Chert, 181, 1647, 1648 
Chestnut, physical properties, 423, 430, 
1523 
fence posts, 167 
strength, 430, 756-758 
trolley poles, 282 
Cheval-vapeur, equivalents, 1553, 1571 
hours, equivalents, 1555 
Chezy formula, 1089, r104 
Chicago building laws, 757) 843-845 
Chills, molds, 393 
Chimney, 1619 
foundation loads, 571, Gai 683, 684 
reinforced concrete, 569 E 
wind stress, 569, 683 
Chinese measures, 1550 
Chisel, stone cutting, 583, 584 
Chlorine, atomic weight, 1514 
cesspools, 1251 
gas, 152 
liquid, 1212 
metal attacked, 1212 
sewage, 1266 
water, 1206 
Chord for bridges, box section, 911 
cantilever, stresses, 939, .943 
compression, built-up, 917, 930 
inclined, stress, 907, 914 
_ Toof-truss, 822, 1464 : 
stress, and panel shear, 905, 1464 
swing bridge, 927 
timber, 802, 912 
top, proportioning, 823 - 
Chord in geometry 
of circle, length, 39, 1420 
railroad curve, 126 
switch, 205, 214 
Chromic acid, rust inhibitive, 419 
Chromite brick, 1525 
Chromium, 1514 
-steels, 412 
Churches, illumination, 1636 
loads, 610, 835 
Chutes, canal, 1825, 1826 
Cincinnati building law, 666, 757 
Cinders, aggregate, 499 
angle of repose, 668 
ballast, 181 
concrete, 504 
modulus of elasticity, 513 
roofs, 551 
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Cinders, concrete, strength, 512 
weakness, 508 
weight, 505, 817 
lateral pressure, 675 fe 
sidewalk, 1692 
weight, 667, 668 
Cippoletti weir, 110 
Circle, arc, 35, 1420, 1470, 1478 ~ 
area, 30, 32, 39, 1420 
center required, 1421 
chord, length, 39, 1420 
circumference, 27, 39, 1420 
equation, 723, 1436, 1440 
great, 102, I419 
hour, 103 
inertia, 1475 
linear arch, 723 
moment of inertia, 343, 1476 
’ motions in, 1485 
polar equation, 1436 
polar moment of inertia, 367 
radius of gyration, 343 
sector, 1420, 1471, 1476 
segment, area, 28, 39, 1420 
center of gravity, 1471 
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moment of inertia, 1476 j 5 


vertical, 102 
Circuit, armature, 1611 
electric, 1601, 1612 
phase, 1627 
Circular mil, 1608 
Circumference, circle, 27, 30, I420 
City, bridges, loads, 854, 856 
canals thru, 1331 
car size, 209 
dump piers, 1795 
pavements, 1642, 1674-1699 
refuse, disposal, 1263 
toads, 1660-1673 
surveying, 74 2 
Clam-shell dredge, 658 
Clark, cell, 1599, 1637 
Clay, 1646 
angle of repose, 668, 110 
auger borings, 1372 
bearing capacity, 606, 607, 4620 
brick, 421, 595, 599, 1649 
burnt, 181, 1662 
canal lining, 1334 - 
capillarity, capacity, 1815 
channels in, 1363 
cohesive strength, 668 
deposition, 1109, L213 
draining, 1856 
dredging, 657 
drinking water, 1205 
eroding velocities, rr09, 1364, 1822 
excavation, steam shovel, 653 
fire, 1646, 1649 
friction angle and coeflicient, 668, 660, 
1501 
gravel, mixt, 1645 
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Clay, hoist, caissons, 638 


hygroscopic water, 1815 

in mortar, 497, 525 

origin, 1646 

plowing, 645 

pressure, 675, 608 

puddle, 624, 1646 
cofferdam, 623 
core wall, 1302, 1303 

testitution coefficient, 1498 

toad material, 1660-1663 

-sand roads, 1661 

sand and gravel, mixt, 1645 
angle of repose, 668, 7or 
bearing capacity, 606 
weight, 667, 668, 7or, 1720 

sewage absorption, 1277 

* shield tunnels, 1360 : 

shoveling, 645 

shrinkage, 654, 655 

test loads, 606 

tunnels, 1191, 1382, 1387, £308 

water storage, 1178 

weight, 667, 668, 1729 
in sea water, 1729 
variation, 606 


Clearance, bridge, 857 ' 


railway, 875 
street railway, 314 
Clearing, railroad, 249, 251, 253 
reservoir site, 1201 . 
Cleat, wiring, 1628 
Cleveland building law, 666 
Clinker, contact beds, 1278 
sprinkling filters, 1280 
Closets, earth, sewage, 1252 
Closure, survey, 67, 76, 120 
Cloth, tracing, 54 
Coagulants, 1210 
Coagulating basins, 1212 « 
Coagulation, water, 1210 
Coal, 1518-1520 
analysis, 1518 
angle of repose, 973 
bin, 972, 1792 
coefficient of expansion, 1522 _ 
combustion, 1517, 1589, 1618 
dust, 1520, 1522 
gas, 1519 
handling, cost, 1620 
docks, 1792 
heating value, 232, 1518, 1589, 1618 
internal friction, 340 
lateral pressure, 675 
pumping engines, 1152 ® 
sampling, 1519 : 
specific gravity, 1522 
storage, 220, 1792 
-tar, fuel, 1519 
pipe coatings, 1236, 1244 
road material, 1651 ri 
waterproofing, 1401 yah) 
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Coal, weight, 973 
Coaling stations, 215, 220, 250, 253 
Coatings, cast-iron pipe, 1236 
steel pipe, 1244 
Cobalt, 1514, 1524 
Cobblestones, crushing cost, 515 
foundation, paving, 1660 
gutters, 1647, 1657, 1603 
paving, 1674° 
specifications, 1649 
riprap, 699 
slope wall, 587 
Coefficients, binomial, 1411 
differential, 1427 
elasticity, 323 
expansion, 339, 1522, 1536 
friction, 669, 759, 1500-1507 
impact, 334, * 
restitution, 1408 
strength, structural shapes, 437 
uniformity, 1089, 1214, 1220, 1222 
Coffer-dam, 623-629 
crib, 625 
on pneumatic caisson, 636 
pumping, 628, 1154 
red spruce used, 424 
Cogging, timber, 768 
Coins, foreign, value, 1572 
Coke, 1518, 1619 
contact beds, 1278 
-oven tar, 1651 
sprinkling filters, 1280 
Co-latitude, 50 
Cold, bending tests, 390, 406, 864 
shorts, 394 
Cold wave signals, 1538 
Cole-Flad pitometer, 1126 
Collimation, line, 46, 71, 72 
Color, glowing bodies, 1532 ° 
paint, 436 
signals, 310 
standard, water, 1206 
Colors, measuring water, 1126 
Columbium, 1514 
Column, 321, 361-366 
axis, 362 
bending, 362, 370, 832, 912 
‘brick, 366 
buckling, 36. 
cast-iron, 366, 843 
formulas, 364, 844 
stress, 844 F 
concrete, 500, 533 
contra-flexure, 830 
eccentricity, 365 
elevated railway, 964 
end conditions, 362 
fireproofing, 550, 552, 833, 845 
fixt, 830 
footings, pressure, 682 
formula, Am. Ry. Eng’g Assoc., ee. 
gra 
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Column, formula, building laws, 844 
Euler, 362 
for eccentric loads, 365 
_ long, 912 
Rankine, 363 
reinforced concrete, 550 
straight line, 364, 827 
H, 443, 444 
latticed, ort 
cantilever chords, 939 
specifications, 860 
stress, 365 
length, 361, 820, or2 
loaded, behavior, 365 
loads, 835 
long, unit stress, 9r2 
masonry, loading, 594 
mercury, I131,-1545, 1555 
mill buildings, 827 
pedestals, 833 
radius of gyration, 361, 362 
reinforced concrete, 547-550 
cost, 555 
-forms, 533 
> mix, 504 
shear, 365 
short, unit stress, 912 
slenderness ratio, 362 
spandrel, 733 
steel, base, 833 
built-up, 365, 860 
cost, 842 
formulas, 364, 820, 844, 858 
latticed (see Column, latticed) 
unit stresses, 844 
stresses, building laws, 757, 844, 845 
tall buildings, 833 
terra cotta, 366 
tests, 366, 387, 549. 
viaduct, tower, 962 
water, 1130, 1555 
water-tank tower, 971 
wind stress, 835 
wooden, 762 
base, 770 
formulas, 364 
joints, and connections, 768 
shortening, 790 
test strength, 366 
unit stresses, 756, 757 
wrought-iron, 364, 844 
Combination, algebraic, 1411 
trusses, 800, 804, 846 } , 
Combined stresses, 369 
bridge members, 859 
compression and flexure, 369, 859 
formula, 823, 832 
flexure, and shear, 344, 665 
and tension, 370, 859, 911, 912 
and torsion, 370 
shear and tension (or compression), ' 


. 327; 335, 336, 512, 679 


¢ 
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Combined stresses, tension and com- 
pression, 334, 859 
torsion and compression, 370 
Combustible, 1589, 1590 
Combustion, 1517, 1618 
Commutator, 1609 
Compass, 44 s 
surveys, 62, 68 
Compensator, block signals, 223 
induction motor, 1615 
Compcnents, force, 1451, 1492 
Composition, forces, 1453 
metals, 416 
Compound, chemical, 1514 
curve,1I3I, 130 
interest, 1423 
Compounding engines and turbines, 
1593, 1595 
Compressed air, caisson, 640 
tunnel, r19I, 1404 
Compression, 320 
air, 1581 
axial, 320 
and flexure, 369, 823, 832, 859 
fracture, 327 - 
isothermal, gas, 1875; 1578 
members, truss, 822, 911-018, 1463 
cantilever, 939 
lattice bars, 365, 860, 917 
proportioning, 822 
specifications, 859, 860, 861, 867 
-and shear, 327, 335, 336, 512, 679 
stresses, building laws, 845 
and tension, 334, 8590 
tests, 382 
and torsion; 370 
Compressol system, foundatiotis, 609 
Compressors, air, hydraulic, 1157 
.Computations, accuracy, 40 
stadia, 92 
Concavity, 1438 
Concrete, 499-526 
adhesion, 531, 538, 542,544) 685 
aggregate, 499-505, 516 ? 
alkali effect, 522 ¢ 
asphalt, steel work, 874 
beam, failure, 359, 512 
bituminous, paving, 1651, 1684-1686 
characteristics, 1642, 1643 
foundations for others, 1660, 1681 
mixing plant, 1698 
blocks, buildings, 524 
, harbor works, 566, 701, 1736 
masonry dams, 1287 
cinder, 504 
modulus of elasticity, 5%3 
roofs, 555 
strength, 512 
weakness, 508 
weight, 505, 817 
compression strength, 325 
foundations, 595, 666, 700 
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Concrete, compression strength, test, 382, 

§05 

consistency, 507, 517, 527 

contraction, 514, 518, 519, 553 

cost, 518, 554 

cyclopean; 593, 1286 
weight, 667. 

cylinder strength, 505 

density, 493 

durability, 522 

elastic properties, 512 : : 

expansion coefficient, 514, 528, 667, 
1522 

fireproofing, 504, 522, 552 

forms, 522, 553 B 

foundations, 613 
mix, 501, 504 

freezing, 498, 518 

friction coefficient, 669 

hooped, 550 Y 

impervious, 520, 551, 569 

internal friction, 340". 

joining old to new, §19 

joints, contraction, 519 

masonry, safe load, 598, 665 

mixers, 517 

mixing, 515, 518, 1659, 1697, 1698 

modulus of elasticity, 513, 528, 667, 
average, 325, 528, 667 

pavement foundations, 1650 

paving, 1643, 1690, r6gr ~ 
compared to ideal, 1642 

permeability, 1288 : 

pile, 557, 616 ‘ ; 

placing, 517 

plain, 499-527 

Poisson’s ratio, 335 

pressure on forms, 523 

prism strength, 505, 512 

proportions, 492, 502, 525, 527 

puddling, 517 

quantities, cu. yd., 516 L¥a 

reinforced, 527=572 (see Reinforced 
concrete) r, 

rich, 520 i ; : 

rubble, 520, 593, 1286 

sea water, effect, 481, 522 

setting temperature, 498, 518 

shearing strength, 325,511 

shrinkage, arch deflection, 744, 709 
experiments, 514 ‘ 
prevention, 518 
reinforcement, 553 

sidewalks, 1692 

specific gravity, 1522 

steel encased, 4i9 

strength, 325, 505, 664 

surface finish, 518, 519, 525. 

temperature stresses, 553. t 

testing, 505-512 
compréssion, 382 

transporting, 517 
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Concrete, weight, aggregate influetice, 
506 
mix influence, 325, 6ro, 667 
reinforced, 528 
stone compared, 454 

Conductance, electric, 1599 

Conduction, heat, 1535 

Conductivity, electric, 1590, 1607, 1630 
thermal, 1§23,.1535 

Conductor, electric, 280, 1607, 1621, 

1627 

material, 1624 

size, 1624 

underground, 277 

Conduit, electric wires, 277; 1628-1630 

cost, 267 
life, 269 

reinforced concrete, 568, 1250, 1326 

-subaqueous, 1r9r ‘ 

Cone, center of gravity, 1472 
frustum, 1422, 1472, 1479 
moment of inertia, 1478 
sections, 1439 
Seger’s pyrometric, 1532 
with spherical base, 1422 
volume, 1422 

Conglomerate, paving, 1648 

- Conic and conic sections, 1439-1443 

Conservation of energy, 1483, 1576 
flowing water, 1077 

Consistency, cement test, 485 
concrete, 507, 517, 527 
mortar, 494 
tar, 1653 

Constantin alloy, 1524, 1531 

Constants, algebraic, 1410 
differential calculus, 1427 
integration, 1431 
* mathematical, 36, 39 

, universal, gas, 1579 

‘Constellation, polar, 167 

Construction, trestles, 785 

Contact beds, 1278, 1284 

Continuous, beams, 340, 356 
bridges, 846, 923 
system, filter operation, 1213 

Contours, 83 
earthwork computation, 154 
rendering, 59, 60 

Contraction, 1536 
coefficient, short tubes, 1084 
end, weir, 1118 
incomplete, orifices, 1086 
lateral, factor, 335 

- losses, pipe, 1008; 1245 

Contraflexufe, point, 830, 919 

Controller, trolley cars, 303 

Convection, 1535 

Conversion tables, 1556-1571 

Converter, rotary, 1625: 
synchronous, life, 267 

substations, 276 


\ ¥ 
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Convexity, 1438 
Conveyor, bucket, 220 
life, 269 
Cooling and heating curves, 1534 
Cooper-Hewitt lamp, 1633, 1634 
Cooper’s bridge specifications, 848 
Coordinates, astronomic, 102 
Cartesian, 1436 
polar, 1436 
rectangular, 56, 60, 7§, 1413 
spherical, tos 
systems, 1436 ‘ 
thermodynamic system, 1574 
transformation, 1436 
Copper, 413, 1524 
alloys, 414 
atomic weight, 1514 
castings, 413 
conductivity, 1607, 1608, t630 
fatigue, 332 
loss, transformer, 1622 
physical properties, 413, 4t5, i86, 
1524 
in pig iron, 392 
saving, high voltage, 1627 
sound transmission, 1537 
specific resistance, 1524, 1667 
Standard International Annealed, 
1599 
steels, 412 
sulfate, reservoir growths, 1271 
wire, 413, 470, 1607, 1630 
Copperas, coagulant, t2it 
sewage tanks, 1273 
Cord, firewood, t§5r 
water measurement, 1127 
Cordage, 468 
Core, boring, 581, 605, 1372 
molding, 303 
Core-wall, 1301 
hydraulic fill dam, 1308 
material, 1303 
rock-fill dam, r310 _ 
Cork, physica] properties, 1523, 1525 
restitution coefficient, 1498 
Corliss engine, 1593, 1616 
Corn, angle of repose, 973 
irrigating, 1818 
raised on sewage filters, 1276 
weight, 973 
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Cornice, building, 838 
Corona loss, electrical, 162t 
Corrosion of metals, 417, 418 
Corrugated sheets, 459 

cost, 842. 

pipe, culverts, 1658 

sides, buildings, 825, 837 

weight, 459, 816 
Cosecant, 1416, 1417 

curve, 1417 
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Cosecant, hyperbolic, 1445 
sign, quadrants, 1005 
tables, 12, 13 

Cosine, 1416-1418 
curve, 1417 : 
expansion, 1431 
hyperbolic, 1445 
natural hyperbolic, 34, 39 
series, I4t2 
sign, quadrants, 1005 
tables, 12, 13, 1006-1060 

Cotanzent, 1476 
curve, 1417 : 
hyperbolic, 1445 
sign, quadrants, 1005 
tables, 12, 13, 1006-1051, 1061-1072 

Cotter-pins, bridge, 915 

Coulomb, 1600 

Counter, 901, 910 
eye-bars, 910 
impact, 857° 

‘overload stress, 848 
Pratt truss, 901, 902 
rigidity, 860 

Counterfort, 685, 697 

Couple, force, 1453 
torsion, 366 
voltaic, 1636 

Coupler, car, test, 387 

Couplings, shaft, 369 

Cover, masonry, filters, 1222, 1234 

“Cradle, car ferries, 1791 ~ 

Cramp irons, bond, 590 

Crandall, tool, 583 Re 

Crane, ‘A’ frame, 1807 
cargo handling, 1804-1810 
chains, 469 
column connections, 827 
design, 1808 
electric traveling, 828 
floating, 1807 
jib, 220, 1810 
locomotive, 220 
motor type, 1610 
power house, 1184 \. 
shipbuilding, 1803 

Creosote, 1518 

Creosoting, 431 
cost, 185 
quay timbers, 781, 1734 
wood paving, 1650 

Crest, dam, discharge, 717, 1103, 1121 

Crib, breakwater, 565, 1706, 1707 
bridge piers, 631 
cofferdam, 625 ; < 
dam, 1300 
under open caissons, 630 
on pneumatic caissons, 636 
quay, 1741 
red spruce, 424 

' sinking, dredging, 631, 632 
submerged, water supply, 1190 
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Crib, tower, water supply, 1190 
work, timber piers, 780, 1750 
Crops, broad irrigation, 1276 
effect, percolation, 1262 
irrigated, 1839 
on raw land, 1836 
on sewage filters, 1276 
on tide lands, 1853. 
water required, 1817, 1818 
Croquet ground, 78 Fi 
Cross, arms, trolley, 281 
bending, roof truss, upper chord, 823 
drains, roadbed, 171 
frames, girder bridge, 881 
ties, 184, 211 
Crossing, grade, 122, 169, 312 
track, 213,.250, 253 
Crossover, track, 210 
Cross-sections, borrow-pits, 8r 
earth structures, 81, 82 
earthwork, 137 
Crow-foots, stones, 575 
Crown, arch, 721, 725, 734 1260 
coin, 1572 
dome, 809 
pavement, 1656 
- road, 1656, 1665 
Crucible steel, 402, 410 
Crushers, stone, 515, 1695 > 
Crusht stone (see Broken stone) 
Cuba, measures, 1551 
Cube, crushing strength, 606 
of numbers, 22, 25 
and prism strength, 505, 575 
roots of numbers, 24° 
test specimens, stein es 385, 575s. 
606 
Cubic, foot, 1554 
inch, 1554 
Culmination, star, 107 
Culverts, 171-180, 1657 
arch, thickness, 725 7 
box, 175, 561, 592 5 
canal, 1336, 1827 
‘cast-iron pipe, 174, 1658 © 
cost, 240, 253 
design, 174, 560 
falsework, 791 
guard rails, 1673 
highway, 1655 
levee, 657 
loads, 722, 1657 
lock, 1345 a) 
pipe, 174, 175, 560, 1657 
railroad, cost, 249, 253 
reinforced concrete, 178, 561 
standard, 177, 178 
tests, 561 
waterway, 171, 173, 724 
Cupola, 393 
dome, 807 
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‘Curb, staking out, 75 
Current in electricity, 1599 
alternating, 1611, 1626 
direct, 1609, 1626 
distribution, 1626-1631 
eddy, 1601 
generation, 1181 
Current in hydraulics, 1223 
canal, 1356 
meter, 1125 
radiating, 1080 
reservoir, 1200 
Tivers, 1716 
Curvature, 1437 
compound, point of, 131 
earth, 115 . 
earthwork correction, 140 
effect, leveling, 81 
open channels, 1108 
point of, 125, 131 
railroad economics, 256 
water pipes, 1097, 1114, 1236 
Curved beams, 370, 940 
Curves, analytics, 1437 
anti friction, 1445 
canal section on, 1333, 1357 
cast-iron pipe, 1236 
central, arch, 723 
city streets, 74 
clearances, street railway, 314 
compensation, 124, 164, 195 
compound, 131, 136 
cooling and heating, 1534 
degree, 125 
easement, 134, 314 
elastic, 345-354 
elevated railway, stress, 965 
equation, 1437 
grade compensation, 124, 164, 195 
graphs, 1415 
higher mathematics, 1443 
highway signposts, 1673 
inflection point, 1439 
laying out, 127, 136 
logarithmic, 1095-1097, 1414 
losses, pipe, 1087, 1097, I114 
mass, 1176 
metric, 126 
parabolic vertical, 75, 136 
problems, 129 
pull, trolleys, 975 
railroad, 125-136 
pressure, cars, 1489 
rails, 186, 188 
superelevation, 134, 195, 14890 
switches and frogs, 202 _ 
resistance, 160, 270, 272 
reversed, 133, 213 
roads, 1640, 1656, 1673 
sare 125-131 
slope-angle, 1438 
spiral, 134, 314 


Cur—Dam 1895 


Curves, steel pipe, 1243 
street lines, 74 
track, on bridge, 857, 965 
transition, railway, 134, 314 
trestle, 784 
trolley system, 287, 314 
tunnels, 1382 : 
vertical, 75, 136 
water pipe, head ‘lost, Fob, 1097, 
IIi4, 
Curving, rails, 186 
Cusp, 1439 
Cut, railroad, 124, 137 
Cut-back products, 1651 
Cut-offs, dam, 706, 1286, 1298, t3or 
river channels, 1718 
Cycle, alternating current, 1600, 1612 
Carnot’s, 1577, 1578 
Diesel, 1598 
Otto, 1507 
Rankine, T5901 
steam engine, 1591 


_Cycloid, 1443 


Cyclopean masonry, 593,. 1286 
weight, 667 
Cylinders, cast-iron, foundations, 632 
casting, 393 
center of gravity, 1472 
frustum, 1422 
hollow, volume, 1422 
locomotive, power, 227 
moment of inertia, 1478 
pumping engine, water measurement, 
I1I3 
steel, compression tests, 382 
surface area, 1422 
' test specimens, concrete, 505 
metals, 382 
thick hollow, 329 
thin, 329 
volume, 1422 
Cypress, 423 
fence posts, 167 
physical properties, 430, 756, 758, 805 
shrinkage, 426 
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Dalton’s law, gas, 1078, 1537 
Dampness, newly plastered walls, 1517 

“timber joints, 782, 784 
Dampproofing walls, building, 838 
Dams, 685, 704-720, 1286-1319 

A-frame, 1314 

bear trap, 1316 

beaver type, 1301 

brush and rock, 1830 

canal, movable, 1315, 1353 

crib, 1300 

curtain, 1314 

diversion, 1829 

drum, 1317 


‘ 
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Dams, earth, 1301-1309 Dams, needle, 1314, 1318 


core wall, 1302 
cross-sectioning, survey, 82 
failure, 1307 
foundations, 1301 
machines, construction, 661 
notable, data, 1303-1300 
outlets thru, 1319 
slopes, 1302, 1303 

failures, 1289-1296, 1299, 1300, 1307, 
1310 

flood slope altered, 1160 

hydraulic fill, 1307 

masonry, 704-720, 1286-1299 
arched, 720, 742, 1204 
cost, 700, 1289 
crest discharge, 717, cor: rizr 
curved in plan, 720, 1292, 1294, 

1297 

cut-off walls, 706, 1286, 298 
cyclopean, 593, 1286 


overfall, water aeration, 1210 
overflow, 676, 707, 717 


on earth foundations, data, 707, 


1312, 1829 

gravity, data, 12906 

water pressure, 676 
Panama canal, 1361 
raising, economics, 1196 
reinforced concrete, 564, 1298 
rock-fill, 1309-1312 
rolling, 1314 
on sand, 707, 1312-1314 
shutter, 1314, 1316 
spillway, 676, 707, 717 
steel, 1290 - 
timber, 1300 
upward pressure, 677, 706, 1286 

hollow dams, 564 

weight reduced, 715 
wicket, 1314, 1315; 1319, 1352 


design, 710-720 Daniell cell, 1599, 1637 
drainage galleries, 717, 1288, 1291 Danish West Indies, measures, 1557 
drains, 706, 1286, 1294 Dapping, ties, 891 *y 
earth on back, 676, 705 Darcy’s formula, 1089 ‘ 
on earth foundations, 707, 1312, | Datum, establishing, 81 , 
1829 Day, sidereal and solar, tog : 
expansion joints, 709, 1287, 1288, tidal, 1703 : 
1201 Dead oils, 1651 4 
factor of safety, 686, 687 Death rate, typhoid, 1208 \ 4 
failures, 686, 708, 714, 1289-1300 Decay of wood, 426 ; 
flow over, 718 - bark effect, 422 q 
foundations, 1286, 1289-12907 forms, 429 y 
foundations defective, 686 ventilation, 781, 784 
freeboard, 716 Decimal equivalents, common fractions, 
general data, 704 36 ; 
gravity section, — 742, 1289- | Declination, astronomic, 48; 40, i< 
1294 magnetic, 63, 71 i 
ice pressure, 709: Deeds, interpretation, 70 
internal stresses, 677 Deep foundations, 620, 630, 632 
joints, tension eliminated, JOS~ , Deflection, angle, SUDAESS | 66, 127 
low, construction, 1286 beam, 346-354 
notable, data, 1289-1298 combined stress, 370 7 
outlets thru, 1319 At compound beams, 775 
overflow, 676, 717, 1296, 1312 curved, 940 j 
percolation, 708 impact, 360 ‘3 
resistance line, 687, 711 : wooden, 76r r' ; 
safe, requirements, 704 . -distance, curve layout, tag 40-3 
sections, 710, 714, I290, 1295, 1297 of joint, absolute, 918 ‘ : 
shearing stresses, 679 Deformation, stress, 322, 326; 528 } 
size of stones, 1286 sudden load, 333 i g 
stability, 686, 713 _ temperature, 330, 743 : 
stresses, 677, 690, 705, 713 ultimate, 326 4 
temperature effects, 709, 1287 Degeneration, thermodynamics, 1576 
unit stresses, 664, 665 Degree, angle, 1420 
uplift (see below): % ; in radians, 13, 38, 1420 : 
water pressure, 676, 705, 706 + curve, 125 a” 
waterproofing, 1288 ' length, Earth, rar : Jan 
waves, 709 : Delta, metal, 414, 416 na“ @ 
Wegmann’s profile, 716 | formation, 1717 i. 
movable, 1314-1319, 1353 i ' Demand factor, 1185 «job 
multiple arch, 742, 1299 ‘ , i Density, 1074, 1478, 1528, 92) oe 4 
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Density, equivalent units, "1551 
relative, 1074 
Departure, land surveying, 67 
Deposition, solids from water, 
1213, 1258 
Depreciation, 1426 
Derivatives, calculus, 1427, 1428, 1429 
Derrick, car, 876 
guys, 472 
stresses, 1467 
wash borings, 1370 
Desert land act, 1868 
Detonator, 1521 
Detritus chamber, 1270 
Detrusion, 322 
Dewar flask, 1536 
Diabase, paving, 1646, 1648 
Diagonals, bracing, buildings, 827 
cantilever, influence lines, 945 
Howe truss, 1465 
Pratt: truss, 903 
towers, 962 
Diagrams, logarithmic, 1095-1097, 1414 
mass, earthwork, 141 
moment, 342, 346-354, 886, 1462 
water storage, 1176 
Diameter, conjugate, 1440 
of hyperbola, 1441 
pipe, quantity relation, 1227 
Diamond, base-ball, 78 
drill, 581, 605, 1372 
hardness, 1523 
Diaphragm, pumps, 629 
water measurement, 1124, 1188 
Diatoms, in water, 1200 
Dielectric, strength, insulator, 1600 
Diesel engine, 1508 
Differential, 1427, 1428 
Differentiation, 1428, 1429 
Diffusion, gases, 1078 
light, 1527, 1636 : 
Dike (see also Dams, earth), 1301 
Holland, 1723 
permeable, 1720 
river improvement, 1719 
shore protection, £711 
spur, 1712, 1720 
Dilution, sewage, 1266 : 
. Dimension stone masonry, 588 - 
Diorite, paving, 1648 
Dip, needle, 44 
ratio, suspension bridge, 957 
sea horizon, 107 
Dipper dredge, 657, 661 
Directrix, conics, 1430 
Discharge, pipes, 1092 
Disinfection, sewage, 1284 
water, I2Ir 
Disk, meters, 1248 
piles, 618 
Displacement, diagram, 945, 946 
curves, pumps, 1159 
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Displacement, a 1405 
virtual, 1456 
Distance, external, a6 
focal, ellipse, 1440 
highway economics, 1640 
inaccessible, measuring, 73 
meridian, 67 
on old deeds, 70 
polar, 48, 103 
railroad expenses dnd, 254 
recording devices, 43 
reduction, railroads, 255 
stadia, 90, 9 
tangent, 126 
train aeceleration, 160 
velocity, acceleration and, 1484 
zenith, 103 
Distillation, destructive, 1518 
Distribution, electric current, 277, 1626- 
163r 
water, 1226-1251 
irrigation, 1833, 1840 
Distributors, road oil, 1669, 1698 
sewage filters, 1281 ‘ 
District of Columbia building laws, 666, 
757 
Ditch, drainage, 661, 1350, 1848, 1851 
earth road, 1656 | 
excavation, scraper dredge, 659, 661, 
1849 
farm, 1836, 1851, 1854 
irrigation, 1836 
machine, 659 
muck, levees, 656 
Ditching; farm, 1854 
machinery, 661, 1849 
Diversion, dams, 1829 
works, irrigation, 1828, 1829 
Diversity factor, 1185, 160f 
Divides, watersheds, contouring, 88 
Diving, 621-623, 119% +i 
Division, by logarithms, 38 
of powers, 1410 
Docks, 1758-1787 
cost, railroad, 251, 253 
dry, 567, 1760-1777 
floating, 1777-1787 
lift, 1760 
reinforced concrete, ee 
walls, 567, 699; 780, 1736 
wet, 1758 
Dollar, annual annuity, 1424-1426 
value, 1425, 1426, 1572 
Dolomites, 574, 1648 
Dolphins, pier fenders, 1744 
Domes, 807-814 
analysis, 811 
reinforced concrete, 551 | 
stability, 810 
Door, round house, 235 
car house, 308 
Dope, explosives; 152 
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Dortmund tanks, 1271 
Dote, timber, 429 
Double, meridian distance, 67, 68 
rodded lines, 81 
shear steel, 411 
Dovetail halving, timber, 768 
Dowel, 765 
masonry bond, 590, 754 
Doyle rule, board measure, 1551 
Draft, animals, transport, 1512 
furnaces, 1589, 1619 
Drafting, 53, 57, 1636 
cost, 877 C 7 
Drag-line bucket, dredge, 659, 662 
levees, 657 
Drag scraper, 645, 646, 655, 1662 
Dragging, road, 1662 
Drain, box, 1655, 1855 | 
farm, 1854-1860 
irrigated lands, 1863, 1864 
levee, 657 
masonry dams, 706, 1286, 1294 
_ Tetaining wall, 696 
_ scoop, 1860 
sewage filter, 1280 
sewer, 1252 
tile, 1855-1860 
roads, 1654 
water filter, 1221, 1222, 1223 
Drainage, 1841-1865 
coefficient, 1857 
development acts, 1868 
ditch, 661, 1359, 1848, 1851 
farm, 1853-1866 
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galleries, dams, 717, 1288, 1291, 1298 


irrigated land, 1862 
laws, 1869 
- masonry arch, 747 
pipes, road, 1654 
pumping plants, 1844 
railroad, 124, 171 
road, 1654, 1661 
side, canals, 1336 
systems, farm, 1856 \ 
Dram, 1553 
Drawbridge, 921-934 
folding, 921 
machinery, 93r 
trusses, 923 * 
Drawings, 53, 54, 57, 58 
Dredges, 657-662, 1849 
Dredging, 657 
* cost, 1849 
measurements, 154 
river impravement, 1719 
ship channel maintenance, 1714 
wells, caisson, 632 
Drift, bolt, 766 
littoral, 1709 
Drifting test, steel, 390 
_ Drill, churn, 580 
diamond, 581, 605, 1373 
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Drill, hand, 580 
machine, 580 
percussion, 580, 605 
rotary, 581 
stone cutting, 584 : 
Drilling, diagrams, tunnels 21380 
shot, 1373 
tunnels, 1381-1389 
Drips, masonry, 590 
Drop, shaft, 1367 
Drops, irrigation canal, 1825, 1834 
Drum, dam, 1317 
of dome, 809 
swing bridge, 922 
Dry, battery, 1637 
dock, floating, 1777-1787 
dock basin, 1760-1777 
reinforced concrete, 567 
Tot, 427 
Drys, building stone, 575 
Duchemin formula, wind, 818 
Duct, lines, trolley, 277 
electric wire, 1628 
Ductility, 326 
Dump, carts and wagons, 650 
- city, piers, 1795 
Dumpy level, 50, 82 
Dunes, formation, 1713 
Duplex process, steel-making, 402 
Durax pavement, 1644, 1676 
Dust, ballast, 18x 
formation, 1693 
palliatives, 1666 
paving compared, 1642 
removal, 1694 
Duty, engines, 1593 
pumps, 1151, 1152 
water, 1818 
Dwelling, loads, 610, 834, 843 
Dynamics, 1479-1499 
Dynamite, 581, 1521 
Dyne, 1480 
Dysentery, water supply, 1205, 1208 
Dysprosium, 1514 
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Ear, trolley, 284 
Earnings, railroads, 244, 265 
Earth (see also Earthwork) 
angle of repose, 668 
railroad cuts, 164 
submerged, 660, 1728 
variation, 1110 
auger, 1372 
bearing capacity, 605-613, 1619 
borings, 605, 1369-1372 
channels, flow coefficients, 110g 
closets, sewage, 1252 
dam, 1301-1309 
construction, machines, 661 
¢ross-sectioning, 83 
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barth, dam, outlets thru, 1319 
excavation, 645-661, 1366-1369 
expansion, 654 
fill, trestle, 735 
friction coefficient, 669, rs0r 
frost action, porosity, 654 
infusorial, 1525 

overflow dams on, 1312, 1829 
(planet), dimensions, 121 

rotation, 102 
porosity, 654 
pressure, 670-676 

dock wall, 698 

experiments, 675 

quay walls, 1728 

tunnels, 1398 
removal, caisson, 638 
roads, 1642, 1643, 1660 
slopes, 668 5 
_ canals, 1363, 1822 

dams, 1302, 1303: 

dry, 668 

railroad, 164 

river bank, rr10 

submerged, 669, 1728 
submerged, weight, 1728 
surface, roads, 1642, 1643, 1660 
tunneling, 1374, 1375, 1382 
and water, pressure, 1727 
weight, 667, 668, 609, 1728 

larthwork, 137-156, 645-661 
balancing cut-and-fill, 137, 152 
borrow-pits, 153-156, 1848 

canal, 646, 647, 648, 1364 
computing volumes, 139-156 
cross-sections, 137 
dredging, 154, 657 
grading, 154, 648 
handling, 659 
hauling, 649 
labor done, 1511 
loading, 640, 661 
loosening, 645 
railroad, 137-156, 249, 251, 253 
shrinkage and settlement, 654 
tables, 140, 142-151 

lasement curves, 134, 314 

Ybonite, 435 

bony, 1523 : 

Iccentricity, conic sections, 1439 
Earth, 121 , 

icliptic, 102 

clogite, paving tests, 1648 

\ddy, current, electric, 1601 
effect, flow, 1088, 1097, 1221 

fficiency, boiler, 1590 

hygienic, filters, 1276, 1284 

joint, riveted, 895, 1243 

machine, 1508, 1503 

thermodynamic, 1593 

equation, 1578 
gas-engine, 1598 


\ 


Ear—Emb 


Efflorescence, 603 
Effort, machines, 1508 


1899 


Ejector, sand, 514, 1100, 1217-1220 


Elastic, curve, 345-354 
limit, 323 . 
concrete, 512 
testing, 376 
vs. yield point, 324, 377 
theory, arches, 550, 735-740 
Elasticity, 322 
modulus of, 323, 325 
and set, 322, 325 
Elbow, steam piping, 1617 
Electric, conduits, 277 
furnace, steel, 403 


railroads, 263-318 (see Railroad, 


tric) 

traction, systems, 264 
Electricity, 1599-1638 

distribution, 277, 1626-1631 

generation, 1609-1616 

lighting, 1631-1636 

transmission, 1621-1626 
Electrification, railways, 264, 265 
Electrolysis, 1251, 1602 

reinforcing steel, 552 

Tusting, 418, 419 

water purification, 218, 1211 
Electromotive force, 1599, 1602 
Elements, chemical, 1514 
Elevated railroad, 963-966 
Elevating grader, 649 


elec- 


Elevation, effect, mercury column, 1546 


outer rail, 134, 195, 1489 
Elevators, dredge, 657 
grain, 568, 1704 
stone crusher, 1696 
Ellipse, 1440 
area, 1421 
circumference, 1421 
equation, 1439 
inertia, 1475 
moment of inertia, 1477 
Ellipsoid, moment of inertia, 1479 
octant, center of gravity, 1473 - 
volume, 1422 
Ellipticity, spheroid, 12 
Elm, 423, 430, 435, 1523 
Elongation, stellar, 107 
stressed body, 322, 323 
ultimate, 380 
Embankments, aqueduct, 1321 
canals, 1364 
construction, 1302 
dam, 1301-1309" 
openings, 140 
railroad, 164, 653, 688 
road, 1661 ‘ 
- scrapers, 646 
settlement, 654, 785 
sliding, 1308 
top width, 1303 
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Embankments, walls, 638 
Emscher tank, 1273 
Emulsions, 165: 
dust palliative, 1667 
waterproofing, 521 é 
End posts, thru bridges, 914 
* Energy, 1481, 1483 
conservation, 1483, 1576 
flowing water, 1077 
degradation, 1576 
electric, 1527, 1600, 1606 
measured, 1604 
equation, 1576 
equivalent units, 1555 
flowing water, 1077, 1078, 
gas, 1574, 1580 
heat, 1574, 1576 
kinetic, 1481, 1495, 1574 « 
mechanical, 1484 
potential, 1482 
production cost, 1621 
radiant, 1534 
transformations, 1576 , * 
units, 1555, 1574 
work, principle, 1483, 1490 
Engine, brass, 417 
Carnot, 1577 
duty, 1593 
fire, 1152, 1158 
gas, 1597, 1617, 1620 
gasoline, 1597, 1617 
cost, 1695 
cost of fuel, 1847 
hot-air, 1507 
houses, 235, 250... 
internal combustion, 1597, 1617 
life, 269, 1873 
oil, 1507, 1627 
pumping, 1845 
pumping, 218, IISt 
for drainage, 1845 
duty, 1593 _ 
irrigation, 1835 
life, 1873 ‘ 
Rankine, 1593 
reciprocating, 1620 
steam, 1591, 1615, 1620 
portable, cost, 1696 
~ tests, 1594, 1598 
Engineering, railroad, cost, 251, 253 
English bond, 601 
English measure converted to metric, 
1549, 1561 
Engraver’s plates, test, 387 
Entropy, 1577 
change, 1578, 1588 
saturated steam, 1583 
superheated steam, 1583 
_ Envelope, curve, 1438, 1439 
- Epicycloid, 1444 
Epidosite, paving tests, 1648 
Epitrochoid, 1444 
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Equation, algebraic, 1412 
characteristic, gas, 1574, 1579 
chemical, 1515 
curve, 1437 
graphical solution, £474 
homogeneous, 1482 
normal, 1449 
observation, 1440 
polar, 1437 
solution, 1412 
transcendental, 1473 


| Equator, celestial, 48, to2 


Equilibrium, arches, 726, 731, 956 
neutral, 1457 ' f 
polygon, 1454, 1457 
principles, 1456 
problems, 1459 

- stable, 1457 

Equinoxes, 102 


| Equipment, electrical, life, 269 


line, trolley, 299 
power house, 274 


_Erbium, 1514 


Erg, 1481 
Erosion, beach, 1709 
- sand dunes, 1723 
stream, 1100, Ifo, 1364, 1717 
Error, of closure, 67, 120 : 
curve, 1147 
of interpolation, in tables, 40 
leveling, 83 
of observation, 1446, 1448 
probability, 1446 
traversing, balanced, 67, 68 
Euler, column formula, 362 
Europium, 1514 
Evaporation, annual, U. on 1542, 1843 
boiler, 1589 
canals, 1337-1340, 1818 
effect, run-off, 1160 
reservoirs, 1163, 1178, 
1832 
soil, 1815 
watershed, 1161 
Evergreen, topographical symbol, 6o 
Evolute, 1438 
Excavating machinery, 1849 
Excavation, canal, 646, 1364 
computation, 137-156 
* earthwork, 645-657 
earth tunnels, 1374, 1375, 1382 
freezing process, 643, 1367) tt 
open-cut, subways, 1404 ; 
Panama canal, 1362 
railroad, 137-156, 164 


II9Q2, I195 


river scour, 631 sata 


Excavators, drag-line, 659, 662 
Excess, spherical, 120, 1420 
Exciters, 1183 

life, 269 
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Expansion, adiabatic, 1575, ya 1592 


bearings, bridge,. 861 
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ixpansion, eacticients 339, 1522, 1530 
cubical, 1536 
earth excavation, 654 
function, 1430 
Bases, 1536, 1579 
heat, 1536 
isothermal, 1575, 1578 
joint (see Expansion joints) 
linear, 1536 
pipe, head loss, 1098 
root, 1411 
triangular, base net, 116 
ixpansion joints, concrete walls, 510, 
606 
dams, 709, 1287, 1288, 1291 
masonry arch, 749 
pavements, 425, 1676, 1691 
quay walls, 1729 
reinforced concrete walls, 560, 564 
riveted steel pipe, 1240 
trestles, 560 
viaducts, steel, 965 
water tank riser, 970 
ixplosives, 1520 
bore holes, 1371 
for quarrying, 570, 1522 
storing, 1522 
tunneling, 1381-1389 
Dxsecant, 126, 1416 
ixtensometers, 375, 377 
bye-bar, gio 
anchorage, 941, 959 
cables, 955, 959 
first use, 899 
inspection, 390 
nickel steel, 407, 412, 930 
packing, 863, 917 
painting, 868 
steel, 406, 407, 412 
stresses, 412, 939 
tests, 387, 863, 864, 868 
workmanship, 867 
byepiece, telescopes, 46, 1527-1529 
F 
face, brick, 421, 552, 596 
wall, 6098 
factor, algebraic, 1410 
diversity, 1185, 1601 
of safety, 321, 686, 687 
power, 1185, 1601, 1606 
‘actory, load, 610, 830 
‘ahrenheit scale, 1530 
‘ailure, combined stress, 336 
‘all, increaser, 1181 
slide, 170 
‘alling body, 1485 
‘alsework, bridge erection, 788-790, 
877 
cost, 746; 878 
design, 789 
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Falsework, friction coefficient, 670 
masonry arch, 748, 794% 

Fan roof truss, 816, 824 

Fanning’s formula, culverts, 172 
friction coefficient, 1090 


| Farad, 1600 


Farm, ditch, 1836, 1851, 1854 
ditching, 1854 
drainage, 1853-1865 
outlet, 1856 
gates, railroad, 167 
sewage, 1277 
Fastenings, rail, ros, 250 
timber, 763-768 
timber to steel, 787 
wire rope, 473 
Fathom, 1552 
Fatigue of metals, 330 
Feathers, tool, 577, 584 
Feed-water, boilers, measure, 1594 _ 
Felsite, paving test, 1648 
Felt, and gravel roofing, 816 
thermal insulation, 1525 
Fence, cost, 167, 250, 1672 
gate, 167 
highway, 1672 
measurements, 70 
posts, reinforced concrete, 166, 168 
wood, 166 
railroad, 165, 250 
snow, 169 ' 
wire, 165-167, 168 
Fenders, piles, 781, 1747, 1787 
wharves, 1744 
Ferric salts, coagulants, 1211 
Ferro-manganese, 392, 402 
Ferrous sulphate, coagulant, 121%, 1273 
Ferrozone, 1273 
Ferry, bridge, 921, 922 - 
house, 1790 
racks, 1787 | 
slips, 1788, 1790 
transfer, bridge, 1789 
Fertilizer, garbage, 1265 . 
sludge, 1274, 1277 
Field, area, 67 
connections, steel, 867 | 
electric, 1602, 1610, 1613 
glasses, 1529 
hockey grounds, 78 
notes, leveling profile, 80 
rivets, 826, 845, 807 
stone, paving, 1647, 1648 
Fifth power and roots of numbers, 26 _ 
Figures, plane, moment of inertia, 1476 
Fill, railroad, 137, 785 
spandrel, 721 
Filler, asphalt pavement, 1682 
bituminous, 1674, 1678, 1679 
brick pavement, 1677 
bridge, thickness, 862 
stone pavements, 1675 
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Filler, wood block pavement, 1679 
Fillets, rolled beams, 437 
Filter (sewage), 1275-1284 
contact, 1278, 1284 ‘ 
efficiency, 1276, 1280, 1284 
intermittent, 1275, 1284 
percolating, 1281, 1283 
sprinkling, r280-1284. 
Filter (water), aggregate, 1216, 1217 
covered, 1222 
efficiency, 942 
intermittent, 1225 
loss of head, 1215 
mechanical, 1220, 1225 
preliminary, 1213 
sand, 1214-1222 
slow sand, 1222-1225 
washing, 1221, 1222 
Fink truss, 816, 819, 820, 901 
Fir, Douglas, 424, 425 
strength, 428, 430, 756, 758; 805 
- Eastern, 756, 758 
physical properties, 1523 
stave ‘pipe, 1327, 1328 
Fire, clay, 1646, 1649 
damp, 1519, 1522 
engines, 1152, 1158 
protection, car house, 308 
piers, 1756 
water required, 4230 
-sand, 1535 
stream, 1116, 1231 
Firebrick, 421, 1525 
Fireproofing, 835 
cinder concrete, 504, 522, 552 
columns, 550, 552, 833, 845 
floors, 474, 543, 835 
office buildings, 833 
reinforced, 552 
terra-cotta, 474, 522, 839 \ 
Fire-tube boilers, 1588, 1617 
collapse, 329 
Firewood, cord, 1551 
Fishplate, 196, 771 
joint, 196, 771 
trestle bents, 790 
Fishway and ladder, 1321, 1829 
Fittings, pipe, standard, 463 
Five-halves, powers and roots, 26 
Five-level section, 137 
Fixt, beams, 340, 345, 352-354, 370 
carbon, 1652 
Flagging, blue stone; 1692 
Flag poles, wind pressure, 1538 
Flags, sidewalk, 1692 
Flame, fuels, 1518 
Flaming arc lamps, 1632 
Flange (Pipe), 465 
Flange (Plate Girder), angle, 890 
position, 874 
thickness, 860 
composition, 359, 890 


- 


Flight, aeroplane, 1546 


Flange (Plate girder), compression, 837, 
850, 892 j 
curved, 887 
function, 890 
plate, length, 892 
rivet pitch, 893 
slope, structural shape, 437 
stress, specifications, 859, 892 
structural shapes, 437 
tension, design, 89r 
Flap valves, levees, 1852 
Flash point, test, 1653 
Flashboards, Stauwerke type, 12098 
Flat slab reinforcement, 545 
Flats, steel, sizes, 451, 453 
width, on threads, 455 
Flemish bond, 6or : 
Flexure, 340, 342-355, 1462 
and compression, 369, 823, 832, 859 
formulas, 342-355, 535 
and shear, 344 
and tension, 370, 859, 9II, 912 
tests, 358, 374, 382,-428, 539 
and torsion, 370 


locks, 1233 
Flitch lumber, 428 d 
Float apparatus, test, bitumens, 1653 
Floating, cranes, 1807 
dry docks, 1777-1787 
capacity, 1782 
costs, 1783 
design, 1779 
stability, 1784 
types, 1778 
Floats, measuring water, 1123 
Flooding, irrigation, 1837 
Floods, control, 1721 
discharge, 1169-1175 . 
Floor, beam (bridge), 871, 874 4 
impact, 856 
live load, 856 
reaction, 850 | s 
shelf angle, 862, 860, 875 _ 
specifications, 862, 866. 
bridge, 869-875 
highway, 785, 869 Wd 
loads, 856 -— 


protection, 874 R 4 “4 
railroad, 787, 872 3 ‘ 


reinforced concrete, 560 
specifications, 862, 866 * 
timber, 785-788 

building, arched, 474, 542, 835 
beam spacing, 836, 846. ~ 
concrete, 836 
economic lay-out, 438 


fireproof, 835 ae 
flat slab, 545 <i 
girders, 835 . 


loads, 540, 610, 830, 835 yg 
panel test, 387 i 
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Floor, building, reinforced concrete, 540, 
554 
steel and concrete, 542, 835 
terra cotta, 474, 475, 522, 543, 835 
tile, gypsum, 476 
wiring thru, 1629 
elevated railroad, 963 
locks, 1345 
reservoirs, 519, 1232 
trestles, 785. 
Flooring, timber, 428, 786 
Flotation, 1076 
Flour, barrel, weight, 1551 
explosability, 1520 
Flow, Bernoulli’s theorem, 1077, 1128, 
Toga 5 
Biel’s formula, 1106 
capillary tubes, 1088 
compressible fluids, r100 ° 
eddy effect, 1088, 1007, 1221 
elastic fluids, 1586 
exponential formulas, rog5, 1108 
~ ground water, 1088, 1201, 1215 
- Kutter’s formula, 1095, 1105, 1107 
long pipes, 1087, 1091 
low velocity, 1088 
normal, 1087, 1104, 1128 
oil, 1099, 1106 
open channels, 1104-1112, 
1365, 1826 
pipes, 1084-1101, 1128 
rivers, II04—1112, 1716 
records, 1167-1175, 1194 
thru sand filter, r2r5 
sand in pipes, 1100, 1217 
» sewers, 1253-1258 
soils, 1088, 1201, 1215 
storm, 1253-1256 
temperature effect, 1089, 1108 
Flue, linings, 1525 
Fluids, 1074, 1586 
Plumes, 1329, 1822, 1834 
over canals, 1827 
life, 1873 
sluicing, 1309 
Venturi, 1841 
Fluorine, 1514 
Fluorspar, 1523 
Flush tanks; automatic, 1114, 1257 
Flushing, sewers, 1257 
streets, 1694 
Flux, magnetic, 1602 
paving, 1652 . 
Fluxion, 1428 
Foaming, boilers, 216, 218, £468 
Focus, conics, 1439 
Fog, signals, 1726 
sound velocity, 1537 
Folding drawbridge, 921 
Foot, acre, 1816 
-ball gridiron, 77, 78 
eee 482 
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Foot, candle, 1635 rage 
cubic, equivalents, 1554 7 


decimals, to inches, 42 

equivalents, 1552 

to meters, 1561 

per minute and second, 1554, 1566 

quadric, 1473 

per second to miles per hour, 1566 
Foot-pound, 1480 

to B.t.u., 1533, 1570, 1574 

to meter-kilograms, 1569 

per second, equivalents, 1553 


Footings, 613-615 


cantilever, 556, 613 
column, 682 
concrete, 614 
live load, 610 
reinforced concrete, 555, 615 
spread, culverts, 178 
stresses, 556, 614 
Force, 1450, 1408 
and acceleration, 1488 
axial, 320, 334, 370 
centrifugal, 338, 1490 
centripetal, 1490 
combinations, axial, 334 
composition, 1453 
concurrent, 1450, 1454 
coplarfar, 1450 
couples, 1453 
direction, 1450 
dynamic, units, 1479 
effort, 1508 
electromotive, 1599, 1602 
equivalents, 1551, 1553 
external, 1456 
impact, 1498 
impulse, 1481, 1483, 1487 
internal, 320, 1456 
mass, equivalent units, 1553 
mass relation, 1479 
moment, 1452 
non-concurrent, 1450, 1454 
non-coplanar, 1450, 1455 
parallel composition, 1455 
polygon, 1453, 1456 
resolution, 1451 , 
resultant, 1450, 1453, 1456 
signs, 1457 
systems, 1454 
tractive, canal tows, 1343 
locomotives, 225-231, 243, 270 
uniplanar displacement, 1495 
work done, 1480 
Foreshores, coast line, 1709 
erosion, 1709 
protection, 1711 . 
Foresight, 80 
Forests, percolation effect, 1162 
stream flow influence, 1721 
Forging, iron and steel, 403, 405, 41 
round, cost, 878 
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Forms, arch ring, 747, 791-799 
concrete, 522, 553 
culverts, 1658 
reinforced concrete, 553 
removal, 524, 554, 797 
steel, aqueduct, 1325 
Formulas, dimensional, 1482 
Foundations, 604-645 
area, 611 
breakwater, 566 
bridge, cost, 641 
buildings, bearing capacity, 607, 608 
concrete mix, 504 
loads, 610, 611 
pneumatic, 636, 639 
concrete, 613 
mix, 500, 504 
dam, defective, 686 * 
on earth, 707, 1312, 1829 
rock, 1286, 1289-1297 
deep, 620, 630, 632 
earth dam, 1301 
examining site, 604 
floating, 607, 702 
freezing process, 643 
generators, 1619 
grillage, timber, 780 
lighthouses, 571, 1726 
reinforced concrete, 555. = 
loads, 610, 619 
pavements, 1659, 1681, 1690 
pile, 615-620 
pneumatic, 636-643, 
pressures, 611 
pumping, 628, 1845 
quay walls, 1730 
quays, 1736 
reinforced concrete, 555 
retaining walls, 556, 603 
roads, 1654, 1658, 1663 
shipways, 1798 
spread, 610 
standpipe, 966, 1233 
subaqueous, 621-645 \ 
test pits, 1373 
timber, 615, 630, 779 
Foundry, loads, 830 
Pig-iron, 392 
Fountains, water measurement, 1126 
Fox bolt, 685 
Fractions, decimal equivalents, 36 
Fracture, detail, 399 
materials, 326 
Frameworks, simple, 1463 
Framing timber, 763-776 
piers, 1744 
Francis, weir formula, t102, 1118 
Free carbon, 1652 
Free port, 1812 
Freezing, cement mortar, 498 
explosives, 1521 
mixtures, 1526 
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Freezing, point, metals and alloys, r52. 
process, excavations, 643, 1367 ~ 
test, stone, 386 
water pipes, 1236 

Freight, cars, 233 
houses, 216 

“movement, summary, 247 
tates on steel, 876 
revenues, 246 
trains, resistance, 162 
French Commission column formula 
55° * 

Frequency, alternating current, 1612 
harmonic motion, 1485 

Fresno scraper, 646 

Friction, 669, 1500-1510 
angle, 670, 759, 1500 
belting, 1501 
coefficient, 669, 759, 1500-1507 
coil, 1501 
fluid, 1077, 

1588 
head, 1074, 1087-1101, 1104-1108 
horse-power, 1592 


1087-1101, L104—1108 


hydraulic, 1074, 1087-1101, 1104- 
1108 4 * 
internal, 340 ' 5 
angle, 668 


journal, 158, 16r, 1504, 1506. 
kinetic, 1502 
law, 669, 1502 
losses, train, 158 
pile, 619 
resistance, foundations, 634, 639 
of rest, 1500 
riveted joints, strength, 896 
rolling, 158, 1506 
rope, 1§0r 
sliding, 1502 
static, 1500 
tackle, 1509 
Frogs, 202-213 
bluntness, 206 
dimensions, 204, 205,:206 
track gage, 195 
trolley, 289 
Frost, action, earth, 654 
batter, 696 
foundations, depth, 608 
road repair, 1654 
Fruits, barrel, capacity, 1551 
irrigation, 1817, 1818 
Frustum, cone, 1422, 1472, 1479 
cylinder, 1422 
paraboloid, 1423 
pyramid, 1422, 1472 
Fteley and Stearns, weir, 1102, 1320 
Fuels, calorific value, 1518, 1598, wos? 
1619 
chemistry, 1517 
consumption, engines, 231, 1617 
cost, pumping, 218, 1847 
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Fuels, liquid and gaseous, 1519, 1598, 
1617, 1619 
function, 1427 
angle, 12, 13, 37; 38, 1416 
tables, 12, 13, 1006-1072 
derived, 1427 
expansion, 1430 
explicit and implicit, 1427 
hyperbolic, 34, 35, 39, 1445 
integrals, 1431 
inverse, 1418, 1446 
multiple and single valued, 1427 
numerical tables, 37 
trigonometric, 12, 13, 38, 1006-1072 A 
fund, sinking, 1424 
‘unicular polygon, 1454 
‘urlong, 1552 
furnace, air, cast iron, 393 
gas, 1536, 1618 | 
heating, 1589, 1619 
linings, 1525, 1535 
oil, 1618 
‘usion, point, 1531 
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sabbro, paving test, 1648 
sadding, stone, 570 
sadolinium, 1514 
xage, ball and chain, 1130 
Bourdon pressure, 1131 
differential, 1131 
hook, 1130 
point, 1130 
railway, 195, 313 - 
sheet steel, 459, 460 
strain, 376 
street railway, 313 
thread, 455, 457, 764 
track, 195, 313 
U.S. standard, 450, 460 
Wire, 470, 471, 1607 
raging streams, 1123-1130, 1164-1175 
ale, velocity, 1544 
yalleries, drainage, dams, 717, 1288, 
1291 
infiltration, 1204 
yallium, 1514 
yallon, 1549, 1551, 1554, 1557, 1565 
per day, to inches run-off, 1193 
yallows, frame, 876 
yalyanic, action, and corrosion, tap, 
1208 
electricity, 1602 
yalvanizing, 418 
sea water effect, 1733 
wire fencing, We 
yangways, piers, 1745 
yarage, loads, 835 
sarbage, disposal, 1263 
yas, Gases, 1074, 1526 
blast furnace, 1598 
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Gas, change of state, 1580 
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characteristic equation, 1574, 1570 


coal, 1519 

diffusion, 1078 

engine, 1597, 1617, 1620 
expansign, 1536, 1579 
explosive mixtures, 15190 
flow formulas, 1101, 1106 


fuel, 1519, 1598, 1617, E619 
furnace, corroding action, 1536 


-house coal tar, 1652 
ideal, 1575 
illuminating, 1520 


asphalt paving injured, 1382 


fuel, 1617, 1619 
kinetic theory, 1574, 1580 
marsh, 1519, 1522 
molecular, 1078 


natural, fuel, 1519, 1598, 1619 


permanent, 1582 


physical properties, 1526, 1578" 


pipe railing, 878, 1673 
power plants, 1616-1619 


pressure, 1078, 1575, 1579 


producer, fuel, 1520, 1598, 1617 


pumping, 1845 
properties, 1578 
retort brick, 1525 
sewer, 1263 
solubility, 1207, 1526 
sound transmission, 1537 
specific gravity, 1078, 1526 


specific heat, 1526, 1533, 1579 


thermal conductivity, 1535 
tunnel, 1382, 1393, 1308 
water, 1519 
Gasoline, engines, 1597, ate 
cost, 1695 
fuel, 1519, 1617, 1619 
cost, 1847 


pump, 218, 219, 1835, 1845 


specific gravity, 1131 
Gate, box, 1245 
farm, along railway, 167 
geared, 1246 
* graving docks, 1773 
guard, canals, 1352-1357 
houses, 1320 
hydrants, 1248 
hydraulic operation, 1245 


irrigation canals, 1830, 1841 


levee, 657 
lifting lock, 1347 
lock, 1346-1350, 1352 
movable dams, ‘1317 
navigation Canale 1352. 
pipe flow effect, to99, 1245 
safety, canals, 1352 
sluice, 1246 

discharge, 1118 
steel pipe lines, 1342 


stoney sluice, 1314, 1918, 1337 


” 
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Gate, Taintor, 1318 

tumble, 1347 

turbine, 1139 ~ 

valves, 1244-1246 

waste, locks, 1336, 1339 
Gauss, induction unit, 1602 
Gay-Lussac’s law, 1078, 1536 
Gear, efficiency, 271, 1508 

teeth, test,'387 
Gelatin, explosive, 1521 


Generator, alternating current, 1611- 


615 
capacity, 1611 

' choice, 1619 
direct-current, 1609-1611 
foundation, 1619 
motor, 1626 

substations, 276 
principle, 1602 
use, 1181 
water wheels, 1181 

Geodetic surveying, 114-121 

Geometric series, 1411 

Geometry, 1420, 1436-1446 

German silver, 417, 419, 1524, 1609 

Germanium, 1514 

Gilbert, electric unit, 1602 

Gill, 1554 

Gin pole, 789, 876. 

Girder, beams, Bethlehem, 440, 442 
bearing, masonry walls, 704, 889 
bridge, 560, 879-893 

/building, loads, 835 

circular box, shields, 1392 
on concrete blocks, 526 
curved, 971 

depth, 887, 892 

elevated railroad, 963 

floor, buildings, 835 

lattice, 963 

long-span American, 881 
maximum moment, 882, 885 
plate, 879-893 (see Plate girder) 
rail, 313 \ 

‘ reinforced concrete, 543, 560 
repeated stress, 332 

shear criterion, 882, 885, 803 
viaduct, 961 

Girt, 827 

Glass, electric insulator, 1628 
physical properties, 435, 1522 
restitution coefficient, 1498 
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Gold, 1514, 1524. 
electric conductivity, 1607 
Gordan’s column formula, 363 
Governor, turbine, 1184 
Grab-bucket dredge, 658 
Grade, aquediicts, 1321, 1323 
balanced, 259 
compensation, 124, 164, 105 
conduit, reinforced concrete, 1326 
corrections, surveying, 116 
crossings, 122, 169, 312 
electric railway, resistance, 270 
irrigation canal, 1824, 1825 
line, hydraulic, 1078, 1087 
locomotive rating, 233 
minor railroad, 256 
momentum, 260 
pavements, 1657, 1680 
pusher, 258 
railroad, 160, 164, 216, 256 
Tepose, 160 
resistance, 158, 270 
roads, 1640 
ruling, 257 
sewer, 1258 
surveys, 75 
stakes, roads, 82 
staking out, 75 
Graders, road, for farms, r8360 
Gradient, curve, 1438 
hydraulic, 1078, 1087 
line, 1414, 1436 
temperature, 1535 
Grading, earthwork, 154, 648 
landscape, 154 
machine, 648 
railroad, cost, 249, 251, 253 
Grain, bins, 973 
elevators, 568, 1794 
handling, piers, 1795 
irrigating, 1817, 1818, 1837, 1839 


Grain (weight) equivalents, 1205, 1553 


Gram, equivalents, 1553 
Gram-calorie, 1523, 1532,.1569 
Grand stand, location, 77 
Granite, 574, 1646 
absorptive power, 420 
aggregate, 409 
mortars, 406 
strength, 506, 508, 515 
voids, 501 
ashlar, 664, 666 


block paving, 1645, 1646, viGaay 1674 

coefficient of expansion, 420, 667, 1522 | 

compressive strength, 420, 576, 664° 
_core borings, 1373 

disintegrated, ballast, 181 

dressing, 577, 583, 585 

durability, 577 

facing, harbor wall, 567 

footings, 614 

friction angle and coefficient, 669 


thermal hysteresis, 1536 
wired, 417, 840 
Globe valves, head lost, 1618 
Globes, frosted, lamps, 1527 
Glucinum, rs14 
Glue, joints, strength, 435 
Gneiss, dressing, 583, 584 
granite, 1646 
paying tests, 1648 
physical Properties, 664, 665, 667, £522 
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Granite, lintel, 704 
Masonry, 664, 666, 667 
weight, 610 
modulus of elasticity, 420, 667 
modulus of rupture, 420, 614 
Paving, 1645, 1646, 1648, 1649, 1674 
pressures, 594 
screenings, 496 
shearing strength, 420, 665 
sidewalks, 1602 
specific gravity, 500, 1522 
specific heat, 1522 
strength, 420, 665 
surface finish, 577 
tension strength, 665 
water stored in, 1178 
weight, 420, 575, 665, 1648 
masonry, 610, 667 
screenings, 496 
Graph, equation, 1414 
logarithmic, 1095 
singular points on, 1439 
space-time-velocity, 1484 
straight line, 1427 
trigonometric functions, 1417 
Graphite, brick, 1525 
in cast iron, 391 
paint, 436, 842, 870 ‘ 
physical properties, 1522 
Grappier cements, 432, 481 
Grapple dredge, 658 
Grass, on levees, 656 
percolation, 1162 
topographical symbol, 59 
water storage, 1200 
Grate, area, boilers, 1589, 1618 | 
locomotives, 226 
bars, expansion, 394 
life, 269 
Gravel, 181, 1645 ‘ 
aggregate, 499, 502, ‘sos, 5o6-5rz 
bearing capacity, 606, 1620 
canal slopes, 1363 
cemented, excavating, 645, 653 
cementing value, 1648 
and clay, excavators, 660 
effective size, 1088 
erosion, 1364 
filter beds, 1217, 1220, 1222 
fineness test, 378 
flow coefficients, 1106 
foundation, road, 1650, 1664 
-friction angle and coefficient, 669, 
-) Irto 
lateral pressure, 675 
load distribution, foundations, 608 
loading cost, 183 
macadam road, 1663 
mechanical analysis, 503 
mechanical filters, 1220 
Plowing, 645 _ 
removal, sewage, 1270 
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Gravel, roads, 1662 
oeepae to ideal, 1642, 1643 
roofing, weight, 8z 
sand and clay, mixt, 1645 
angle of ‘repose, 669, Or 
bearing capacity, 606 
weight, 667, 668, 7or 
screening, 514 
screenings, 491, 496, 499, 500 
seepage, losses, 1364 
shield tunnels, 1390 
shrinkage, 655 ’ 
sidewalks, 1692 
slope paving, 587 
specific gravity, 500 
surfacing, roads, 1663 
-tar filler, pavements, 1675 
transportation, flow, 1109 
uniformity coefficient, 1089 
voids, 496, 501, 1202 
wash borings, 1371 
washing, 514, 1217 
water flow, 1109, 1364, 1822 
weight, 496, 667, 668, 1729 
Graving docks, 1760-1777 
altars, 1765 
blocks, 1767 
caissons, 1773 
capstan, 1768 
construction, 1769-1773 
cost, 1776 
design, 1764 
drainage, 1766 
vs. floating dock, 1777 
forces acting, 1762 
gates, 1773 
masonry, 1762, 1776 
for shipbuilding, 180 
timber, 1766, 1776 
walls, 1761 
Gravity, acceleration, 1081, 1470, 1485 
battery, 1636 
center of, 1457, 1468-1473 
force, 1479 . i 
function, 1468 
grade, 160 
specific, 1077, 1522-1526 
water, 1814 
Gray iron, 391, 395 
Grease, mineral, lubricant, 1505 
water, 1208 
Great Lakes basin, run-off, 1169 
Greek alphabet, 1410 
Greenheart, 423 
Greensand, tunneling, 1376, 1381 
Greenstone, 1522 
Gribble, 427 
Gridiron, foot-ball, 77, 78 
system, pipes, 1226 , 
Grillage, retaining wall, 606 
reinforced concrete, 555 
timber, 696, 779 7 
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Grindstone, stresses, 339 
Grit, chamber, 1270, 1274 4 
surface, roads, 1669 
Groined arch, 1224, 1232 
Groins, shore protection, 1712, 1713 
Grooving, boilers, 1208 
Ground, percolation, cultivated, 1162 
storage, water supply, 1178, 1194 
waters, 1201 
flow, 1088 
level, 1853 
pumping, 1204 
sewers, 1253 
Grouting, pavements, 1675, 1677, 1680 
shield tunnels, 1401 
tank bottoms, 967 
Grubbing, railroad, cost, 249, 251, 253 
irrigated land, 1836 
Guard, gate, canals, 1352-1357 
piles, 781 
railing, highway, 1672 
rails, 787, 872 
stock, 214, 250; 253 
timbers, 788, 872, 894 : 
Gum tree, 423, 430 , 
Gumbo, 181, 1646, 1662 
shrinkage, 655 
Gun, metal, 416 
steel, 404 
Guncotton, 1520 
Gunpowder, 1520 
quarrying, 579, 582 
Guns, bands, stress, 340 
Gunter’s chain, 42, 1552 
Gusset plate, 917 
Gutters, mechanical filters, 1221 
road, 1657, 1693 
Guys, derricks, 472 
wires, trolley, 281 
Gypsum, hardness, 1523 
plaster, 1517 
reservoirs near, 1832 
“strength, 325, 433 ‘ 
tiles and slabs, 476 Jj 
weight, 325, 432 
Gyration, center of, 1477 
radius of, 361, 1473, 1477 
common sections, 343 
Gyrostat, 1406 


H 


‘H, column, Bethlehem, 443, 444 
-section, columns, 911 
Hachure lines, 59, 60 
Halving, timber, 768 
Hammer, blow, 1408 
bush, 583, 585 
double-face, 582 
face, 582 
patent, 583, 585 
peen, 582 
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Hammer, pile driver, 617 
test, steel, 390 
Hand level, 50, 89 
Hangers, impact, 856 
suspension bridge, 959 
trolley wire, 290 
Harbors, 1702-1712 
bars, 1710 
design, 1702 
natural, 1702 
pollution, 1267 
walls, 567, 698 
Hard-wood, 422 
Hardness, metals and alloys, 384, 1524 
rock test, 1647, 1648 
scale, solids, 1523 
tests, metals, 384 
water, 1205, 1206, 1208 
classification, 217 
Hardpan, canal slopes, 1363 
classification, 1646 
excavation, 645, 653 
irrigation, 1814 
plowing, 645 
Haul, earthwork, 141 
free, 152 
Hauling, earthwork, 649 1 
stone, cost, 184, 515 
Haunching, 721 
Head, block, timber, 768 
~ gates, irrigation canal, 1830, 1831, 
184r 4 
nut and bolt, 455 
Tivet, 867, 898 
Head (in hydraulics), 1074 
equivalent pressures, 1555 
filter, loss, 1215, 1221 
friction, 1074, ede II04-1108 
increasers, 1181 
negativ, filters, 1222 
observations, 1130 
pressure, 1074, 1076, 1087 
velocity, 1074, 1081, 1087 
Header, boiler, 1617 
Heading, and bench BE 1379 
bottom, 1380 
timbered, tunnels, 1374 
Headwalls, culverts, 1657 
Heartwood, 422 
Heat, absorption, 1535 
content, fluids, 1578, 1583 
electric current, 1603 
emission, 1535 
energy, 1574, 1576 
expansion from, 1536 
fuels, 1518, 1619 
fusion, 1576 | 
hysteresis, 1536 
latent, 1533, 1575, 1582, 1583 
of liquid, 1582 
loss, boilers, 1509 
mechanical equivalent, 1574 
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Heat, quantities, 1532 
radiant, 1534 
specific, 1533; 1575 
gases, 1526, 1533, 1579 
metals, 1524 
rocks, 1522 
water, 1525, 1533 
transference, 1534 
Heaters, trolley car, 307 
Heating, car barn, 308, 309 
cars, 306 
changes, 1536, 1575 
and cooling curves, 1534 
Hectares, to acres, 1564 
equivalents, 1552 
Hectoliters, to bushels, 1565 
Hedges, snow protection, 169 
Heel, masonry, ‘685 
Hefner unit, 1527 
Height of instrument, 80, 91 
Heliotrope, 117 
Helium, 1514 
Hematite pig-iron, 410 
Hemisphere, center of gravity, 1473 
Hemlock, 423, 425 
arch centering, 796 + 
extract, boiler scale, 1209 
strength, 430, 758 
weight, 430 
working stresses, 756, 757, 805 
Hemp, kinetic coefficients, 1503 
rope, 468 “ 
Henry, electric unit, 1600 
Hexagons, steel, sizes, 451 
Hickory, fuel value, 232 
physical properties, 423, 426, 430, 
1523 
strength and weight, 430 
Highways, 1640-1673 
bridges, dead load, 847 
floors, 785, 869 
live loads, 849-857 
metal thickness, 860 
cost, 1644, 1662 
crossings, 122, 169, 312 
curves, 1640, 1656, 1673 
foundations, 1658, 1663 
location,,1640 
machinery, 1695 
scrapers and graders, 647, 648 
signs, 1673 
traffic, 1641 
width, 1640 
Hinge, cantilever bridge, 
masonry arch, 735 
steel arch, 947, 948 
Hinged lift bridge, 922 . 
Hip, and valley framing, cost, 842 
vertical, 901, 904 
Hockey field, 78 
Hodograph, motion, 1487 
Hoist, clay, caissons, 638 


\ 
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Hole, for blasting, 597, 1380 
bolt, 198, 466 
fence post, 166 
Tivet, 822, 859, 865, 892 
screw, timber, 764 
steel plate, 895 
washer, 767 
Hood, shields, 1392 
Hook gage, 1130 
Hooke’s law, 322 
Hooks, stress, 372 
Hoop, reinforced concrete columns, 548 
revolving, stress, 338, 330 
shrinkage, 339 
Hopper bin, 971 
Horizon, true and sea, to2 
Horse, path, roads, 1665 
roller, 1666 
sweepers, streets, 1694, 1700 
travel, 515, 650 
work done, 1511 
Horse-power, 1147, 1148 
boiler, 1588 
brake, 1592, 1503 
to cheval-vapeur, 1572 ; 
equivalents, 1481, 1553, 1571 
friction, 1592 
gas engine, 15908 
hour, 1480, 1574, 1503 
hours, equivalents, 1158, 1555 
indicated, 1592 
to kilowatts, 1159, 1571, 1600 
locomotive, 231 
year, 1158 
Hose, fire, 1231 
Hotel, floor load, 834 
Hour, angle, 103 
circle, 103 
kilowatt-, 1555, 1600 
watt-, 1480, 1600 
Houses, car, 307 
engine, 235, 250 
ferry, 1790 
freight, 216 
gate, 1320 
oil, 221 
power, 273, 1180, 1621 
sand, 221 
Housing, timber, 768 
Howe truss, 805-807 
analysis; 1465 
falsework, 789 
floors, 788 
materials, gor ; 
roof truss, 800 * 
stress diagram, 1467 
types, 809 
Hump, railroad, 257 
yard, 215 
Hundredweight, 1553 
Hurricane, velocity, 572, 1544 
warnings, 1538 
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Hydracone, 1180 
Hydrants, 1248 
pressures, 1116 
Hydrated lime, 497, 521, 599 
Hydraulic, axis, 1108 
caisson, 621 
computations, 1080 
diagrams, plotting, 1096 
dredge, 658 
elements, trapezoidal section, 1363 
grade line, 1078, 1087 
gradient, 1078, 1087 
mean depth, r104 
radius, 1089, 1104, 1363 
_ Hydraulics, 1073-1188 
Hydrodynamics, 1074, 1077 
Hydrogen, atomic weight, 1514 
gas, 1520, 1579 
scale for temperature, 1530 
Hydrographic survey, 07 
Hydrolytic process, sewage, 1272 
Hydromechanics, 1074 
Hydrostatics, 1074, 1076 
Hyperbola, 1441 4 
conjugate, 1442 
construction, 1442 
equation, 1439 
segment, area, 1421 
Hyperbolic functions, 34, 35, 30, 
1445 
Hypocycloid, 1444 
Hypothenuse, 1416 
Hypotrochoid, 1444 
Hysteresis, electric, 1601 
thermal, 1536 
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I-beams, 437-442 
Bethlehem, 437, 440, 441, 442 
‘bridges. 879 
combined stress, 344 
computations, 438, 836 
cost, 878 
deflection, 837 
economic section, 836 
failure, 360 
floors, 542, 836 
footings, 615 
highway bridge floors, 870, 879 
inclined web, 821 
lateral support, 438, 837 
properties, 437-442 
railroad bridge floors, 872 
shear, safe, 837 
shearing factor, 441, 458 
stringers, 869, 874 
tests, 374, 440 
tie rods, 837 
web, thickened, 437 
weight, increased, 437 
T-section, moment of inertia, 343 
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Ice, 435 


anchor, 1192 
expansion coefficient, 435 
on filters, 1223 7 
heat of fusion, 1576 
intakes, 1180, 1190, 1192 
melting temperature, 435, 1530 
power house, 1180 
pressure, 435, 709, 1727 
strength and weight, 435 
Hivenbents, 1632 
Tilumination, 1527, 1631 
Images, optical, 1529 
Imhoff tank, 1273 
Impact, 333, 1498 
beams, 334, 359 
bridges, 856, 857, 858, 882 
coefficient, 334 
cranes, 828 
direct central, 1498 
elevated railway structures, 965 
horizontal load, 361 : 
masonry arch, 722 , 
reinforced concrete ‘floors, 540 
tests, ror, 384, 380 
timber, stresses, 756 
water, 1078 
waves, 565, 1727 
Impedance, circuit, 1600 
Imperial bushel, 1549 ) 
Imperial gallon, 1550, 1557, 1565 
Imperviousness, concrete; 520, 551, 560 
mortar, 492, 521 ' 
Impulse, force, 148z, 1483, 1487 
turbines, 1131 
Incandescent lamp, 1527, 1633, 1634 
Inch, and centimeters, 1560 
cubic, equivalents, 1554 
equivalents, 1552 
fractions, to millimeters, 1559 
miner’s, 1551, 1816 
quadric, 1473 
Incineration, refuse, 1264 
Inclination, straight line, r4r4, 1436, 
1438 
Inclined plane, {508 
Inclines, canals, 1331, 1349 
third rail, 295 
for siibarsitac steep banks, xa 
Increments, calculus, 1427 
Incrustation, boilers, 217, 1208 
Indeterminate forms, calculus, 1430 
Indicator diagrams, 1501, 1504 
Indium, 1514 
Inductance, 1600 
Induction, electromagnetic, 1602 
motor, 1614, 1615 
regulator, 1625 
self, 1600 
Inertia, 1475, 1477 
center, 1468 
circle, 1475 
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Inertia, ellipse, 1475 
function, 1468 
moment of, 344, 1473 
bodies, 1477, 1499 
common sections, 343, 1476 
polar, 367, 1473 
principles, 1473 
rolled shapes, 437-450 
principal axes, 1475, 1477 
product, 1473, 1477 
train resistance, 160 
Infiltration galleries, 1204 
Inflection, curves, 1439 
Influence, circle, wells, 1202 
diagrams, 854, 903, 905, 907, 908 
line, 746, 904, 944 
Ingot, iron and steel, 410 
Inks, colored, on tracings, 58 
Inlet, storm water, 1260 
Input, machines, 1508 
Inspection, materials, 389 
- sheds, trolley, 307 
steel, 380, 406 
__ timber, 428 
Institutions, sewage Aienosals 1284 
Instruments, astronomical, 1529 
direction, 118 ‘ 
drafting, '53 
electric, 1603 
surveying, 42-52 
plane table, 95 
precise leveling, 53, 82 
railroads, 122 
repeating, 118° 
stadia, 89 
switchboard, 1620 
Insulation, electrical, 1599, 1623, 1629 
joints, electrolysis, 1251 
motors, ‘303 
thermal, 1525, 1535 
Insulators, electric, 1607, 1628, 1630 
dielectric strength, 1599 
strain, trolley, 284 
test, 387 
Intakes, water, 
1828 
Integral, 1431, 1435 
probability, 1447 
table, 1431-1435 
Integrand, 1431 
Integration, 1431 
approximate, 1435 
Intercept, force, 1458 
. graph, 1414, 1436 
Interest, 1423-1425 
tables, 1424, 1425 
Interpolation in tables, 37 
Intersection, angle, curves, 125 
survey lines, 03 
Interurban cars, 209 
Invar, 62, 116, 417 
Tnyolyte, 1438 


\ 
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Iodine, rs14 
Iridium, 1514, 1524 
Iron, atomic weight, 1514 
boiler, corrosion, 1209 
cast, 390-396, 400, 1524 
(see Cast iron for sub-heads) 
classification and definitions, 4or, 
408 
coagulant, 1211, 1271 
conductivity, 1607 
corrosion, 417, 552 
corrugated, 459 
friction coefficients, 669, 1501 
galvanized, 418 ¥ 
gray, 391, 395 
ingot, 410 
malleable, 393, 394, 410 
tie plates, 20r 
mottled, 391, 410 
nomenclature, 408 
paint, 436 
physical properties, 394, ae 1524 
pig, 391, 408, 410- 
plate, 410, 453 
puddled, 397, 410 
salts in water, 1207, 1247 
sheet, gage table, 460 
symbol, 1514 
welding, 413 
white, 391 
wire, 470, 472, 1607 
wrought, 396-401, 411 
Irrigation, 1814-1841 
canals, 1363, 1821-1829 (see Canals, 
irrigation) * 
conveyance losses, 1818 
development acts, 1868 
district law, 1868 
diversion works, 1828, 1829 
flooding, 1837 
number, 1818 
projects, acreage, 1814 
cost, 1870 
estimates, 1870 
investigation and reports, 1874 
by pumping, 1835 
spray, 1840 
structures, 1834 
sub-surface, 1840 
system, operation, 1872 
time, 1817 
tunnels, 1824 
water, application, 1836 
disposal, 1814 
distribution, 1833, 1840 
limited quantity, 1816 
loss, 1816 
required, 1816, 1834 
supply, 1820 
works, U. S. cost, 1814 
Tsogonic lines, 63 
Tyory, restitution coefficient, 1498 
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J Joints, timber, fishplate, 771 
. glued strength, 435 \ 
Jack, for arch centering, 707 inclined, strength, 805 
rafter, 816 lap, 768, 774 
shield, 1390; 1392 nailed, 765 
smoke, 236 packing, 784 
Jack-knife drawbridge, 921 scarf, 774 
Jacket, condensing steam, 1592 tension, 772 
Jambs, rubble masonry, 592 truss, analysis, 902 
Japan coating, steel pipe, 1244 deflection, 918 
Japanese measures, 1550. design, 823 
Jet, aeration, 1210 flexible, 923 
borings, 605 hinged, stiffness, 910 
fountain, water measurement,, 1126 welded, 196, 312 
hydraulic caissons, 621 Joists, 786, 706, 707 
impulse, 1078 Joule, 1480, 1533, 1600 
losses, 1088 equivalents, 1553, 1555 
pile driving, 618 to gram-calories, 1569 
pump, 1152 M j law, 1579 
reaction, 1078 Journal, bearings, 1504, 1506 
sewage, 1281 friction, 158, 161, 1504, 1506 
shaft sinking, 1367 Jump, stream, 1112 
steam, 1587, 15905 Jumper drill, 580 
suction dredge, 658 ‘ 
well driving, 1204 K ; ” 
Jetties, 1712, 1714 < 
Jib crane, 220, 1810 Kaolin, 426 
Joints, in belting, 1501 Kern, 683 - ' t 
expansion (see Expansion joints) Kerosene, fuel, 1617, 16T9 
insulation, pipe, 1251 - specific gravity, TI3r 
trolley, 312 Kettles, asphalt mixing, 1698 
in masonry, ashlar, 590, 664 f Key, compound beam, 775 
brick, 600 timber truss chord, 805 
compressive strength, 664 Kiln, drying, timber, 426 
normal stresses, 667-682 Kilogram, 1549, 1551 
tubble, 592, 1286 -calorie, 1523, 1532, 1553, 1570 
springing, dome, 809 . meter-, 1553, 1555, 1560, 1570 
squared stone, 5 2 to pounds, 1558 
stability, 720 per square centimeter, equivalent; 
stresses, distribution, 677— -682 1555, 1567, 1568 
pavements, 1674, 1676, 1679, 1691 Kilogrammeter, 1480 
pipe, cast-iron, 1191, 1237, 1238, | Kilometers, per hour, equivalents, 
I251 1554 
insulation, 1251 NS to miles, 1561 
steel, 1239, 1240, 1243 Kilovolt, r590 
vitrified tile, 1258, 1657 Kilowatt, equivalents, 1553, 1571 
wooden, 1244 to horse-power, 11509, 1571, 1600 
rail, 195, 295, 312 -hour, 1555, 1600 
riveted, 893-898 Kind-Chaudron shaft-sinking system, 
bridges; 861, 867, 920 © 1368 3 
butt, 322, 895 Kinetic, coefficients, 1503 
efficiency, 895, 1243 energy, 1481, 1495, 1574 
friction strength, 896 King type, trussed beam, 777 
lap, 321, 895 Kish, cast-iron, 391 
standpipe, 969 Kitchen wastes, 1284 
steel pipe, 1239, 1240 Kleinpflaster, 1676 
stresses, 321, 823, 895 Kneebraces, 828, 831, 832 
tests, 387, 407 ‘ Knots, beams, 763 
timber, 768-776 “ equivalents, 1554 
cost, 707 timber, 420, 756, 763 
common, 768 ‘Krypton, 1514 


compressicn, 768 Kutter’s formula, 1095, 1105, 1107 
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Labor, muscular exertion, 1510 
- Laboratory, asphalt plant, 1682 
Lacing, column (see Lattice bars 
Lacrosse field, 78 
Ladder, fish, 1321 
standpipe, 967 
track, yards, 215 
Lafarge cement, 432, 481 
Lag, harmonic motion, 1485 
screws, 764, 765, 768 
Lagging, arch centers, 797, 798 
Laitance, 519 
Lakes, flood control, 1724 
intakes, 1190 
water, filtration, 1225 
bacteria, 1208 
filter rates, 1223 
Lamé’s formula, cylinders, 330 
Lamp, arc, 1627, 1632, 1635 
current required, 1630 
incandescent, 1527, 1633, 1634 
life, 1635 
nitrogen, 1633 
standard, 1632 
Lancewood, 1523 
Land, drainage, 1841-1865 
clearing, 1836 
cultivation, 1836 
crops, 1836 
drainage, 1851 
evaporation, 1542 
grading, 1836 
irrigation, 1814-1840 
irrigated, drainage, 1862 
measure, 67 
overflowed, 1851 
railroad, cost, 2409, 253 
reclaimed colonization, 1870 
reclamation, 1841-1857 
wall, 700 
settlement, 1852 
tidal, drainage, 1853 
treatment, sewage, 1276 
Landing, piers, 1741-1757 
stage, vessels, 1706 
Lands, U. S. public, 78 
Lantern, dome, 807 
Lanthanum, 1514 
Lap joint, steel, 321, 805 
timber, 768, 774. 
Larch, 424, 425, 430, 1523 
Lateral, irrigation, 1834 
sewer, 1252 : 


Lateral bracing, deck bridge, 881, 919 


girder bridge, 881, 892, 894 
specifications, 862 
truss bridge, 919 
viaduct, 961 
Lath, metal, 552 
Lathing, weight, 610 


\ 
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Latitude, 103 
and departure, 67 
determining, 107 
lines, survey, 79 
Lattice bars, 833 
cantilever chords, 940 
compression member, 365, 860, 917 
inspection, 406 
tension members, 910 
workmanship, 866 
Latus rectum, 1442, 1443 


Launhardt’s formula, repeated ee 


408 


Laws, building, 666, 703, 757, 843-845 


thermodynamics, 1576 
Lead (leed), harmonic motion, 1485 
track, yards, 215 
Lead (led), 414, 1514, 1524 
conductivity, 1607 
corrosion, 419 
covering, cables, 1629 
heat of fusion, 1576 
hinge packing, 729, 735 © 
paint, 436, 842 
pipe joints, 1237,,1238, 1239, 1251 
service pipe, 414, 1250 
storage battery, 1637 
strength, 416 
weight, 416 
Leaders, pile driver, 617 
League, 1552 
Leakage, intake pipes, 1190 
locks, 1339 _ ‘ 
water mains, 1229, 1238, 1239 
Least, squares, 119, 1448 
work, principle, 909 
Leather, 433, 1501, 1503 
Leaves, percolation effect; 1162 
Length, standard, surveys, 74 
unit of,-1552 
Chinese measure, ee 
. English measure, 1549, 1562 
Japanese measure, 1550 
metric measure, 1548, 1549 
Russian measure, 1550 
tables, 1552, 1559-1561 
U. S. measure, 1549 
Lens, microscope, 1527 
trolley signalS, 312 
Lettering drawings, 58 
Levees, 655-657, 1722, 1848 
bibliography, 657 
check, irrigation, 1838 
construction, 655, 660 
machines, 660 
drainage, 657 
freeboard, 1848 
landing, 1796 
maintenance, 1849 
roads, 657 
slopes, 1848 
sluice, 1852, i 


1914 Lev—Lin 
Levees, standard sections, 655, 1722 
Level, mean sea, 1704 
sections, earthwork, 137-145 
Leveling, 79-88 
Leveling instruments, 50-53, 82, 89 
Lift, air, 1154, 1204 
bridge, 921, 922 
canal, 1349 
centrifugal pump, 1147 
docks, 1760 
Light, 1527 
arc, 1632, 1635 
voltage, 1627 
diffusion, 1527, 1636 
intensity, 1632 
lighthouses, 1725 
power consumption, 1627, 1632 
canals, 1341 
ultraviolet, 1212 
wiring for, 1626 
Lighthouse, 571, 1725 
foundations, 571, 1726 
lights, 1725, 
reinforced concrete, 571 
Lighting, canal locks, 1341 
car barns, 308 
cars, power, 273 | 
electric, 1631-1636 
generators, 1181, 1610, 1619 
interior, 1633, 1635 
mill buildings, 827 
ship channels, 1725 
street, 1635 
small lamps, 1634 
wiring system, 1627, 1628 
tunnel, 1381-1385 
Lightning, arrester, 1625 
Lightships, 1725 
Lignite, fuel, 1518 
Lignum vite, properties, 423, 1523 
rolling friction, 1507 
Lime, air effect, 1516 
. barrel, capacity, rs5r 
carbonate, in stone, 574 
cement, 481 
chemistry, 1516 
coagulant, 216, 1211, 1273 
hydrated, mortar, 497; 521, 599 
hydraulic, 432, 480 
hypochlorite, 1211, 1284 
magnesian, 432 
mortar, 497, 521, 598, 1516 
putty, 6or 
sewage treated, 1273 
slaking, 508, 1516 
sludge treated, 1274 
and soda ash, water, 277 
water softening, 217 
Lime wood, 1523 
Limestone, 420, 574 
absorptive power, 420 
aggregate, 496, 505, 506, 508, 511 
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Limestone, ashlar masonry, 589, 595, 
664 
binder, 1646 ‘ 
broken, voids, 406, 50r 
compressive strength, 420, 570% 665 
core borings, 1373 
crushing, 515 
crusht, cost, 183 
cutting, 582 
deposits, reservoirs near, 1832 
dressing, 585 
expansion coefficient, 420, 667, seis 
footings, 614 
friction angle and coefficient, 669° 
lintel, 704 
masonry, loads, 610 
strength, 593, 505, 664, 666 
weight, 610, 667 
modulus of elasticity, 420, 667 
modulus of rupture, 420, 614 
mortar adhesion, 4098 
paving, 1646, 1648 
inferior quality, 578 
quarrying, 515, 578 
roads, 1646 
rubble masonry, 593 
screenings, 496 
shearing strength, 420, 665 
specific gravity, 500, 1522 
specific heat, 1522 
strength, 420, 665 
tension, strength, 665 
water, 1178, 1201 
weight, 420, 575, 665 
broken, 1648 - 
masonry, 610, 667° 
screenings, 496 
Limit, elastic, and proportional, 323, 376, 
512 
Limnoria, 427, 781 
Linden, 1523 
Line, of action, force, 1450 
center of gravity, 1460, 1470 
drop, power transmission, 1624 
equipment, trolley, 299 _ S 
influence, 746, 904, 944 
isogonic, 63 
old, survey, 70 
overhead trolley, 280, 28r 
probable error, 1450 
resistance, 687 
arches, 730, 731, 745 
dams, 711 
linear arch, 723 
ieee dune ed arch, 745. 
true, arch, 735 
slope, 1414, 1436, 1438 
springing, arch, 721 
straight, analytics, 1436 
transmission, 1621-1626 
Lining, aqueduct, 1321 
cast-iron tunnel, 1396-1399 


Civil Engineers’ Handbook 


Lining, furnace, 1525, 1535 
irrigation canals, 1365, 1818. 
navigation canal, 1333-1335, 1365, 
1818 : 
tunnel, 1382-1389, 1396-1309 

flow, rr06 
Link, equivalents, 42, 1552 
Lintel, 704 
concrete blocks, 526 
dressing, 586 
steel, depth, 838 
Liquid chlorine, 1212 
Liquids, 1074 
fuel, 1510, 1508, 1617, 1619 
heat of, 1582 
perfect, laws, 1076 
specific heat, 1533 
and vapor mixtures, 1582 
Liter, 1549 
equivalents, 1554 
to gallons, 1565 
Lithium, 1514 
Load, aeroplanes, 1546 
axial, 337, 361 
beam, 341, 346-354, 1462 
braking train, 783 
bridge, specifications, 846-858 
cantilever bridge, 930, 945 
congested, bridges, 939 
connected, power plant, 1185 
_ dead, 610, 836, 846 
distribution, planking, 856, 870 
dynamic, 333, 360, 1479 
eccentric, 337, 365, 682, 912 
elemental machine, 1508 
elevated railway, 965 
equivalent live, 721, 849, 884 
factor, meter, 1249 
factor, power plant, 1184, 1601 
floor, 540, 610, 830, 835 
foundations, 610, 619 
impact, 334 
beams, 359, 361 
bridges, 856, 857, 858 
elevated railway, 965 

inclined, arch, 732 

line, 1462 

‘live, bridge specifications, 847-858 
building columns, 836 
building laws, 843 
elevated railway, 965 
floors, 610 i 
impact, 334 
large cantilever, 9390 
masonry, arch, 722 
moment, thru girder, 885 
viaducts, 962 

motor car, 856 

panel, 819 

pier, eccentric, 682 

piles, 557, 610 

product, 904 


Lin—Loc 1915 
Load, rectangular representation, 722 
repeated, 330, 408 
road roller, 785, 854. 
roof truss, 816, 840 
snow, arches, 722 
bridges, 847 
roofs, 818 
trainsheds, 840 
specifications, 846-858 
static, 333 
sudden, 333 
trolley car, 854 
unsymmetrical, 438 
viaduct, 962 
wharves, 781, 1743 
wheel, 225, 302, 848, 886 
distribution, 856, 870 
wind (see Wind, loads) 
Loading earth, 640 
Loam, 1646 
in aggregate, 514 
channels, 1105, 1109 
eroding velocity, 1822 
excavating, 645 
grading, 649 
molds, 393 
percolation, 1162 
seepage losses, 1365 
shrinkage, 654 
-water stored, 1178 
Location, railroad, 122, 254 
roads, 1640 
Lock, 1331, 1344-1350 
caisson, 637 
dimensions, 1354 
filling and emptying, 1345 
floors, 1345 - ey) 
gates, 1346, 1352 
leakage, 13390 
Panama canal, 1360 
lift, 1333, 1349 
lighting, 1341 
nuts, 200 
Panama canal, 1344, 1360 
reinforced concrete, 567 
water consumed, 1371 
Lock-bar steel pipe, 1240-1242 
Locomotive, 224-232, 300 
axle loads, 848 
boilers, evaporation, 229 
classification, 224 
coaling, 220 
cost, 231 
crane, 220 
. drive wheels, balancing, 1492 
electric, 300 
acceleration rates, 270 
classification, 301 
rating, 300 
required weight, 271 
tractive effort, 301 
weight, 300, 302 
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Locomotive, ‘electric, wheel loads, 302, | Machine, flying, 1546 


849 
excess, 849 
fuel, 231, 244 
grate areas, 226 
horse-power, 231 
maintenance, 243 
operating cost, 237 
power consumption, 158, 269 
rating, 161, 232, 300 
repairs, 243 
resistance, 158-162 
steam consumption, 229 
tractive force, 225-231, 243, 270 
U. S. standard, :225 
weight, 225, 301 
wheel base, 226 
wheel loads, 225, 302, 848, 840 
Locust, 423 
fence posts, 167 
physical properties, 426, 430, 1523 
strength, 430, 757 
Log, board measure, 1551 
sawing, 425 
Logarithmic, diagrams, 1095-1007, 1414 
tables, 10-12, 37, 39, 978-1051 
Logarithms, 37, 1410 
common, of numbers, 10, 978-1005 
of mathematical constants, 36 
Naperian, 35, 39, 1410 
series, 1412 
of trigonometric functions, 12, 38, 
1052-1072 
Logways, 1829 
Lomas nut, 015 
Longitude, 103, 105, 110 
Louisville building law, 666 
Lubricant, effect, friction coefficient, 759 
effect, kinetic coefficient, 1503 
for striking centers, 797 
Lumber, 425, 428, 462 
Lutecium, 1514 
Lycoris fucata, 427 
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Macadam, bituminous, 1651, -1667- 
1672, 1687-1690 
grades, 1640 
roads, 1642, 1643, 1663, 1684 
rock, toughness test, 375, 386, 1647, 
1648 
surface treatment, 1664, 1671 
weight, 667, 847, 1648 
Machine, abrasion, 375 
blueprinting, 55 
brick-making, 1649 
channeling, 578, 1331 
concrete mixing, 517, 1698 _ 
efficiency, 1508, 1592 ut 
effort, 1508 
exciter, 1183 


grading, 648 
mechanical advantage, 1508 
shop, loads, 830 
simple, 1508 
testing, 373, 379, 384, 380, 1647 
velocity ratio, 1508 

Machinery, ditching, 661, 1849 
excavating, 1840 
foundations, 274, 1619 


» hydroelectric, 118r 


lock gates, 1349 
power house, 275 
road, 1695 
swing bridge, 932 
Maclaurin’s theorem, 1430 
Magnesia, brick, 1525 
in cement, 481, 482, 487 
Magnesium, atomic weight, 1514 
Magnetic, bearings, 44, 62 
circuit, 1602 
field, 1602 
permeability, metals, 385 
Magnetite arc lamp, 1632 
Magneto-generator, 1610 
Magnification, 1527 
Mahogany, 423, 1523 
Main, gas, head lost, rror 
Mains, electricity, 1627 
Maintenance, of way, 243 
Malleable, castings, 393, 395, 410° 
iron, 393, 394, 410 
Man, labor, 1510-1512 
Manganese, atomic weight, 1514 
bronze, 416, 417 
in cast iron, 391 
in rails, 19 
in steel, 
effect, strength, 403, 405 
nickel steel, 411 
purpose, 402 
special steel, 412 
in wrought iron, 396, 405 
Manganin, 1524, 1590, 1609 ‘ 
Manholes, electric wire subways, 1628 
sewer, 1260, 1263 
standpipe, 966, 967 
steel pipes, 1247 
over valves, 1246 
Manila rope, 468 
Manning formula, 1858 
Mantissa, 37 
Manure, sludge, 1274 
Map, 53-60 
railroad, 123 - 
Maple, 423, 430, 435, 1237 
Marble, absorption, 420 
ashlar, strength, 664 
compressive strength, 420, 576, 664- 
666 
~ dressing, 584, 585 
expansion coefficient, 420. 667, 1522 
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Marble, friction angle and coefficient, 
669 
lintel, 704 : 
modulus of elasticity, 420, 667 
paving tests, 1648 
physical properties, 420, 667, 1522 
' quarrying, 579 
shearing strength, 420, 665 
spécific gravity, 1522 
specific heat, 1522 
"__ weight, 420, 575, 665, 1350 
Marine, railroads, 1758-1760 
wood borers, 427, 781 
Mariotte’s law, 1078 
Marl, 1646 
cementing value, 1648 
gravel binder, 1645 
weight in sea water, 1729 
Marsh, drainage, 1850 
as, 1510; 1522 
‘inland, drainage, 1849 
lands, fertility, 1842 - 
reclamation, 1850 
salt, 1717 
tidal, reclamation, 1851 
topographical symbol,-59 
Masonry, 574-587, 664-670, 677 
ashlar, 588-592, 664 
cost, 709 
backing, 584, 590, 710 
brick, 599-604 (see Brick, masonry) 
classification, 587 
concrete, A99=SA6s 595, 665, 1286 
cost, 709 
cyclopean, 593, ‘667, 1286 
dimension stone, 588 
domes, 807-814 
expansion coefficient, 667 
friction angles, 669, 1501 
lining, flow coefficients, 1105, 1106 
modulus of elasticity, 667 
non-staining cement, 432 
pointing, 590, 600 
.pressures, 503, 666, 678 
random, 587 
Tange, 587 
toller-bearing pressure, 889 
rubble, 588, 592 
building walls, 703 
Mee OSE, 7IO | | 
| dams, 1286 
pressures allowed, 666 
weight, 610 
squared stone, 588, 592 
stone, 587-601, 664-670, 677, 709 
tension, 665 ‘ 
waterproofing, 604, 696, r40 
weight, 610, 667, 715 
working stresses, 664-667 
Mass; 1479 
atomic, 1551 
center of, 1468 
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Mass, diagram, earthwork, r4t 
diagram, water storage, 1176, TI9QS5 
force equivalent, 1553 
molecular, 1515, 1526 
moment of inertia, relation, 1477 
unit, 1482 

Materials, bituminous, 

1684-1690 
of construction, 320-478 
dredged, I54 
expansion coefficients, 1522-1525 
fatigue; 330 + al 
inspection, 389 
physical properties, 1522-1525 
repose angle, 668 
dry materials, bins, 973 
embankments, 164 
friction relation, r500 
submerged, 669, 1r10, 1302, 1728 
settlement-in water, 1109, 1213 — 
testing, 373-389 
weight, 667, 668, 971, 1728 

Mathematical, constants, 36, 39 
tables, 10-40, 978-1072 

Mathematics, advanced, 1427-1448 
elementary, 1410-1426 

Mattress, river banks, 1720, 1722 

Maxima and minima, 1429 

McMath’s formula, 172, 173 

Meadows, irrigating, 1839 

Mean sea level, 1704 

Measure, board, 462 

Measurement, angles, 66, 67, 100, 117 
base line, 1126 
dredged material, 154 
electrical, 1603 
lines, 61 

. time, 104 

Measures, weights and, 1548-1571 

Mechanics, simple stresses, 320-339 

Medium steel, 407, 844 
properties, 325, 404 
test, 324 

Megadyne, 1551 

Megohm, 1509 

Meldometer, Joly, 1531 

Melting point, gases, 1526 

Meniscus, 1130, 1545 * 5 

Mensuration, 1420-1423 4 

Mercury, atomic weight, 1514 
barometer, 84, 1546 
capillary depression, 1545 
column, I§3I, 1545, 1555 
conductivity, 1607 
fulminate, 1521 
physical properties, 414) 1524 
pressure, 1545, 1555 
specific gravity, 414, TI3T, 1524 
symbol, 1514 
thermometer, 1531 

Meridian, 48, 102 

\ determination, 49, 110 ° 
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Meridian, distance, 67 
on drawings, 58 
line, 102 
mine, 10x 
public land survey, 8 
Merriman’s formula, rupture, 331 
Messenger cable, clip spacing, 281, 975 
Metacentric height, 1784 
Metal, blown, 409 
hot, 409 
minimum thickness, 860 
sheet, 459 
washt, 411 
Metalloid, r5r4 
Metallurgy, steel, 401 
wrought iron, 397 
Metals, bearing, 417, 1506 
corrosion, 417, 419 
crystallization, 331 
electric resistivity, 1523, 1524, 1590 
elementary, 1514 
e. m. f. developed, 1630 
fatigue, 330 
friction coefficients, 759, 1501, 1506 
kinetic coefficient, 1503 
Microscopic examination, 385 — 
minor, physical properties, 413, 1524 
specific resistance, 1524, 1607 
tests, 380 
cold bend, 390 
compression, 382 
cost, 378 . 
elastic limit, 377 ~ 
hardness, 384, 1524 
impact, 384 
specimens, 380 
thermal conductivity, 1524, 1535 
useful limit point, 377 
Meteorology, 1538-1548 
Meter (distance measure), 1548 
equivalents, 1552, 1561 
to feet, 1561 
-kilogram, 1553, 1555, 1569, 1570 
-Meter (electric), 1631 
Meter (stream gaging), 1125 
Meter (water in pipes) 
domestic, 1248 
effect on Consumption, 1228 
sale of water, 1249 
Venturi, 1115, 1250 
Methane, 1519, 1522 
Method of least squares, rr9, 1448 " 
Metric measure, 1548, 1555 
railroad curves, 126 
Mexico, measures, 1551 
Mica, in sand, 489, 509 
Michigan state railroad appraisal, 253 
Microfarad, 1600 
Microhms, 1599 
Microscope, 1527-1530 
micrometer, 119 
Middle ordinate, curve layout, 126, 129 
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Middle ordinate, length, 1420 
pavements, 1656 
rail curves, 187 
switch, 206 © 
Mil, circular, 1608 
foot, 1608 
Mile, equivalents, 1552 
per hour, equivalents, 1554 
_ per hour to feet per second, 1566 
to kilometers, 1561 
nautical, 1552 
Post, 1673 
Mill building, 826-832 
cost, 842 
gable, 825 
= specifications, 858-868. 
walls, 837 
Milliampere, 1599 
Millihenry, 1600 
Millimeters to fractions and decimals 
of inch, 1559, 1560 
Millivolt, 1599 
Millstone, stresses, 339 
Mine, explosions, 1519 
surveying, ror 
Mineral land survey, ror 
Miner’s inch, 1551, 1816 
Minima and maxima, 1429 
Mining, in earth, 1374 | 
Minnesota state railroad appraisal, 253 
Mississippi river commission, standard 
levee, 655, 1723 
Mixing, bitumens, 1684, 1697 
concrete, 515, 518, 1659, 1691, 1698 
Mixtures, freezing, 1526 
thermodynamics, 1582 
Modulus of elasticity, 323, 325 
Modulus, of resilience, 328, 350 
of rupture, 359, 386, 420, 495, 614 
section, 344, 437 
Mohs’s scale, hardness, 1523, 1524 
Moisture, friction effect, 670 , 
rusting effect, 418 
soils, 1853 
timber decay, 427 
Molding, iron, 393 
reinforced concrete, 547° 
wiring, 1628 
Mole, breakwater, 1706, 1708 
Molecules, rs1s5 
gas, number, 1078 
Molybdenum, 1514, 1524 
Moment, 1452, 1462 
beam, 342, 346-354, 882, 1462 
bending, 342, 882, 1462 
arch, 735 ; 
beams, 342, 346-354 
sign, 342, 735, 882, 1452, 1462 
of couple, 1453 
diagram, 342, 346-354, 886, 1462 |" 
equilibrium polygon, 1458 
of inertia, 344, 1473 ma 
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Moment, of inertia, bodies, 1477, 1499 


common sections, 343, 1476 
polar, 367, 1473 
principles, 1473 
rolled shapes, 437-450 
Maximum, 342, 871, 874, 883 
method, truss analysis, 819, 902 
origin, 1452, 1462 
resisting, arch joints, 735 
beam, 344 
torsion, 367 
wall, 690 
statical, 1468, 1470 
theorem of three, 358, 924 
virtual, 1456 | 
Momentum, 1482 
change, impact, 1498 
equation, 1487 
_ grades, 260 
laws, 1483 
Money, foreign, 1572 
Monitor, mill buildings, 827 
Monorail car, 1407 
Monuments, surveying, 74 - 
Moonlight, candlepower, 1636 
Moore light, 1633, 1635 
Moorings; pier, 1744, 1745 
posts, 1768 
Morin, friction values, 759, 150r 
‘pleas 492-499, 508, 599 
adhesion, 498, 666 
ashlar masonry, 591 
brickwork, 598, 599, 603 
cement, 492-499, 591, 593, 600 
contraction, 498, 514, 666 
density, 493 
efflorescence, 603 
freezing, 408 
lime, 508 
air-slaking, 1516 
effect, 407 
impervious, 521 
prest brick, 60r_ % 
mixing, 492 
natural cement, 480, 498 
proportions, 4902 
Tegaging, 497 
tubble masonry, 593 
sand, 493-490, 509 
shrinkage, 408, 514, 666 
standard, 485 
~ strength, 493-490, 512 
terra-cotta blocks, 839 
testing, 493 
waterproofing, 402, 521 
Moss, shaft packing, 1369 
Motion, curvilinear, 1487-14890 
force relation, 1490 
laws, 1482 
precessional, 1496 
rectilinear, 1483-1487 
relative, 1488 | 
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Motion, simple harmonic, 1485 
three-dimensional, 1496, 1497 
uniformly accelerated, ae 
uniplanar, 1494 

Motor, alternating current, wus, 1626 

voltage; 303 
capacity, 1611 
car, loads, bridges, 856 
current required, 1636 
direct current, 1609, 1626 
efficiency, 271, 1612 
electric, 1609-1616 
life, 1873 
electric locomotive, 301, 362 
controllers, 303 
location, 299 
temperature, 303 
weight, 303 
generator, 1626 
substations, 276 
induction, 1614, 1615 
life, 269, 1873 
meter, 1631 
principle, 1602 
rating, 302, 1615 
single-phase, 1614, 1627 
synchronous, 1613 
trolley cars, 302 
water, 1152 


Mouthpieces, discharging water, ro85 


Movable, bridge, 921-935 
dam, 1314-1310, 1353 
Muck, 1646 
bars, 397 
ditch, 656 
lands, crops, 1842 


» Mucking, 1381 


Mud, angle of repose, 660, 609 
balls, on filters, 122 
boilers, 216, 1208 
bricks, 595 “ 
earth roads, 1643 
flotation, dock walls, 702 
foundations, 607 
piles in, 619, 785 
pressure, 609 
pump, 638 
shrinkage in embankments, 1848 
‘sills, canal lining, 1365 
weight, 667, 668 
Mulch, 1815, 1817 
Multiple, arch dam, 742, 1299 
circuit, 1601, 1626 
web system, truss, 901 
Multiplication, logarithms, 38 
powers, 1410 
Municipal surveying, 74 


N 


Nadir, 102 
Nail, 763-765 
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Nail, driving, 765, 786 
holes, bored, 786 
joint, strength, 765 
shingle, 478 
tree, 766 
Naperian logarithms, 35, 39, 1410 
Naphthalene, 1521, 1531 
Natural logarithms, 39 
Nautical mile, 1552 
Naval brass, 417 


Navigation, aids, Panama canal, 1362 


canals, 1331-1336 
rivers, 1723 
signals, 1724 
Navvy, 652 
Needle, compass, 44, 63 
Needles, dam, 1313, 1318 
Neodymium, 1514 
Neon, 1514 
Nernst lamp, 1633, 1635 
Neutral axis, 340 
New York, barge canal, 1354, 1355 
building laws, 666, 757, 843-845 - 
rod, 52 
Nichrome, 1524 
Nickel, 414 
chemical element, 1514 
conductivity, 1607, 1608 
corrosion, 419 
physical properties, 1524 
steel, 41r 
cold bend test, 388 
physical properties, 325 
: specifications, 406 
Nipper (Pile driver), 617 
Nitrification, sewage, 1275 
Nitrocellulose, 1520, 1525 
Nitrogen, atomic weight, 1514 
characteristic equation, 1579 
lamp, 1633 
properties, 1526, 1579 
in sewage, 1266 
symbol, 1514 
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Numbers, logarithms of, ro, 35, 978= 
1005 

powers of, 16-25, 38, 108 

reciprocals, 14, 38 

roots of, 18-21, 24, 26, 38, 1o8x 
Nuts, 455-457 

driving, 877, 915 

lock, 200 

Lomas, 915 

pilot, 867, 877, 915 


Oo 


Oak, 423, 430 
decay, 426 
fence posts, 167 
glued joints, 435 
joists, life, 786 
kinetic coefficient, 1503 
modulus of rupture, 615 
physical properties, 430, 1523 
piles, cost, 616 
shrinkage, 426 
strength, 430 
_ unit stress, 756-758, 805 
weight, 430 
Oats, angle of repose, 973, 
weight, 973 
Obelisk, center of gravity, 1472 
Observation, error, 1446, 1448 
plotting mean for, ro96 
time, 108 
weighted, 1448 
Obstacles, surveying, 71, 128, 130 
Ocean piers, 1746 
- | Odometer, 43 
Oersted, electric unit, 1602 
Office building, cost, 842 
erection, 877 
loads, 610, 834 
steel, 833 
walls, 838 
Ohm, 1599 


for temperature determination, 1530 | Ohm’s law, 1601, 1621 


Nitroglycerine, 1521 
Nitrostarch, 1521 
Nitrous oxid, 1526 
Node, 1439 
Normal, to curve, 1437 
equation, 1449 
Notation, algebraic, 1410 
Notching, timber, 768 
wood beams, 763 
Notes, survey, 92, ror, r18 
Nozzle, Doble, 1145, 1184 
fire stream, 1117, 1248 — 
flow, 1114, 1587 
injector, 1153 
losses, 1088 
Measuring water, 1114 
sewage sprinkling, 1281, 1282 
steam turbine, 1587, 1595 


Oil engine, 1597, 1617, 1845 
Oils, barrel, capacity, 1551 
canal banks, 1820 
concrete, effect, 522 
dead, 1651 
distributors, 1660, 1698 
dust-palliative, 1667 
wi flow formula, 1100 
fuel, 232 
furnace, 1618 
gas tars, 1652 
house, railroads, 22 
kerosene, specific gravity, 1131 
linseed, 436, 842, 879 
paint, vehicle, 436 
pipe lines, 1099 
in transformers, 1622 
Old lines, rerunning, 70 
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Open caissons, 630-635 
Open-hearth steel, 402, 410 
tails, 189, 191, 193 
specifications, 405 
Optical pyrometers, 1531 
Optics, 1520 
Orchards, irrigating, 1839 
Ordinate, 1413 
middle,,curve layout, 126, 129 
' length,"1420 
pavements, 1656 
rail curves, 187 
switch, 206 
- Ore, bins, steel, 971 
Ore handling docks, 1794 
Orifices, 1084, 1117 
adjacent, 1086 
compensating, filters, 1222 
large, 1085 
measuring water, 1117 
mouthpieces, 1085 
miner’s inch thru, 1551 
Pitot tube, 1127 
square, 1086, 1117 
steam flow, 1587 
submerged, 1084, 1086 
* Origin of moments, 1452, 1462 
Oscillation, 1493 
Osmium, 1514, 1524, 1633 
Osram lamps, 1633 
Ottawa sand, 486, 401 
Ounce; equivalents, 1553 
Outfall, sewer, 1261 
Outlet, farm drains, 1856 
marsh drainage, 1852 
Teservoir, 13190 
sewer, 1257, 1261 
tile drains, 1861 
Output, machine, 1508 
Oyerchutes, canal, 1827 
Overflow, cesspool, 1252 
dams, 676, 707, 717 


earth foundations, 707, 1312-1314, 


1829 
gravity, list, 1296, 1297 
water pressure, 676 
reservoir, 1234 
.* Tivers, 1721 
sewer, 1261 f 
Overhaul, earthwork, 152, 249 
Over-irrigation, 1865 
Overturning, reservoir, 1200 
Oxygen, atomic mass, 1514, 1515 
characteristic equation, 1579 
dissolved, 
* 
sewage, 1268 


temperature effect, 1075, 1207, 


1267, 1526 
tests, water, 1205 
in water, 1075, 1207, 1267 
effect, sewage, 1266, 1267 
physical properties, 1526 


\ 
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Oxygen, rusting of metals, 417 
in wood, 422 
Ozone, 1211 


Pp 
Packing, bridge members, 863, or7 


Paddle-wheel, water measurement, 


III3 
Pail system, sewage disposal, 1a52 
Painting, dry docks, 1784 
structural steel, 419, 842, 879 
Paints, 436, 842, 879 | 
Palladium, 1514, 1524 
Palliative, dust, 1666 
Palmetto wood, 423 
Panama canal, 1359 
Panels, diamond, 586 
floor, dropped, 546 
square, stress, 372 
test, 387 
Pantograph, 53 
Paper, blueprint, 55 
drawing, 54, 55 
thermal conductivity, 1535 
Pappus’ theorem, volume, 140, 1423 
Parabola, 1442 
arc length, 957, 1104, 1421 
arch rib, 723, 745, 949, 955 
construction, 1443 
cubic, 134 
equation, 1430, 1443 
loaded cable, 956 
trajectory, 1488 
vortex of water, 1080 
linear arch, 723 
moment diagram, 342 
segment, area, 1104, 142T 
street crown, 1656 
stress-deformation, graph, 528 
vertical curves, 75, 136 
Paraboloid, center of gravity, 1473 
frustum, 1423 
moment of inertia, 1479 ° 
volume, 1422 
Paraffin, bituminous test, 1654 
Parallax, 107 
Parallel, circuit, 160% 
line, offset; surveys, 72 
standard, U. S. Public Lands, 79 
Parallelogram, area, 1420 
law, forces, 1450 
Parallelopiped, forces, r45r 
moment of inertia, 14:78 
Parameters, curve, 1438 
Partition, fire-resisting, 839 
reinforced concrete, 551 
terra-cotta, 476, 839 
weight, 830 
Passenger, cars, 233, 200 
statistics, 236, 246, 248 
Patent, hammer, 583, 585 _ 
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Patent, mine, ror 
paving, 1685 
Patterns, iron molding, 392 
Pavements (see also Paving), 1674-1694 
bridge, 750, 869 
cleaning, 1693 
apparatus, 1699 
asphalt, 1644, 1680 
bituminous surfaces, 1643, 1668 
brick, 1644, 1676 
compared with ideal, 1642 
concrete, 1648 
macadam, 1648 
wood block, 1644, 1679 
cost, 
asphalt, 1683 
bituminous, 1689 
bituminous concrete, 1689_ 
brick, 1650, 1678 
capitalized, 1644 
compared with ideal, 1642-1644 
concrete, 1692 
stone block, 1649, 1676 
wood block, 1650, 1680 
crown, 1656 
dust, 1642, 1666, 1693 
expansion joints, 425, 1676, 1691 
filler, asphalt, 1682 
bituminous, 1674, 1678, 16790 
brick, 1677 
stone, 1675° 
wood block, 1679 
foundations, 1640, 1659, 1681, 1690 
scraper, 647 
grade, minimum, 1657, 1680 
gutters, 1657, 1693 
ideal, 1642 
_life; 1645 
nomenclature, 1651 
old, under new, 1660 
rain run-off, 1254 
telative economy, 1644 
selection, 1644 \ 
tractive resistance, Hae 1668, 1674, 
1676 
Paving, asphalt (see Asphalt, 
ments) 
bituminous, 1642, 1643, 1651, 1684- 
1690 
bituminous macadam, ages 1667- 
1672, 1687-1690 
compared to ideal, 1642, 1643 
as foundations, 1660 
brick (see Brick, and Vitrified brick) 
canal slopes, 1334 
cobblestone, 1674 
comparative values, 1642 
concrete, 1642, 1643, 1690, 160% 
granite, 1645, 1646, 1640, 1674 
materials, 1642, 1645-1654 
on piers, 1747 
reinforced concrete, 1692 


pave- 
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Paving, sandstone, 1646, 1648, 1649, 
1674 
slippery, 1642, 1650, 1680, 1694 
slope, 587, 1305, 1334 
steep grades, 1640 
stone, block, 1674 
compared with ideal, 1642, 1644 
materials, 1646 
speciftcations, 1649 
weight, 667 
wooden block, 1650, wa 
compared with ideal, 1642 
expansion, 426 
highway bridge, 869 
preservation, 1650 
weight, 667 
Pear wood, 1523 
Peat, 1518, 1646 
lands, crops, 1842 
Pebbles, aggregate, 508 
eroding velocities, witer, 1109, 1364 
gravel roads, 1662 
rate of settling, 1109 
Peck, 1551, 1554 
Pedentives, dome, 809 
Pedometer, 43 
Peen hammer, 582 
Peltier effect, circuits, 1602 
Pelton turbine, 1145 
Pendulums, 1493 
ballistic, 1490 
conical, 1494 
hydrometric, 1126 
Penetration test, tar, 1653 
Penny system, nails, 763. 
Pennyweight, 1553 
Perch, equivalent, 1552 
Percolating filters, 1281, 1283 
Percolation, 1162, 1201 
canals, 1337, 1339 
factor, dams, 709 . 
in irrigation, 1815 
and run-off, 1162 
Percussion, center of, 1499 
drill, 580, 605 
Peridotite, paving, 1648 - 
Period, harmonic motion, 1485 
Periodicity, trigonometric functions, 
1417 é 
Permeability, concrete, 1288 
magnetic, 385 : 
Permutation, 1410 ~ 
Petroleum, 1651 
blown, 1651 
fuel, 1519 
heating value, 1619 
paving, 1651-1653, 1667 
residues, steel pipe coatings, 1244 
Phase, electric, 1612 
harmonic motion, 1485 
Philadelphia, building law, 666, 843-845 
rod, 52 
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Phosphor-bronze, 416 
Phsaphoras; $514 
in Cast iron, 39r 
in steel, 
nickel steel, 406 
in rails, 191, 197 
reinforcing bars, 530 
strength, 403, 405 
structural specifications, 405, 842, 
863 
in wrought iron, 3096 
Photographic surveying, 100 
Photography, illumination, 1633, 
Photometer, 1632 
Pi (7), powers and multiples, 36 
Pick, 582, 645 
Pickling steel, 879 
Picric acid, 1521 
Piers (boat landings), 1727, 1741-1757 
cost, 781, 1747, 1748 
crib work, 780, 1750 
design, 1743 
dimensions, 780, 1741 
direction with shore, 1743 
filled in, 1752 
fire protection, 1756 
for headgates, 1830 . 
-head line, 1741 
laying-out, 1743 
life, 78, 1747, 1749 
loads, 781, 1743 
moorings, 1744, 1745 
ocean, 1746 
piles, 618, 780, 1746 
recreation, 1746 
reinforced concrete, 
sheds, 1755, 1757 
slips, 1742 
timber, 780, 1749-1752 
water depth, 1742 
Piers (foundations), 750-755 
arch, 726, 754 
ashlar masonry, 589, 704. 
brick, strength, 422, 594, 602, 704 
bridge, 682,-750 
arga, 682 
cost, 641 
backwater, 1rz1 
building, 703 
in canals, 1828 
cantilever bridge, 941 
concrete, 620 
cost, 628 
mix, 504 
placing, 517 
covered reservoirs, 1232 
foundations, 612, 615, 620 
friction resistance, 634 
granite, strength, 594 
independent, buildings, 612 
loads, 682 
pivot, swing bridge, 922, 929 


a: 


558, 1752 
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Piers, pressures, ice, 435 
safe, 594, 602 
reactions, locomotive, 850 
suspension bridge, 960 
trestle, 560 
turntable, 222 
Pig iron, 391, 408, 410 
Pigments, 436 
Pile, 608, 615-620, 626 
arch pier, 728 
base, enlarged, 558, 616 
bearing power, 619, 1499, 1729 
brace, 1732, 1733 
bridge erection, 878 
concrete, 557, 616 
disk, 618 
driver, 616, 626 
driving, 616, 617 
falsework, 877 
fender, 781, 1747, 1787 
formulas, 619 
friction, 619 
group, bearing power, 1733 
holding power increased, 780 
hooping, 616 
horizontal anchorage, 1730, 1732 
independent, foundations, 612 
jetting, 618 
life, 781, 1747, 1749 
loads, 557, 6190 
number, effectiveness, 609 
oak, 615 
ocean piers, 1746 
penetration, 620 
pine, 615, 1734 
pneumatic, 636 
pulling out, 1733 
reinforced concrete, 587 616, 1729, 
1752 F 
relieving platform, 7or 
retaining walls, 696 
sand, 609 
screw, 618 
sheet, 625-628, 707 
concrete, 558 ? 
stresses, 1730 
shipbuilding ways, 1798 - 
spacing, 609, 1733 
steel sheet, 626 
tapered, 558 
tidal waters, 781 
timber, 609, 615 . 
vs. concrete, 557, 616 
trestle, 560, 782, 784 
Wakefield, 625, 628 
wharf, 780 oun 
Piling, reinforced concrete, 557 
sheet, 625-628, 707, 1730 
Pills, sewer, 1258 
Pin, bearing, 861 
bending stress, 820, 845, 858, 9r7 
cotter, 915 
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Pin, design, 917 
dowel, 765 
drift, 766 
friction, 1510 
holes, inspection, 389, 867 
tension member, 859 
masonry arch hinges, 735 
nickel steel, 412 
packing, 917 
plates, 86z 
shear, 412, 845° 
steel, 845, 861, 864 
stresses, 917 
wrought-iron, 845 
Pine, 423, 424 
coefficient of expansion, 1523 
compressive strength, inclined, 805 
credsoting, 1733 
decay, 786 
fence posts, 167 
life, 786 
modulus of rupture, 430, aore 
Norway and Oregon, 424, 425 
inclined compression, 805 
side compression, 758 
ultimate strength, 430 
unit stress, 756 
weight, 430 
red (see Norway above) 
shrinkage, 426 
Southern, 424,756, 758 
specific gravity and heat, 1523 
standard names, 424 
stave pipe, 1328 
strength, 430, 432 
weight, 430, 758 
western, 425 
white and yellow, 423, 424, 425 
hardness, 758 
inclined, compression, 805 
nail holding power, 765 
properties, 430, 432 
working stresses, 756, {57s 758 
Pint, 1554 
Pioneer heading, tunnels, 1380, 1389 
Pipes, bends, 1097, 1243 
in building columns, 833 
cast-iron, 1235-1239 
casting, 393 
’ culverts, 174, 1658 
deterioration, 1247 ; 
discharge, tables, 1092 
flow, 1089-1095 
lead-lined, 1250 
metal specifications, 394 
test specignen, 384 
weight, 1237 
cement, sewers, 1258 
cleaning, 1247, 1258 
contraction losses, 1008, 1245 
corrugated metal, 1658 : 
culverts, 174, £75, 560, 1657 


Pipes, curvature, 1007; 1114, 1236 
diameter-capacity relation, t229 
discharge, pumps, 1846 
distribution system, 1226 
electric conduits, 278 
electrolysis, 1251 
expansion losses, 1098 
extra-strong, 464 
fire service, 1227, 1231 
fittings, standard, 463 
flanges, 465 
flow, 1084-1101, 1128 
frost protection, 970, 1236, 1243 
gas, flow, 1101 
gridiron system, 1226 
head lost, pumping, 1846 
high-service, 1227 
hydraulic radius, 1089 
intake, E190 
irrigation canal, 1834 
lap welded, 329, 463 
large, material, 1239 
laying, 1239, 1243 
lead, 414, 1250 

_ leakage, 1229, 1238, 1239 
lock-bar steel, 1240-1242 
long, flow, 1087, 1089-1005 
obstructions, 1098 
old, flow, togr 
pressure, 1232 


reinforced concrete, 569, 1259, 1658, 


1823 
resistance, 1087-1099 
rifled, ro99 
roughness, 1087-1099 
service, 1250 k 
short tubes, 1084 
siphons, flow, 1099 
sewer, 1260 
soil, ventilation, 1263 
specials, cast-iron, 1236 
standard, 464 
stand-pipe feeder, 967, 970 
steam, 1618 
steel, 1239-1244 
advantages, 1239, 1823 s 
anchorage, 1240 
butt welded, 463 
cold bend test, 389 © 


electrolysis, 1251 _ pret = 


flow, 1090, 1097, 1242 

intake, 1191 

life, 1873 - 

soft steel, 463 

valves, 1242, 1247 
stresses, 329; 463, 465-467.) 
submerged, 1190, 1247, 1260 
suction, 1150, 1204, 1846 
tests, 387, 380, 390, 463 
tile drain, 1855-1860 

roads, 1654 

sewers, 1258. 
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Pipes, tuberculated, 1247 
velocity distribution, 1087, 1128 
vertical, weir, 1126 
vitrified tile, 1258, 1654, 1657, 1853 
water, 1235-1247 
welded, standard, 463 
wooden stave, 1244, 1327 
flow, 1097 
life, 1873 
pressures, 1823 
wrought-iron, 463 
flow, 1090 
riveted, 1240 
Piston displacement, curves, 1150 
Pitch, pockets, timber, 429 
rivet, 860, 893, 805 
roof, 80r, 816 
screw, 455, 457 
straight run, 1652 
waterproofing, 1401 
streak, timber, 429 
tar, 1652 
threads, 455, 457 
Pitchmac pavement, 1688 
Pith knot, 429 
Pitometer, 1126 
Pitot tube, 1127, 1188 
Pits, ash, 221, 251, 253 
car barns, 308 
borrow, 153, 156, 1848 
engine, 235 
test, earth, 1373 
wheel, power plant, 1180 
Pitting, boiler, 1208 
Pivots, friction, 1503 
wear, curve, 1446 
Plane, inclined, canals, 1351 
inclined, machine, 1508 
table, 95 
Planimeter, 53 
Plank, bridge floors, 785, 786, 869 
dimensions, 428 
‘Plant, asphalt mixing, 1607 
bituminous concrete, 1684, 1608 . 
* factor, 1184 
hydro-electric, 1180-1185, 1621 
life, 269 
power, 1616-1621, 1626 
transpiration, 1815 
Plaster, 432 
calcined, 432 
chemistry, 1516 
floor, or estrich, 1517 
hollow; partition, 838 
lime, 432 
lining, roughness coefficient, 1106 
of Paris, 432, 1517 
strength, 433 
terra-cotta partitions, 839 
wall, 432 
Plasticity, 326 
Plate, hearing, masonty pressures, 665 


rT \ ; 
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Plate, bed, bridges, 867, 876, 878 
boiler, 390, 404 
bottom, water tank, 967 
buckled, bridge floors, 869, 872 
checkered, cost, 878 
circular, stress, 372 
compression members, tie plates, 860 
thickness, 365 
in contact, rivets, 860 
copper, strength, 413 
cost, 878 
cover, 91 
cylindrical, punching, 967 
edge distance, 860 
elliptical, stress, 372 
fish, rails, 196 
timber, 771 
flange, 890 
flat, stresses, 372 
gage variation, 865 
gusset, 917 
rectangular, area, 462 
stress, 372 
rivet bearing, 898 
rivet size, 969 
rolled, dimensions, 406, 453; 462, 887 
section, area, 461 
eheored dimensions, 887 
weight, 865 
square, stress, 372 
steel, specifications, 407 
structural, 452 
weight, 453, 454 
tie, 200 
wrought-iron, 398, 453 
Plate girder, 879-893 
camber, 862 
cantilever bridge, 036 
cover plate, 850, 866 
deck, 880 
end bearings, 889 
filler, 866 — 
flange design, 850, 862, 890 
lateral bracing, 881 
vs. lattice girder, 963 
proportions, 859 
sheaz, 837, 882, 885 
specifications, 862 
splice, web, 889 
swing bridge, 927 
thru, 880 
transportation, 876 
viaducts, 960 
web, 887-890 
specifications, 859, 860 
web stiffeners, 862, 866, 888 
weight, 847 
Platinite, 417 
Platinum, 1514, 3524, Pe 
Plow, earthwork, 645 
Plowing, 645 
on slopes, 651 
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Plug, tool, 577, 584 
Plumb-bob, and plumbing, 61 
Plumbing, corrosion, 414, 1207, 1250 
Plums, cyclopean masonry, 593, sing 
Plumsoll mark, ships, 1812 
Pneumatic caisson, 636-641 

intake tunnels, rr91 


Poetsch method, foundations, 644, 1367 


Point, curvature, 125, 131 
curvilinear motion, 1487 
fusion, 1531 
location, surveying, 90, 95 
motion, 1483 
rupture, 326 
singular, 14390 
switch, 202, 205 
tangency, 125 
tool, 583 

* useful limit, 377 
yield, 324 

Pointing masonry, 590, 600 

Poiseuille’s formula, 10838 

-Poisson’s ratio, 335, 339 

Polar, coordinates, 1436 
distance, 48, 103 
moment of inertia, 367, 1473 

Polaris, 107, 110 

Pole, celestial, 102 
distance, force diagrams, 7488 
electromagnets, 1610 
equivalent, 1552 
force polygon, 1454 

~ gin, 780, 876 
lines, life, 1873 
signal, 310 
transmission line, 1623, 1628 
trolley, 280, 286, 289 

Polings, tunnels, 1374 

Polyconic projection, maps, 57 

Polygons, area, 1420 
equilibrium, 1454, 1457 
force, 1453, 1456 
funicular, 1454 
gauche, 1453 
moment of inertia, 1476 
sides, length, 1420 
string, 1454 i 

Polyphase induction mortars, 1614 

Poncelot, equivalents, 1553 
wheels, 1146 

Pondage, large, 1180 

Pony truss, 846, 863 

Poplar, 424, 1503, 1523 

Population, future, sewer désign, 1256 
per sewage filter, 1275 
supplied, pipe sizes, 1231 

- Porcelain, electric insulator, 1628 
physical properties, 1522 

Porphyry, paving, a6 

Port, 1702 

development, 1810 
drée, 2822. 4 


Index to Fourth Edition Americar 


Port, development, haphazard, 1750 


planning, 181r 
history, 1703 


Portal bracing, 862, 914, 919 
Post, 361. 


arch centering, 797 
concrete, 166 
end, bridge, 914, 919 
fence, 166, 168, 1672 
inclined, 797 . 
mile, highways, 1673 
wood, 166 

choice, 423 


Potatoes, water requirements, 1817 


number of irrigations, 1818 


Potassium, 1514 


-bichromate, batteries, 1636 
hydroxide, freezing, 1526 


Potential, difference, electric, 1599, 160. 


energy, 1481 


Pound, avoirdupois, 1450, 1549 


equivalents, 1553, 1558 
foot, 1480 
to B.t.u., £533, 1570, 1574 
to meter-kilograms, 1569 
per second, equivalents, 1553 
to kilograms, 1558 ‘ 
sterling, 1572 
per unit area, equivalents, 1559 


Poundal, 1480 | 
Powder, blasting, 582, 1520 


smokeless, 1521 
thermal conductivity, 1535 


Power (mechanical), 1147, 1480 


-candle, 1632, 1635 
cost, 267, 1620 ; 
distribution, 1660 
drainage pumps, 1845 
electric, 1600, 1604 
electric railway, 260, 273, 307 
equivalent units, 1553 
factor, 1185, 1601, 1606 
generators, 1619 
house, 273, 1180, 1621 
loads, 830 
hydro-electric, 1180-1185, 1621 
efficiency, 1185. 
life, 269 
output measured, 1186 
plant, 1615, 1626 
pumping cost, 1847 
sale, 1630 
transmission, 1625 
belting, 1501, 1508 
chains and gearing, 1508 
unit, 1134 


Powers (mathematical), algebraic} “T44 


division, 1410 

fifth and five-halves, 26 . 
multiplication, 1410 
numerical, 16-25, 38, ro8r 
three-halves, 25, 38, r0o8r : 
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Powers, two-thirds, ro8x Prism, triangular, volume, 141, 148= 
Praseodymium, 1514 - I5I, 153 ; 
Pratt truss, 899-903 truncated,"volume, 153, 154, 1422 
Precession, 1496 volume, 139, 1422 ; 
Precipitation, rainfall, 1162, 7103, 1543 | Prismoid, 139, 153 ; 
Precise leveling, $2 Prismoidal, formula, 139, 1113, 1423 
Precision, measure, 1147 correction, 140, 146, 147 
Preservation (timber), 429, 781 Privies on watershed, 1205 
paving, 1650 Probability, of error, 1446 
- .strength, 185, 429 integral, 1447 
ties, 185 Probable error, 1446 
trolley poles, 281 Producer gas, 1520, 1508, 1617 
Preservatives, building stone, 577 Products, cut-back, 1651 
steel floors, 874 Profile, contour map, 88 
Pressure, 1074 earthwork, 137 
atmospheric, 1074, 1525, 1545, 1555 leveling, 79 
barometric; observing, 1545 Progressions, authonimeper I4it, 
center, liquids, 1076 Projectile flight, 1487, 1409 
conversion tables, 1555, 1567 ‘Proportion, algebraic, 1410 
Dalton’s law, 1078, 1537 ~. Proportional limit, materials, 323 
earth, 670-676 Protozoa, odors, 1198, 1207 
dock walls, 698 Protractor, 54 
experiments, 675 Puddle, 624, 1646, 
quay walls, 1728 canal lining, 1334 1820 
tunnels, 1398 cofferdam, 624 
equivalent units, 1555, 1567 core-wall, 1302, 1303 
fire, water systems, 1232 Puddling, clay, 625, 1646 >= r 
foundation, 611 concrete, 517 
gas, 1078, 1575, 1579 ° iron, 397, 410 
head, 1074, 1076, 1087 E Pull-offs, trolley; 285, 288 
hydrostatic, 1076 Pulsometer, 1154 
intensity, 1074 ’ pumping height, 629 
journal bearings, 1504, 1506 Pumping, 1147-1158 
Masonry, 593, 666, 678 air lift, 1154, 1204 
roller bearings, 858, 889 canals, 1342 
. Mercury, 1545, 1555 cost, 1835 
sewers, 1257 direct, waterworks, 1226 
steel pipe lines, 1241 drainage, 1158 
tunnels, 1324 engines, 218, 1151 
vapor, 1576 for drainage, 1845 
-velocity relation, lubricant, 1504 duty, 1593 
water supply, 1226, 1232 irrigation, 1835 
wind, life, 1873 
amount, 571, 572, 613, 835 fire service, 1227, 1232 
building codes, 844 floating dry dock, 1786 
’ buildings, 830, 835 from foundations, 628, 1153 
. experiments, 571 fuel cost, 218, 1847 
inclined surfaces, 818 graving dock, 1773 
roofs, 818 ground water, 1204 
standpipes, 967 head lost, 1846 
value for design, 667, 818, 835 height, 1148, 1204 
vebpcity relation, 571, 572, 1544 high buildings, 1232 
Prime, movers, 1616 . high pressure, 1227 
_ vertical, 102 hot liquids, 1154. 
Principal, interest, 1423 " irrigation, 1835, 1847 
Printing, type size, 58 plants for drainage, 1844 
Priority, doctrine, of, 1866 railroad water supply, 258 
Prism, 321 sewage, 1262 
binocular, 1529 stations, 1192, 1262 
concrete, 505, 512 d suction, long, 1150 
_ moment of inertia, 1478 viscous liquids, 1147 
strength, 505,575 ° wells, T154, 1204 


\ 
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Pumps, 1147-1158 
air, diver, 622 
capacity, water-works, 1226 
centrifugal, 1147-1149 
cofferdams, 629 
drainage, 1846 
life, 1873 
pumping cost, 218 
test. duty, 1504. 
turbine-driven, 1152 
continuous discharge, 1149 
deep well, 1204 
diaphragm, 629 
direct distribution, 1226 
direct hand-lift, 629 
duplex, 1151 
flywheel, 1151 
foundation work, 628, 1845 
gasoline. 218, 210, 1835, 1845 
jet, 1152 
life, 269, 1873 
mud, 638 
power, 1147 
pulsometer, 1154 
lifting height, 629 
reciprocating piston, 1149 
rotary, 1158 
sand, 638, 1372 
screw, 1158, 1204 
slip, metered, 1250 - 
steam siphon, 629, 1154 
suction, 1150, 1204 
work, 1147 
Punching test, 390 
Purification, sewage, 1267-1284 
water, 1209-1225 
Purlins, 816 
design, 821 
Position, 799 
unsymmetric loads, 438 
weight, 816 
Pusher grades, 258 
Putty, restitution coefficient, 1498 
Puzzolan cement, 480 « 
Pyramid, center of gravity, 1472 
frustum, 1422, 1472 
moment of inertia, 1478 
volume, 1422 
Pyrometer, 1531 


Oe 

Quadrant, center of gravity, 1471 
Quadratic equation, 1412 
Quadric inch and foot, 1473 
Quadrilateral, area, 1420 

center of gravity, 1471 
Quantity, algebraic, 1410 
Quarrying, 577-582 

cost, 515 

explosives for, 570, 1522, 
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Quart, dry and wet, equivalents, 551, 
1554 ‘ 
Quarter, weight,.1553 
Quartz, hardness, 1523 
Quartz-glass, expansion, 7388, 
Quartzite, 1647, 1648 
Quay, 1727-1739 
crib, 1741 
examples, 1734-1739 
foundations, 1730, 1736 
masonry, 1736, 1737 
reinforced concrete, 565, 1736 
timber, 1734, 1736 
walls, 565, 690, 1727, 1738 
Queen type, trussed beam, 777 f 
Quench bend test, iron, 390 
Quenching test, stone, 386 
Quicklime, 508, 1515, 1516 
plaster, 418 
Quicksand; 1646 
angle of repose, 164 
defined, 1374 
foundations, 607, 620 
freezing process, 644, 1367 
lateral pressure, 675 
shaft-sinking, 633, 644, 1367 


R 


Race-track length, 77 
Racks, ferry, 1787 
screen, 1184, 1210, 1269 
Radians, 1420 - 
to degrees, 13, 38 
per second, 1567 
Radiation, 1534 
pyrometers, 1531 
Radium, 1514 
Radius, Earth, 121 
of gyration, 361, 1473, 1477 
beam sections, 343 
hydraulic, 1089, 1104, 1363 
railroad curves, 125, 126 
vector, 1436 
Rafters, 799, 801, 816 
jack, 816 
Rail, 186-214 
adhesion coefficients, 271 
bonding, 295-299 
breaks, 187 
composition, 191, 197 
continuous main, 204 | 
cost, 250, 253 
cross-section, 188 
on curves, wear, 188 
curving, 186, 206 
dimensions, 190 
drilling, 194, 198 
electric railroad, 313 
expansion, 186, 198 
failures, 187 
fastenings, 195, 250 
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Rail, girder, 313 
guard, 787, 872 
joint, 195, 205, 312 
length, 186, 193 
life, 188 
lift, swing bridges, 934 
lends, 186 
locks, swing bridges, 034 
No. 1 and No. 2, 193 
open-hearth process, 189, 191, 193 
production, 189 
re-rolling, 189 
resistance, electric, 298 
specifications, 191, 196 
street railway, paving, 1681 
superelevation, 134, 195, 1489 
switch, 206 
T-, 208 
testing, 19r 
third, 201 
wear, 188, 256 
weight, 186, 194, 294 
welding, electricity, 196, 312 
wing, 203, 205 
Railings, bridge, 878 
gas-pipe, 878, 1673 
guard, 1672 : 
latticed, weight, 847 
Railroads (Electric), 263-318 
buildings, 273, 307 
catenary bridge. 973 
cost, 265, 267 
curves, 287, 314 
distribution system, 277 . 
economics, 265 
energy consumption, 272 
equipment line, 299 
expenses, 265, 268 
power consumptions, 269 
power stations, 269, 273, 307 
revenues, 265 
speed-power, 271 
track, 310 
traffic, 264 
Railroads (Steam), 157-262 
accidents. 248 
appraisals, 253 
buildings, cost, 250, 251, 253 
canal crossing, 1828 
classes. I. C. S., 237 
clearances, 875 
cost, 248 
cross-section, 164, 182 
culverts, 171-179, 249, 251, 253 
cutves. 125-136 
frogs and switches, 205 
rails, 186, 188 
superelevation, 134, 1905, 1489 
drainage, 124, 17% 
earnings, 244, 265 
eatthwork, 137-156, 240, 251, 253 
‘electrification, 264, 265 
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Railroads (Steam), elevated, 963-066 
equipment, 216, 243, 251 
expenditures, classified, 267 
freight houses, 216 
houses, 221, 256, 251, 253 
location, 122, 254 
maintenance of way, 243 
marine, 1758-1760 
mileage, 236, 252 
operating expenses, 237, 246, 254, 266 
right of way, 164, 249; 251, 253 
roadbed, 164, 181 
shops, 235, 251, 253, 300 
signals, 222, 251, 253, 3x0 
spikes, 198, 199 
station, 234, 250, 253 
statistics, 236-254, 266 
survey, 120-156 
tanks, 219 
taxes, 245 
terminals, 214, 251, 253, 840 
ties, 184, 211, 250, 253 

railroad bridge, 787, 788, 857, 872 
topographical symbols, 59 ‘ 
track, 180-216, 312 
wages, 243 
walls, design, 694 
width, 164 ~ 
yard, 214, 215 . 

third rail, 292 

Rain, signals, 1538 

Rainfall, 1162, 1540, 1542, 1543 
cycles, 1193 
maximum intensity, 1543 
minimum, 1162 
records, 1162, 1543 
run-off, 1161, 1167, 1193, 1254 
’ watersheds, 167) 1103 


£ 


‘Ram, hydraulic, 1153 


Random, lines, running, 7% 
masonry, 587 
Range, masonry, 587 
townships, 79 
Rankine’s, column formula, 363 
cycle, 1591 
ideal engine, 1593 
Rate controllers, filters, 1221 
Rateau, steam turbine, 1588, 1595 
Rating, batteries, 1637 
boilers, 1618 
electrical machinery, 16r1; r615 
locomotive, 162, 232, 300 
Ratio, critical, thermodynamics, 1587 
Rattler, 375, 378, 1650 
Raveling, macadam roads, 1665 
Rawhide, 434 
Rays, force polygon, 1454 
Reactance, 1600 
Reaction, beam, 341, 346, 1462 
chemical, 1515 
endothermic, I519 
jets, 1078 
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Reaction, locus, 745 : 
turbine, 1131 
Reaming, steel, 866 
Reamur scale, 1530 
Reciprocal numbers, 14, 38 
Reclamation, land, 1841-1851 
projects, failure, 1871 
financing, 1871 
service, 1869 
system, depreciation and life, 1873 
Reconnaissance, geodetic, 114 
highway, 1640 
railroad, 122 
Recreation piers, 1746 
Rectangle, area, 461 
moment of inertia, 343, 1476 
radius of gyration, 343 
Rectangular, coordinates, 56, 60, 75, 
1413 
moment of inertia, 1473 
Rectifiers, electric, 1626 
Red-lead paint, mixing, 
Red shortness, 391 
Reduction, of area, 38x 
garbage, 1265 
iron ore, 390 
Redwood, California, 424, 425, 756, 758 
non-inflammability, 478 
stave pipe, 1327 
Reflection, heat, 1535 
light, 1527, 1636 
Refraction, 110 
atmospheric, 50 
coefficient, 87 
effect, leveling, 81 
index, 1527 
Refuse disposal, 1263 
Regaging, mortar, 497 
Regulating work, canal, 1829 
Reinforced concrete, 527-572 
adhesion, 531, 544 
tests, 531, 685 
theory, 538 
unit stress, 542 
advantages, 533 
aggregate, 502, 527 
arch, 558, 727, 746 
beams, 534-546 
bond, see ‘‘ adhesion ” 
canal linings, 1365 
cement, 480, 527 
columns, 547-550 
cost, 555 
forms, 553 
mix, 504 
conduit, 568, 1259, 1326, 1823 
consistency, 507, 527 
cost, 554 
dome, 551 
durability, 552 ) 
elongation, 528 
expansion coefficient, 528 


436, 842, 879 
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Reinforced concrete, fence posts, 166 
flexure formulas, 535-539 
floor slabs, 540-546 
forms, 553 
modulus of elasticity, 528, 533 
piles, 557, 616, 1729, 1752 
pipes, 568, 1259, 1326, 1658, 1823 
proportions, 527 
roofs, 551, 567 
separately molded members, 547, Set 
setting, 554 
shear, 539, 544 
shrinkage stresses, 553 
strength, flexure, 528, 539 
stresses, 533-551 
temperature stress, 553 
tension cracks, 528 
tests, 530, 539, 547 
trolley poles, 280 
uses, 533 
walls, 
buildings, 551, 555, 703 
harbor, 567 
retaining, 562, 607 
weight, 528 
working stresses, 541 
Reinforcement, 528-532 
‘adhesion (see Reinforced concrete) 
arch, 558, 749 
bar dimensions, 452, 529 
box culvert, 179, 561 
columns, 547 
corrosion, 552 
deformed bar, 529-532 
flat slab, 545 ‘ 
hooked ends, efficiency, 532, 544 
length, 749 
Melan system, 558 
moment, length, 545 
Monier system, 558 
percentage, 536, 550 
piles, 557 
placing, cost, 554 
shear, 534, 539-544 
specifications, 530 
splicing, 749 
stirrups, 534, 541, 545 
temperature, 553, 564, 606 
tension, 541 
tests, 388, 530, 541 
twisted bar, 520, 532 
ultimate strength, 530 
unit frame, 547 
wire, 530, 558 
working stresses, 541 
Repose angle, materials, 668 
dry materials, bins, 973 _ 
embankments, 164 
friction relation, 150r 
loose earth, 668 * 
submerged materials, 669, r110, 1302, 
1728 
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Repose grade, 160 
Reserve basins, flood control, 1723 
Reservoir, cost, 1234 
covered, 1232 
cdst, 1234 
filtered water, 1227 
teinforced concrete, 567 
currents, 1200 
distributing, 1232, 1234 
elevations, 1235 
emptying, time, 1178 
evaporation, 1163, 1178, 1192, I195, 
1832 
flood control, 1723 
floor, 1232 
joint, $10 
impounding, 1102 
limestone deposits near, 1832 
open, 1232 
outlets, 1319 
overflow, 1234 
overturning, 1200 
roofs, reinforced concrete, 567 
seepage, 1832 
silting, 1198, 
sites, choice, 1832 
maps, 1832 
slope wall, 587 
statistics, U. S., 1199 
storage, 1176, 1192, 1198, 1831 
walls, 1232 
Residuals, mathematical, 1447 
Resilience, 328, 350 
Resistance, atmospheric, 158, 1546 
car weight, 161 
conductors, 1607-1609, 1630 
curve, 160, 270, 272° 
electric, 1599 
conductors, 1607, 1608 
mietals and alloys, 1523, 1524 
wire table, 1609 
grade, 158,270 
inertia, train, 160 
line, 687 
arches, 730, 731, 745 
dams, 711 
linear arch, 723 
three-hinged arch, 745 
true arch, 735 
pipe flow, 1087-1099 
rolling, 1506 
starting, 161 
train, 158, 260 
wire, 1607-1600, 1630 
Resistivity, electrical, 
_ 1524, 1599 
Resolution, forces, 1451 
Restitution, coefficient, 1408 
Resultant, force, 1450, 1453, 1456 
Retractile bridge, 921, 922 9 
Revetment, bank, 1721 
Revolution, per minute, 1567 


" 


metals, 1523, 
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Revolution, rupture by, 338 
solid and surface of, 1423 ~ 
Rheostats, 1611 , 
Rhodium, 1514, 1524 
Rhyolite paving, 1648 
Ridge roll, steel, 825 
Rift, sawing, 425 
stone, 575 
Rigging, rope, 473, 1510 
Right, ascension, 103 
of way, 164, 240, 251, 253 
Rights, riparian, 71, 1866 ~ 
Ring, bending moments, 373, 1399 
collector, dynamo, 1611 
moment of inertia, 343, 1479 
sector, center of gravity, 1471 
shakes, timber, 429 
temperature stress, 743 
Riparian rights, 71, 1866 
Riprap, 587 
angle of repose, 669, 699, 70 
lateral pressure, 675 
pile bracing, 780 
quay walls, 1736 
weight, 660, 7or 
Riser, tank, 970 
Rivers, 1715-1724 . 
bend, 1717 
canalization, £724 
car ferries, 1791 
carrying power, 1100, 1109, 171) 
- channel, 1718 
crossing, pipe lines, r190, =A G0) 
cut-off, 1718 
erosion, 1108, 1110, 1364, 1737 
flow, rro4—-1I112, 1716 
records, 1167-1175, 1194 
hydraulic axis, 1108 . 
improvement, 1719-1724 
earthwork, 660 
navigation, 1723 
overflow, 1721 
regimen, 1108 
rise and fall, 1716 
silt, 1r10 - ‘ 
slope, 1160, 1716 
spur dikes, 1720 
tidal, 1715 
Rivet, 896 
bearing value, 826, 898 
bridge specifications, 858 
building laws, 845 
nickel steel, 412 
tests, 407 
button heads, 893, 898 
clearance, 897 
conventional signs, 897 
cost, 878 
countersunk, 895, 807 
distance, edge of plate, 860 
double shearing value, 826 
driving, 866 
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Rivet, field, 845, 807 
_ us. bolts, 826, 843 
number, 867 
vs. shop, 826 
flattened, 897 
grip, 897 % 
head, sizes, 867, 898 
holes, 822, 859, 865, 866, 892 
inspection, 389, 390 
lattice bars, 860, 940 
length, 897 
long, 860 
nickel steel, 412 
number, computing, 826, 860, 895 
Pitch, 860, 893, 895 
- shear value, 826, 858 
building laws, 845 
field vs. shop, 826, 858 
nickel steel, 412 
table, 808 
tests, 387, 407 
shop, 826, 845 
specifications, 860 
stand-pipe, 869 
stay, 822 
steel, 404-407, 863 
cold bend test, 388 
steel pipe, 1239, 1240 
stringer connections, 870 
tack, 822 
in tension, 827 
tests, 387, 388 
weight, 806 
wrought-iron, 399, 407, 845 
Road, roads, 1660-1673 
bed, dimensions, railroad, 164, 181 
bituminous surface, 1643, 1651, 1668, 
1687 
broken-stone, 1663-1666 
cost, 1644, 1666 
cross-sections, 82 
crossings, railroad, 122, 169, 312 
crown, 1656, 1661 
curves, 1640, 7056; So 
‘drag, 1662 
drainage, 1654, 1661 
earth, 1642, 1643, 1660 
embankment, 1661 
foundation, 1654, 1658, 1663 
grades, 1640 
staking, 75 
grading, 648, 1661 
gravel, 1662 
compared to ideal, 1642, 1643 
levees, 657 
macadam, 1642, 1643, 1663, 1684 
maintenance, 1662, 1663 
materials, testing, 375, 386, 
1653 
nomenclature, 1651 
roller, 1664, 1696 
load distribution, 785, 854 


1648, 
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Road, scraper, 1662 
shell, 1666 
signs, 1673 
slag, 1666 
surfaces, comparison, 1642, 1643 
tools, 1696, 1698 
width, 1640 

Roadway, arch bridge, 559, 747 
bridge, 785, 869 

Rock, asphalt, 1652 

broken, angle of repose, 164, 668, 669, 
698 
bearing capacity, 606, 607, 1619 
borings, 580, 605, 1372 
crushing strength, 575, 576, 606 
dredged, volume, 154 - 
eroding velocity, 1822 
excavated, natural slope, 164, 668, 
608 

expansion, 655 
explosives, 1522 
fill dams, 1309-1312 
geological classification, 574 
hardness test, 1647, 1648 
igneous, 574 
loading, mechanical, 652, 66x : 
paving tests, 1648 
physical properties, 1522 
sedimentary, 574 
shafts in, 1366- 
temperatures, 1381 
tunnels, 1379-13890 
weight, 667, 668, 7or, 1648 y 
Rod, drill, 605, 1372 

equivalents, 1552 

float, 1123 

leveling, 52, 75, 82 

limit gage, 457. 

mason’s tool, 59 

moment of inertia, 1478 

reinforcing (see Reinforcement) 

. Sag, 822, 825 

stadia, 89, 90 

steel, testing, 380 

tie, I beams, 837 « 

trussed beam, 777, 778 

Roller, bearing, 1507, 1508 

bridge, specifications, 858, 861, 864, 
867 

cylindrical, stress, 331 

plate girder, 889 

pressure, 889, 931 

road, 1664, 1696 
loads, 785, 854 

segmental, 889 

swing bridge, 931 

Rolling, bridge, 922 

dam, 1314 

roads, 1664, 1676 

Roof, 799-807 
arch, 840, 947, 951 
car barn, 307 
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Roof, conical, tank. 970 
| groined arch, 1224, 1232 
} loads, 801, 816, 819, 843 
Pitch, 801, 816 
reinforced concrete, 551, 567 
Teservoirs, 567, 1232 
run-off, 1254 
saw-tooth, 827 
sheathing, 799, 801, 816 
shields, 1395 
survey points on, 73 
tank,.970 
three-hinged arch, 840, 951 
tile, 477 
trainshed, 840 
truss, 799-807, 816-826, 1464, 1466 
column connection, 827 
combined stresses, 820 
compression member, 822 
cost, 842 
design, 820, 823 
erection, 877 
loads, 816-819, 840 
steel stresses, 820, 845 
weight, 819 
Roofing, 801. 816 
corrugated iron, 459, 816 
weight, 610, 816 
cost, 842 
gypsum, 477 
shingle, 478 
weight, 610, 816 
slate, 478, 801 
weight, 478, 610, 816 
terra-cotta, 476 
tin, 414, 801, 816 
weight, 610, 816 
Roots, algebra, 1410. 
cube, 24 
equation, 1412 
expansion, I41r 
fifth, 26 
logarithmic solution, 38 
square, 18-21, 38 
square of cube, and of fifth power, 25, 
26 
three-halves, 25, 1081 
Ropes, 468 
friction, r50r 
hemp, 468 
Manila, 468 
tackle, 1509, 1510 
wire, 472 
testing, 382, 387 
Rot, timber, 427, 428, 429 
Rotation, of body, 1489, 1493, 1495 
dams, 687 
energy, 1481, 1405 . 
Roughness coefficients, pipe, 1097 
Roundhouse, 235, 251, 253 
Rounds, steel, properties, 451 
_ Rubber, electric insulator, 1629, 1630 
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Rubber, India, 434 
Rubbish disposal, 1265 
Rubble, concrete, 520, 593, 1286 
masonry, 588, 592 
building walls, 703 
cost, 710 
dams, 1286 
pressures allowed, 666 
weight, 610 
Rubble-mound breakwaters, 1706 
Rubidium, 1214 
Run-off, drainage, 1843 
formulas, 172, 173, 1254 
influences, 172, 1160, 1193, 1721, 
masonry bridge, 747 
percolation, 1162 
rainfall, 1161, 1167, 1193, 1254 
records, 1167-1175 
sewers, 1253 
units, equivalent, 1193, 1857 
Runner, turbine, 1131, 1134 
Running tracks, 77 ¢ 
Rupture, impact, 334 
modulus, beams, 359, 386, 
614 
point, 326 
repeated stress, 331 
torsion, 368. 
work required, 328 
Russian measures, 1550 
Rust, 417, 552 
mixture, calking, 1400 . 
Ruthenium, r514. 
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Safety, factor, 321, 686, 687 
gates, canals, 1352 
Sag, railroad, 257, 261 
ratio, suspension bridge, 957 
rods, 822, 825 : 
tape, 62, 117 3 
Sage brush, 1814, 1836 € 
Sal ammoniac, freezing, 1526 
Saltpeter, freezing, 1526 
Salts, 1516 ; 
concrete mixing, 498, 518 
freezing mixtures, 1526 
water measurement, 1126, 1202, 
Samarium, 1514 
Sand, 181, 489, 1646 
alkali, 522 
angle of repose, 668, 669, 973 
bearing capacity, 606, 608, 1619 
bituminous surface, 1685 
blast, 879 
borings, 605, 1370, 1372 
boxes, arch falsework, 797 
clay, 514, 1215. 
roads, 1643, 1661 
concrete, 489, 503, 509 
dam foundations, 707 
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Sand, deposition, 1109, 1213, 1258 Sand, water in, limiting velocity, rro9 
dunes, erosion, 1723 weight, 406, 667, 668, 973 
effective size, 1088, 1214, 1216, 1222 moisture effect, 490 
ejector, 514, L100, 1217-1220 in sea water, 1729 
embankment, settlement, 654 Sandstone, 574 
eroding velocity, 1822 absorptive ratio, 420 
erosion, I110, 1364 aggregate, 499, 501, 508, 511 
filler, paving, 1674, 1676, 1679, 1682 ashlar masonry, 589, 664 
filter, 1214-1223, 1225, 1275 compressive strength, 420, 664-666 - 
fine material, 491 deposits near reservoirs, 1832 
fineness test, cost, 378 dressing, 582-585 
friction angle and coefficient, 668, expansion coefficient, 420, 667, 1522 
660, 973 flags, 1692 5 
gates, irrigation canals, 1828, 1829 footings, 614 
grading, 490, 503, 1216 internal friction, 340 
grains, diameter, 491, 1088, 1214 lintel, 704 
gravel and clay mixt, 1645 masonry, 664-667 
angle of repose,'668, 701 weight, 610 
bearing capacity, 606 modulus of elasticity, 420, 667 
weight, 667, 668, 7or modulus of rupture, 420, 614 
handling, 1217 paving, 1646, 1648, 1649 
house, railroad, 221 quarrying, 578 
lift, caissons, 638 shear strength, 420, 665 
lime, brick, 421, 597 slab strength, 665 
lime mortar, 599 _ specific gravity, 500, 1522 
measurement, 515 specific heat, 1522 
mechanical analysis, 490, 503, 1216 strength, 420, 508, 665 “a 
mineral composition, 489 voids, 501, 1202 
molding, 393 water stored, 1178, 1202 
mortar, 493-490, 509 weight, 420, 575, 1648 
Ottawa, 486, 491 masonry, 610, 667 
percolation, water, 1088, 1162, 1215 Sap, quarry, 577 
piles, 609 Sapphire, 1523 
pressure, lateral, 675 Sapwood, 422, 426 
pump, 629, 1372 Satinwood, 1523 
quantity, mortar, 492, 516 Saturation, steam, 1582 
reinforced concrete, 527 curve, 1582 
scrapers, 646 vapor, 1581-1586 
screenings, 491, 514 Saw-tooth roof, 827 
sea, filters, 1216 Sawdust, explosibility, 1520 
settlement, still water, r109, 1213 specific gravity, 1525 
sewage, 1270. thermal conductivity, 1525 
shield tunnels, 1390 ~ . Sawing lumber, 425 
shrinkage, 654 ‘ 2 Scale, boiler 216, 1208 
size, 401, 403, 1214 track, 215 
specific gravity, 490, 500 Scales, thermodynamic, 1530 
stability, 608 track, 221, 253 
standard, 491 Scandium, 1514 
submerged, weight, 669 Scantling, dimensions, 428 
tests, 378, 490 Scarf joints, 774 
thermal conductivity, 1525 Scarifier, road, 1697 
transportation, water, T100 Schist, paving, 1648 
traps, in drains, 1861 Schleroscope, 384 
irrigation canals, 1828 Schools, floor loads, 834, Bask 
tunneling, 1390, 1305 Scoop, wheel, 1158 : 
turbidity, 1215 Scour, river, rro8, 1110, 1717 t j 
uniformity coefficient, 1089, 1214, | Scow measurement, dredging, 154 
1220, 1222 Scrapers, 645 . : 
velocity of descent, water, 1109, 1213 drag, 645, 646, 655, 1662 
- voids, 490, 496, 501, 1216 dredge, 650 » 
washing, 514, 1216, 1217, 1225 - earthwork, cost, 646 7 bes 


_ water and, specific gravity, 1220 on farm lands, 1836 wit 
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Scrapers, road, 1662 Sedimentation, basins, water, 1212 
wagon loading, 651 contact beds, 1278 
wheel, 647, 655 . period, septic tank, 1272 
Scraping, filters, 1223, 1275 rate, water, 1213 
grader, 648 sewage, 1267-1274 by 
Screen, broken stone, 1696 . water, 1212 
curtain dam, 1314 Seepage, canals, 1337-1340, ser 1818 
fish, 1320 dam, 565, 716 
gravel, 514 losses, irrigation, 1818 
measuring water, 1113, 1124, 1188» reservoirs, 1832 
mechanical analysis, 503 Segment, circular, area, 28, 39, 1420 
tacks, 1184, 1210, 1269, 1320 center of gravity, 1471 
sand, 514 moment of inertia, 1476 
water, intake, 1190, 1210 2 elliptical, center of gravity, 1472 
Screening, sand and gravel, 514 - hyperbolic, rg2r 
sewage, 1269, 1283 parabolic, 1421, 1472, 1477° 
Screenings, 491, 496, 499, 500 spherical, 1422, 1473 
macadam road, 1664 volume, r1r13 
size, 1649 Selenium, 1514 
Screw, screws, 764 Self-induction, 1600 
Sage, 455, 457, 764 Seller’s system, screw threads, 455 
jack, arch centers, 797 : Semaphore, 222, 310 
lag, 764, 765, 768 Semicircle, center of gravity, 1472 
mechanical efficiency, 1509 moment of inertia, 1476 
piles, 618 Semidiameter, astronomical, 107 
press, rail bonds, 296 Semi-steel, 393 
pumps, 1158, 1204 Separators, timber Beams, 781, 782, 784 
Screw, spikes, 199 Septic process, sewage, 1272, 1283 
threads, standard, 455, 457 Series, arithmetic, 1411 
specifications, 867 circuit, 1602 
wood, 764, 765 generator, 1610 
Scrubbers, filters, 1213 y geometric, 1411 
street cleaning, 1694, 1700 logarithmic, 1412 
Scruple, measure, 1553, 1554 1 motor, 1610 
Sea, encroachments, 1709 Serpentine, physical properties, 1522 
level, level reductions, 117 Service pipes, 1250 
mean, 1704 Set, elastic body, 322, 325 
wall, 567, 1711 permanent, 325 
curved face, 697 Settlement, bridge falsework, 790 
water, dust palliative, 1666 puidinest 607, 608, 61z 
effect on galvanizing, 1733 earthwork, 654 
high pressure pipes, 1227 filling, masonry arch, 750 
injury to concrete, 481, 522 materials in water, 1109, 1213 
weight, 667, 1075, 1728 ~* — sea wall, 1711 
Secant, 1416-1418 soils, 606, 608 
curve, 1417 Sewage, 1252, 1265-1284° 
hyperbolic, 1445 constituents, 1265, 1266 
method, public land layout, 79 dilution, 1266 
sign, quadrants, 1005 discharge, natural channels, 1266 
tables, 12, 13 disinfection, 1284 
Seconds, pendulum, 1493 disposal, 1265-1284 
watt, 1600 distributors, 1281 
Section, conic, 1439-1443 effluent, 1273, 1283 
house, cost, 250, 253 : farm, 1277 
level, earthwork, 137-145 fats, 1266, 1279 " 
modulus, 344, 437 filters, 1269-1284 
township, public lands survey, 78 pollution, water supply, 1190, ead 
Sector, circular, 1420, 1471, 1476 1207 
hyperbolic, 1445 pumping, 1262 
ring, center of gravity, 1471 purification, 1267-1284 
spherical, 1422, 1473 screening, 1269, 1283 


Sediment (see Silt) sedimentation, 1267-1274 _ 


1936 Sew—Sho 
Sewage, volume, 1252, 1276 
water hardness increased, 1206 
Settling basin, sewage, 1271 
Sewer, 1252-1263 
appurtenances, 1260 
brick, 1258 _ 
flow, 1105 
form, 596 
laying, 600 
capacity, 1252, 1256, 1261 
flow, 1104, 1253-1257 
flushing, 1257 
_ gas, 1263 
grade, 1258 
staking, 75 
ground water, 1253 
inlets, 1260 
intercepting, 1252, 126% 
inverts, 1257, 1259 
lateral, 1252 
laying, depth, 1256 
leakage, 1253 
lining, 1259, 1260 
maintenance, 1262 
manholes, 1260, 1263 
outlets, 1257, 1261 
overflow, 1261 ° 
under pressure, 1257 
reinforced concrete, 568, 1250 
relief, 1252 
iver crossing, 1260 
run-off, 1253-1257. 
sections, 1259 
siphons, 1260 
size, 1257, 1261 
slope, 1257, 1258 
storm, 1252, 1253, 1262 
trunk, 1252 
ventilation, 1263 
walls, 1260 
Sewerage systems, 1252-1263 
Sextant, 90 
Shaft (machine part), couplings, 360 
flexure and torsion, 370 * 
rectangular, shear, 367 
torsion, 366: 
Shaft (mining), 1366-1369 
dredging wells, 631 
drop, 1367 
freezing, 644 
supply, caisson, 637 
Shafting, bearings, efficiency, 1508 
fatigue, 332 
Shakes, timber, 429 
Shale, 1646 ~ 
aggregate, 4909 
water stored, 1178 
Shapes, rolled structural, 437-454 
unit stresses, 820, 845 
Shear, 320 
and compression, 327, 335, 336, 512, 
679 
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Shear, diagonal, tension, 336, 512, 547 
diagram, 346, 1462, 1463 
double, 322, 826 
failure, 337 
and flexure, 344 
horizontal, 344 
maximum, loads, 850 
maximum surfaces, 679 
metals, tests, 387 
panel, 885, 904 

* pins, 412, 845 
punching, 511 
reinforced concrete beam; 539, 542 

S44 
resisting, 343 
Tivet, 826, 858 
building laws, 845 
field vs. shop, 826, 858 
nickel steel, 412 
table, 878 
tests, 387, 407 
sign, 882, 
single, 321 
stress factor, 441, 458 
and tension, 327, 335, 336, 512 
value, rivets, 898 
vertical, 341, 882, 1462 

Sheathing, roof, 799, 8or, 816, 820 

Sheave block, 1808 

Sheaves, wire rope, 472, 473 

Shed, snow, 170 
truss, 800 

Sheer legs, piers, 1807 . 


Sheet, asphalt paving, 1652, 1680-1683 


characteristics, 1642; 1644 
defined, 1652 } 
iron and steel, 459, 460 
piles, 625-628, 707 
concrete, 558 
stresses, 1730 
Sheeting, 625-628 
core-wall, 1302 
shafts, 1366 . 
Shells, paving, 1666, 1684 
Shelter, railroad, 235 
Shield tunneling, 1390-1396 
Shingle, eroding velocities, 1364 _ 
Shingles, number and weight, 478, 610, 
816 
reinforced concrete, 551 
wooden, 478 : 
Ship, canal, 1356-1363 ‘ 
channel, radius, 1719 
-greatest, beam, 1742 
Shipbuilding, cranes, 1803 
ways, 1707 
Shipping, measure, 1554 
terms, 1812 : 
Shipworm, 427 
Shocks, designs affected, 665. 
Shoe, brake, 305, 1502, 1503 
columns, timber, 762, 770 sunthee 
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Shoe, concrete arch, 729 
contact, third rail, 29a 
piles, 616 
Shop, costs, bridge work, 878 
electric railroad, 309 
inspector’s duties, 389 
rivets, 826, 845 
steam railroad, 235, 251, 253 
Shores, graving dock, 1767, 1768 
Shortening body, compression, 322 
Shortness, of metal, 391 
Shot drilling, 1373 
Shovels, 645 
steam, 652, 656 
traction, 652 
e, concrete, 
arch deflection, 744, 700 
experiments, 514 
prevention, 518 
reinforcement, 553 
cracks, puddle, 1334 
earthwork, 654 
Shunt, 1603 
generator, 1610 
motor, 1610 
Shutters, dams, 1314, 1316 
Sidewalk, 1692 
bridges, 786, 869 
loads, 853 
thru plated girder bridges, 88x 
width, 1640 
Siding, corrugated, buildings, 459 
track, 207 
Sieve, cement, 484 
mechanical analysis, 503 
sand, 491 
sizes, 490, 1215 
Sights, inclined stadia, 99 
length, leveling, 8x 
Sign, couple; moments, 1453 
force, 1457 
highway, 4673 
riyets, cgnventiqnal, 897 
stress, go2, 928 
topographical, 58 
trigonometric functions, 1416 
Signaling, block, 222, 311 
Signals, flag, weather, 3538 
on catenary bridge, 975 
electric railroad, gro 
elevated railroad, cost, .964 
fog, 27296 
geodetic, 228, 227 
movable bridges, 934 
havigation, 1724 
sound, 172§ 
steam railroad, 222, 251, 253, 
Silicon, 1514 
iron, 391, 396 
steel, 191, 403, 413 
Sill, mud, canal linings, 1365 y 
trestle, 784, 790 . 
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Sill, window, masonry, 526, 590 
Silt, amount, basins, 1213 
_ basins, in drains, 1861 
capillarity capacity, 1813 
deposition, canals, 1829 
behind dams, 677 
in drainage ditches, 1849 
law, 1109 
sewers, 1258 
storage reservoirs, 1198 
erosion, 1109 
excavation, pumping, 638 
foundations, 607 
hygroscopic water’ in, 1815 
intakes, 1190 
settlement, water, rro9, 1213 
transportation, 1109, Ir10 
wash borings, 1370 
Silver, conductivity, 1607 
element, 1514 
German, 417, 419, 1524, 1609 
heat of fusion, 1576 
physical properties, 1524 
sound transmission, 1537 _ 
Simpson’s one-third rule, 69, 1422 
Sine, 1416 
anti-, 1418 
arc, 1418 
curve, 1417 
hyperbolic, 1445 
inverse, 1418 
law, 1419 
natural, hyperbolic, 34,39 | 
series, 1412 
sign, quadrant, 1005 
small angles, 1006, 1412, 1418 
tables, 12, 13, 1006-1072 
versed, 1416 
Sinking fund, 1424 
Siphons, 1323, 1325 
cast-iron pipe, 1325 
flow, ta99 H 
pumps, 629 
reinforced concrete, 326 
fewer. 1260 
spillway, canals, 1337 
steel-plpe, 1321, 1325 


> 


Size, offective, sand grains, 1988, 1214. 


12916, 1949 
Skeleton construction, buildings, 833 
Skewback, ae rags 7ay 
Skylights, wei ight 
Siabs, concrete, ise PP shear, §2% 
continuous, $42 
gypsum, 476 
Jeinforced concrete, §40-547, 554 
rock, strength, 606 . 
roof, 552 * 
sidewalk, 1692 
stone, 665, 1692 
stress, 372 


Slag, 182 


an 


1938 Sla—Sol Index to Fourth Edition American 


Slag, aggregate. 409 
ballast, 182 
bituminous surface, 1687 
cement, 480, 483 
embankment protection, 1302 
formation, 391 
paving, 166, 1648, 1664, 1687 
road, 1666 
sewage filters, 1278, 1280 
weight, 1648 
wrought iron, 396, 401 
Slate, -420 
bearing capacity, 606 
compressive strength, 420, 576 
expansion coefficient, 420 
modulus of elasticity, 420 
modulus of rupture, 420 
paving, 1647, 1648 
physical properties, 1522 
roofing, 478, 801 
cost, 842 
weight, 478, 610, 816 
specific gravity, 1522 
“weight, 420, 478, 575, 1648 
Sleeves, pipe, wooden, 1873 
Sleet, trolley, wire, 291 
Slide, fall, snow shed, 170 
timber, graving docks, 1765 
Slip, ferry, 1788, 1790 
ting, motor, 1614 
for ships, 1742 
Slope, angle, geometry, 1414, 1436, 
1438 
-board, 138 
curve, 1438 
earthwork, 667 
canals, 1363, 1822 
dry, 668 
earth, dams, 1302, 1303 
railroad, 164 
river bank, 1110 
submerged, 669, 1728 
flood, 1160 
hydraulic, ro89 \ 
lines, 1414, 1436, 1438 
materials, 668, 669 
dry, bins, 073 
friction relation, 1500 
railroad earthwork, 164 
submerged materials, 669, trr0, 
1304 
paving, 587, 1305, 1334 
railroad cut, 164 
river, 1160, 1716 
stakes, 82, 138 
stream, 1160, 1716 
wall, 587 : : 
Sludge, chemical precipitation, tanks 
1274 ¢ 
disposal, 1274 - 
Imhoff tanks, 1273 - 
Sluice gates, 1246 


Sluice gates, discharge, 1118 
on levees, 1852 
Sluices, levees, 1853 
irrigation canals, 1831 
locks, 1345 : 
Sluicing, earth dam construction, 1307 
Slushing joints, masonry, 600 
Smoke, combustion, 1517 
jacks, 236 
Snags, river, 1723 
Snatch team, earthwork, 647 
Snow, fence, 169 
loads, arches, 722 
bridges, 847 
roofs, 818 
trainsheds, 840 
rainfall records, 1540, 1542 
removal, streets, 1694 
shed, 170 
signals, weather, 1538 
weight, 435, 667 
Soap, concrete, water, 525 
hard water destroys, 1206 
sedimentation, 1271 
Soapstone, physical properties, 1522 


_ Sod, percolation effect, 1162 


Soda, ash, water softening, 217 
caustic, boiler compounds, 216, 
1209 ‘ 
Sodding, 164 4 
Sodium, 1 514 
carbonate in soils, 1863 
Soffit, arch, 721 
Soil, angle of repose, 668 
bearing capacity, 605-613, 1619 
classification, 1645 
compression, 609 r 
cultivated, capacity for water, 1815 
drainage coefficient, 1857 
evaporations, 1815 
fertile, indications, 1814 
flow of water, 1088, r201, 1203, 1213) 
flowing, 608 
frictional resistance, 634, 639 . 
moisture, 1853 
forms, r814 P 
mulching, 1815, 1817 
percolation, 1162, 1815 
sampling, 605 
sandy, foundations, 666 
semi-liquid, 607 
shrinkage, 654 
stripping, 1200 
weight, 668, 1729 : 
Solar attachment, surveying, 48 
Solids, liquefaction, 1533 
physical properties, 1§22-1525 
of revolution, 1423 yo 
sewage, 1266 , 
specific heat, 1533 - x, 
volume, general formula, 11rg « 
water transported, 1100 


| 
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Solstices, ro2 
Solvent, paint, 436 
Sound, 1537 
signals, 1725 
Soundings, aquatic, 97 
soft soil, 605 
South Africa, measures, 1552 
South America, measures, 1551 
Space, -time graph, 1484 - 
Spade, tile, 645 - 
Spain, measures, 155 
Span, arch, 722 


* Spandrel, arch, 947, 952 


arches, 722, 733 
architecture, 747 
walls, joints, 740 
wall openings, 838 
Specials, cast-iron pipe, 1236 
Specific gravity, 1077 
gases, 1078, 1526 
substances, 1522-1526 
Specific heat, 1533, 1575 
gases, 1526, 1533, 1579 
metals, 1524 
rocks, 1522 
water, 1525, 1533 
Speed, on canals, 1342 
coefficient, turbines, 1134 
equivalent units, 1554,-1566, 1567 
friction and, 158 
light, 1527 
sound, 1537 
“trains, 160, r95, 228, 27t 
unit, turbines, 1134 
Spelter, 414 
Sphere, area, 39, 1422 
celestial, 48, to2 
impact, 1498 
‘moment of inertia, 1479 
- parts, center of gravity, 1473 
sector, 1422, 1473 F 
segment, volume, 1113, 1422. 
surface, area, 30, 1422 
volume, 33, 39, 1422 


| Spherical-excess, 120, 1420 


. 


Spheroid, Clarke’s, 121 


| Spiegeleisen, 392 


| Spike, 763, 764, 766 


railroad track, 197, 198 


|Spillway, dam, 676, 707, 717 


tailwater, 705 
irrigation, 13827 
narrow valley, 717 
Panama canal, 1361. 
siphon, canals, 1337) 

Spirals, 134, 314 
Archimedes’, 1444 


cubic, 134 


equiangular, 1444 
. hyperbolic, 1444 

logarithmic, 1444 

street railway, 314 
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Splice; bars, rail, 197 # 


cold bend test, 388 ie 

reinforcement, 749 2 

timber chord, 807 

web, 880 £ 
Splicing chamber, wires, 279 
Spools, packing, timber, 784 
Spray, irrigation, 1840 ° 
Spreader, Jordan, cost, 653 
Spring, under earth dams, r30r 
Spring (machine part), helical, 37z 

rail frogs, 203 

steel, 404 Fo 
Springing line, arch, 721 
Sprinklers, sewage, 1281, 1282 
Sprimkling, filters, 1280-1284 

streets, 1666, 1693, 1609 

wagon, 1699 
Spruce, 424, 425, 430 

friction coefficient, 1500 

hardness, 758 

kiln-drying, 426 - 

shrinkage, 426 

specific gravity, 1523 

strength, 430 

weight, 430 


working stresses, 756, 757, 805 


Spur, dikes, 1712, 1720 


jetties, 1720 
Square, least, method, 119, 1448 
moment of inertia, 1476 
numbers, 16, 17 
roots, 18-21, 38 
steel, properties, 452 Z 
Squeegees, streets, 1694, 1700 
Stability, floating bodies, 1077 
floating docks, 1784 
forces, 1457 
Stadia, constants, 90 
field methods, 90 5 
hairs, 89 
- notes, 92 
reduction tables, 93, 94 
survey, 89 
Stage, landing, vessels, 1706 
tower, 960 
Stagnation, reservoirs, 1200 
Stairways, graving docks, 1765 
Stakes, surveying, 82, 124,138 - 
Staking out lands and buildings, 75. 
82, 124, 138 
Stand-pipes, 966-968, 1233, 1235 
Staples, wire fence, 166, 168 
Star, circumpolar, 107, Ir0 
State taxes, railroads, 244 
Statics, 1450-1467 
Station, central, electric power, ati 
273, 1615-1620 
coaling, 215, 220, 250, 253 
power, trolley line, 273 
railroad, 234, 250, 253 . 
(surveying) direction, 115 ~ 


—— 
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Station (surveying), eccentric, 120 
geodetic adjustment, 119 
triangulation, 117 
transformer,: 276 
water, railroad, 216, 250, 253 
Staves, wooden pipe, 1327 
Staybolt iron, 400 
Stays, suspension bridge, 955, 959 
Steam, consumption, engines, 229, 1593 
engines, 1591, 1615, 1620 
portable, cost, 1696 
entropy, 1583, 1585 
flow, 1587 - : F 
heating, tube area, 464 
injector, 1153 
jacket, 1502 
plants, auxiliary to water, 1170, 1616, 
1626 
saturated, 1582 
shovels, 652, 656 
siphon, 629 
superheated, 1582 
table, 1583) 
wet, 1574, 1575 
Steel, a4c1-413 
analysis, chemical, 863 
axle, 404 
bar, properties, 451, 452, 457 
basic, 402, 405 
bending test, 
castings, 389 
reinforcement, 530 
specimen, size, 388, 390 
structural and rivet steel, 390, 406, 
842, 863 
Bessemer, 402 
blister, 402, 409 
boiler, 404 
bridge specifications, 863 
carbon, strength, 405 
carbon content, 
effect on strength, 403, 4os- 
limits, 4o1 
nickel steel, 411 \ 
Tails, 191, 197° 
special steels, 412 
tempering effects, 404 
case hardening, 402 
cast, 410, 411, 820, 845 
‘castings, 403, 417 
cold bend test, 380, 863 
composition, 407, 863 
physical qualities, 407, 863 a 
strength, 845, 863 
chrome, 412 
‘chromium nickel, 412 
column, formulas, 364 
compressive strength, 325, 404, 407 
conductivity, 1607, 1608 
contraction factor, 335 
converted, 416 E 
cooling and heating curves, 1534. 
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Steel, corrosion, 418, 552, 1658 
corrugated, 459 
cost, 842 
pipe, 1658 
sides, buildings, 825, 837 
weight, 459, 816. 
crucible, 402, 410 
drawing, 403 
drifting test, 390 « é 
elastic limit, 325, 402, 405 y +4 
elongation, 404-407, $30, 842, 863, 
expansion coefficient, 404, 412 
cubical, 1524, 1537 
fatigue, 332 
forging, 403, 405, 411 
fracture, 326, 530, 863 
freezing point, 1524 
freight rates, 876 
Bages, 457, 458, 450, 472 
gun, 404 
hard, 404 y 
hardening, 403, 400, 411 ott 
hardness, 1524 cer 
ingot, 410 
inspection, 389, 406, 842, 868, 819 
machinery, 404 
malleability, 401 ce 
manganese, ‘ ap 
effect, strength, 403, 405 i") 
nickel steel, 4r1 ‘ 
purpose, 402 . 
tails, ror. 
special steel, 412 . af 
manufacture, 4or PY 
medium, 407, 844 alg 
mild, 405, 844 ri i 
properties, 325, 404 
test, 324 
modulus of elasticity, 325, 404, 
440 
modulus of rupture, 404, 440) 
nickel, 411, 939 * 
cold bend test, 388 = == 
physical properties, 325 uu 
specifications, 406, oe 
nomenclature, 408 
open-hearth, 402, 410 t§ 
rails, 189, 191, 193 ¥ 
specifications, 405,863 * 
painting, 419, 842, 879 1+ 
phosphorus content, a 
nickel steel, 406 = 
rails, 191, 107 : i 
aati aut bars, 530° ; 
strength, 403, 405 rn 
structural specifications, 405, c 
863 
physical properties, 325, bie 404 
1524 
piling, 626 
pipes, 1239-1244 o¢ 
anchorage, t240, 0 = 
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Steel, pipes, cold bend test, 389 


butt welded, 463 

electrolysis, 1251 

flow, 1090, 1097, 1242 

intake, 1191 

life, 1873 

valves, 1242, 1247 
plates, 372 
Poisson’s ration, 335, 339 
protection, corrosion, 418, 552 
puddled, 410 
rail specifications, 191, 196 
red shortness, 402 


_reduction of area, 381 


specifications, 407 
variation, 404, 405 
reinforcing (see Reinforcement) 
resistivity, 1524 
restitution coefficient, 1498 
rivet, 404-407, 842, 863 
cold bend test, 388, 842 
rolled, shapes, 437, 454 
testing, 864 
shear, 411 
shearing strength, 325, 404, 845 
sheet, 459, 460 
shipping, 875. 
silicon content, 191, 403, 413 
soft, 404, 406 
castings, 407 
pipes, 463 
strength, 404 
sound transmission, 1537 
special, 412 
name, 403 
specific gravity, 401, 404, 1524 
specific heat, 1524 
spring, 404. 
stress ratio, 337 
structural, 437-454, 815-976 
cold bend test, 388, 842, 863 
‘corrosion, 418 
cost, 878 
detailing, 826, 878 
erection cost, 842, 878 
fatigue, 332 
finish, 864 
painting, 868 
shipping, 868 
specifications, 405, 842, 857-867 
strength, 404, 407, 842, 863 
unit ‘stress, 820, 844, 845, 858, 965, 
o7t 
sulfur content, 
castings, 407, 863 
red shortness, 403 
reinforcement, 539 
structural specifications, 405, 842, 
863 
temperable, 404. 
tension strength, 325, 404, 405,407, 
bridge specifications, 842, 863 
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Steel, tension strength, building spike 85 


carbon, 405 

castings, 407 

formulas, 405 

medium, 325, 404 

reinforcing bars, 530 
testing, 385, 406 

bridges, 863-868 

rails, 191 

specimens, 380, 863 

ultimate strength, 325 


variations allowed, 863 = 


thermal conductivity, 1524 
tungsten, 412 ; 
mialleability, 410 
twisting strength, 369 
ultimate strength, 
carbon effect, 405 
compression, 325 
nickel, 407 
reinforcement, 530 
shear, 325 
specifications, 406, 842, 863 
tension (see Steel, tension) 
uses, 404 
very hard, 404 
weight, 325, 864 
weld, 411 
welding, 196, 312, 4t2 
wire, = 
concrete reinforcement, 530, 558 
_ conductivity, 1607 
dimensions, 472 
fences, 166 
strength, 403, 404, 472 
testing, 380 
weight, 470, 472 
wrought, 411 
yield point, 406, 407, 863 
Stepping, timber, 428 
Stere, 1554 
Stevedore rope, 468 
Stiffener, angles, 879, 887, 888 
for gusset plate, 876 
shelf angles, 860 
spacing, 862, 887 
specifications, 862 
steel pipe, 1243 
Stirrups, reinf8rcement, 534, 541, 545 
Stock, guards, railroad, 194, 250 
yards, 216 
Stokers, mechanical, 1619 
Stone, 420, 574-595 
artgillaceous, 574 
artificial, buildings, 420, 524 
beam, 359, 704 
binder, specifications, r68z 
block paving, 1674 
compared with ideal, 1642, 1644 
materials, 1646 J 
specifications, 1640 
breken (see Broken stone) 
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Stone, building, 420, 574-s05 

crushers, 515, 1605 

crushing strength, 325, 420,,576, 1648 
cutting tools, 582 

dressing, 584, 580 

durability, 576 

expansion coefficient, 339, 420, 667 
friction angle and coefficient, 669 
grain and rift, 575 


masonry, 587-601, 664-670, 677, 709, 


weight, 667 
working stresses, 664-667 
mixt, paving, 1648 
modulus of elasticity, 325, 420, 664 
modulus of rupture, 359, 420 
Poisson’s ratio, 330 
quarrying, 515, 577-582 
screenings, 491, 496, 409, 500 
silicious, 574 
slab strength, 606, 665 
specific gravity, 500 
test, 385, 575 
squared, 584 
strength, 325, 420, 606 
test, 385, 575 
testing, 385, 575, 1648 
cost, 378 
toughness test, 386, 1647, 1648 
unit of weight, 1553 
unsquared, 584 
weathering, 577 
weight, 325, 420, 575, 665, 1648 
Stoneware brick, 1525 
Stoney sluice gates, 1314, 1318, 1337 
Storage, battery, 1637 
reservoir, 1176, 1192, 1198, 1831 
Storm, flows, sewer, 1253, 1261 
frequency, 1256 
intensity, 1844 
warnings, 1538 
Story, height, stone walls, 703 
tower, 960 
Stowage, height, piers, rig? 
Strain, 322 . 
gage, 376 
insulators, trolley, 284 
Strainer, mechanical filters, 1220 
wells, 1204 A 
Strap, bolts, 766 
Stream (see also Rivers), I104-1TT0, 
1158-1175 
administration, 1866 
diversion, railroads, 124 
flow, 1716 
hydraulics, rro4—r111 
records, 1167, 1175, 1193, r198 
regulation, 1177 
sewage dilution, 1268 
variation; 1160, 11904 
gaging, 1123-1127, 1164, 1167 
horsepower, 1158 
polluties, 1267. 1268 - 


- I 
Stream, riparian rights, 71, 1866) 
silt-carrying power, 1110 i 
slope, 1160, 1716 
storage, study, 1176, 1832 
Streets, cleaning, 1642, 1693. r6aq 
curbs, 1693 
flushing, 1694 
grades, staking out, 75 
intersection, 1656, 1675 
lighting, 1635 
small lamps, 1634 
wiring system, 1627, 1628 
lines, marking, 74 
pavements, 1674-1604 
property-owners’ rights, 70 
railway (see Railroads, electric) 
sprinkling, 1666, 1693, 1690 
sub-drains, 1654 
sweepings, 1264, 1265, 1399 
traffic census, 1641 
width, 1640 
Strength, beams, uniform, 355 


coefficient; structural shapes, 437 


elongation relation, steel, 403 
fatigue, loss, 330 

formula, steel, 405 

twisting, 368 

ultimate, 320. 325, 331, 38% 


Strength of materials (sce name’ of thal 


material in question) 
Stress, 320, 322 
alternate, 408, 756, 850, 882 
apparent, 336 
axial, 320 
bridge specifications, 858 
centrifugal, 338 


combined (see Combined stresses) 


deformation, 322, 324, 328, 528 
diagrams, 1466 
equilibrium polygon, 1450 
impact, 333, 360, 665, 1498: 
internal, 335, 340 i 
lines, 340 
loads, eccentric, 337 
maximum and minimum, 6$r 
repetitive, 330, 408 
machines, 385 
Tesilience, 328, 359 
secondary, 910 
sheet, truss, 804, 806 
signs, 902, 928 
- statically determinate, 041 
statically indeterminate, 908 
. sudden loads, 333 
temperature, 330 
masonry arch, 743 - : 
pipe lines, 1240 ni 
reinforced concrete, 553 
steel arch, 955 
traction, 857 
true, 335, 336 


ultimate; 320.5 S2dioage age 
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Sun, declination, 49 
mean, 104 ; 
ebservation, 46, te4, 168; 169, 113 _ 
polar distance, 48, 49 
Sunlight, bacteria temoval, 298, 1267 
organisms affected, 1232 
water altered, 1200, 1201 
Superelevation, rails, 134, 195, 1480 
Superheated vapors, 1581 
Superheating, 1503 " 
Surface, bituminous, 1643, oseet 1667- 
1672 ty 
cut stone, 586 
dry, friction, r502- - 
finish, concrete, 520 
inlets, for tile drainage, 186 
maximum shear, 679 
neutral, beam, 340 


‘Stress, units, 272 
velocity of, 1537 
working, 321 
‘Stringers, 870, 874 
connections, 867 
elevated railway, 963 
frames, 862 
. highway bridge, 869, 870 
I beam, 869-874 
impacé,’ 856 : 
locomotive loads, 848 ae 
long, economy, 9or in 
sidewalk, bridges, 787 te 
specifications, 862 
timber, 783, 787, 860 
trestle, timber, 782, 787 
Strings, force polygon, 1454 
Strontium, 1514. 


w 


Strut, 361 of revolution, 1423 . 
collision, 901 tension, water, 1077 : . 
roof truss, 802 Surveying, 42-136 ° 
timber, end bearings, 805 city, 74 


crooked boundary, 69 
earthwork, 137-156 
geodetic, 114—r2t 
highway, 1640 
hydrographic, 97 
inaccessible distances, 73 
instruments, 42-52 
plane table, 95 
precise leveling, 53, 82 
railroads, 122 
repeating, 118 


Stub switch, 202, 204 
Stucco, 1517 
Stump, reservoir, 1201 
‘Sub, angle, and sub-chord, 125 
drain, 1252, 1654 
Submerged materials, angle of repose, 
* 660, 1110, 1302, 1728 
Subnormal, 1437 
Substations, electric, 1625 
cost, 267 
trolley, 274 


Mies 
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Subtangent, 1437 stadia, 89 
Subways, city, 1404 land and town, 61-83 t 
mine, ror 


waterproofing, 521 
Suction, dredge, 658 
mechanical filters, 1222 
pumps, I150, 1204 
Sugar beets, number of irrigations, 1818 
water requirements, 1817 
Sulfur, anchor bolts imbedded, 685 
atomic weight, 1514 
boiling poit, r531 
cast iron, 391, 395 
dioxide} superheated, 1586 
heat of fusion, 1576 
steel, 
bridges, 863 
castings, 407 
nickel, 406 
red shortness, 403 
reinforcement, 530 
structural specifications, 405 
symbol, 1514 
wrought iron, 396 
Sulfureted hydrogen, water, 1200 
Sulfuric-acid, 1516 
concrete surface, 520 
sewage tanks, 1273 
Summit yard, 215 
Sun, azimuth, 113 


monuments, 74 

notes, 92, Ior, 118 

obstacles, 71, 138, 130 

photographic, 100 

points, on roofs, 73 

problems, special, 75 

precision, 66 

railroad, 120-156 

topographic, 84-10r if 

towers, II7 , 

U. S. Public Lands, 78 
Skveiien, 959 
Suspension, bin, 971 

bridge, 846, 955-960 

center, 1403 

electric railroad, 284, 290 
Swamps, area, U. S., 661, 1842 

drainage, 66r 

reclamation, 1841-1851 

water, color, 1206 

watersheds, drain, 120 , 
| Sway bracing, deck bridges, 881, 919 

falsework, 796 xs 
Sweepers, road, 1694, 1700 
Sweepings, strect, 1264, 1265, 1300 
Swing bridges, 921-935 
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Swing bridges, center bearings, 922, | Tank, detritus, 1269 ~ 


920 Dortmund, 1271 
dams, 1352 filter, 1220 
machinery, 931 flush, 1114, 1257 
turntables, 927, 929, 931 hydrolytic, 1272 
Switch, electric, 1621 reinforced concrete, 567, 1220 
tailroad, 202-214, 250, 253 mix, 504 , 
Switchboard, 1183, 1620 septic, 1272, 1273 
” life, 269 settling, 1270, 1274 
Sycamore, 1523 steel, design, 969, 1233, 1235 
Syenite, 664, 665, 667, 1646, 1648 track, 219 
Sylvester process, 521, 604 two-story, 1273 
Symbols, calculus, 1427, 1431 wood, 219, 1235 
chemical elements, 1514 Tantalum, 1514, 1524 
topographic, 59 lamp, 1634, 1635 
Symmetry, 1468 Tape, base-line, 116 
‘Synchronous converter, life, 269 coefficient of expansion, 62, 116 
substation, 276 invar, 62, 116, 417 
Synchronous motor, 1614 kinds, 42 
Systems, balanced, in rotation, 1492 measurements, variations, 61, 62, 117 
electricity, distribution, 1626 rod, cross-section leveling, 52, 81 
electromagnetic, 1599 standardization, 74, 117 
force, 1454 tension, 61, 117 
public land survey, 78 Tar, bolt holes, timber, 78z 
thermodynamic, 1474 cement, 1652 
_ coal, fuel, 1519, 1651 
ah pipe coating, 1236, 1244 
road material; 1652 
T-bars, cost, 878 waterproofing, 1401 
dimensions, 437, 45° coke, 1651 
moment of inertia, 343 . concrete sidewalks, 1692 
T-beam, reinforced concrete, 537, 5390, dehydrated, 1651 
541, 544 dust palliative, 1667 
T-rails, resistance, 298 and gravel, filler, 1675 3 
Tabled fishplate joint, 772 oil gas, 1652 
Tables, mathematical, 10-36, 977-1072, paving, 1652 
1081 : : road surface, 1643, 1668, 1686 
precision, 39 testing, 1653 
Tackle, hoisting, 1509 | _ | Target rod, 52, 75 
Taintor gate, 1318 Taxes, state, railroads, 244 
Talbot’s formula, run-off, 172, 173 Taylor’s theorem, 1431 
Talc, 1523 Teak, 1523 
Tamarack, 424, 425, 430 Tees, head lost, 1098 
Tangency, point, 125 \ . | Telegraph line, batteries, 1636 
Tangent, angle, 1416 Om bee cost, 251, 255 
curve, 1437 Telephone, batteries, 1636 
distance, 126 - on irrigation canals, 1829 
hyperbolic, 34, 1445 Telescopes, 45, 1527 
logarithmic functions, 12, 1006-1051 precise level, 82 
method, public land survey, 79 reversal, 71 
natural hyperbolic, 34, 39 thermoelectric, 1532 
non-parallel, connecting, 133 Telford base, roads, 1659, 1663 
offset, 126, 128 Tellurium, 1514 
parallel, connecting, 129, 133 Telpherage, landing, vessels, 1707 
railroad, 123 Temperature,1530 
series, 1412 absolute, 1530, 1574 
sign, quadrant, 1005 arch-rib deflection, 743,950,955 
tables, 12, 13, 1006-1072 cast-iron pipes, movements, 1238 __ 
Tank, capacities, 219, 1233 cracks, concrete, 553, 1287 
chemical precipitation, 1274 and electric circuit, 1602 
concrete, 567 . ~ flow of water, relation, 1089, 1106 


mix, 504 freezing mixtures, 1526 
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‘Temperature, gradient, 1535 
ground water, 1203 
journal friction, 161 
kiln-drying, 426 
masonry dams, 709 
mean, 1540 
normal, tests, 1652 
refuse combustion, 1264 
reinforcement, 553, 564, 606 
rock, 1381 
signals, weather, 1538 
standard, structures, 743 
stresses, 330 
masonry arch, 743 
pipe lines, 1240 
reinforced concrete, 553 
steel arch, 955 
thermodynamics, 1574 
truss deflection, 918 
U. S., average, 1541 
Tempering, steel, 404 
Templet excavator, 662 
Tender, locomotive, 225 
Tennis court, 77, 78 
Tension, 320, 1463 
axial, 320 
building code allowance, 845 
compression and, 334, 859 
diagonal, 547, 665 
flexure and, 370, 859, 911, 912 
fractures, 326 
» friction, internal, 340 
members (truss), 822, 909 
rivet pitch, 860 
shear and, 327, 335, 336, 512 
surface, liquids, 1077 
tests, 380, 381 
Terbium, 1514 
Teredo navalis, 427, 781 


Terminals, railway, 214, 251, 253, 840 


Terra-cotta, 421, 474 


building floor, 474, 475, 522,543, 835 


column casing, 833 

columns, 366 

facing, office building walls, 838 
fireproofing, 474, 522 

laying, 839 

specific gravity, 1522 

strength, 325, 421 

thermal conductivity, 1525 


weight, 325 . 

Test pits, 1373 

Testing, 373-390 
bituminous material, 1652 ~ 
cost, 378 


machines, 373, 379, 384, 389 
highway materials, 1647 
materials, 373-390 
specimens, 379, 380-388 
speed, 377 
‘Texas, measures, 1551 
Thallium, 1514 
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Theater, lighting, 1636 
loads, 610, 835 
Theodolite, 87 
Theorem, binomial, r4rt 
three moments, 357, 924 
Therma! hysteresis, 1536, 160r 
Thermit process, 312, 413 
Thermodynamics, 1573-1598 
Thermoelement, 1531 
Thermometer, 1530; 1531 
Thermophones, 1287 
Third-rail system, 291-295 
cost, 267 
Thomas A-frame dam, 1314 
Thorium, 1514 
Threads, protection, 390, 877 
standard, 455, 457 
Three, halves powers, 25, 38, To8z 
level section, 137 
moment, theorem, 357, 924 
. point problem, 54, 96, 98 
Thulium, 1514 
Thunderstorms, 1540 
Tidal observations for datum, 81 
Tide, rivers, 1715 
sea, 1703 
Tie, land, walls, 702 
plates, columns, 860 
railroad, 184, 211, 250, 253 
on bridges, 787, 788, 857, 872 
cost, 250, 251, 253 
load distribution, 856, 870 
plates, 200 
treated, tie plates, 201 
wood, kind, 423 
truss, 800, 822 
Tile, cement roofing, 816, 824 . 
drain, 1855-1860 
roads, 1654 
gypsum, 476 
hollow, weight, 836 
hook, 1860 
reinforced concrete, 477, 551 
spade, 645 
stock guards, 214 
terra-cotta, 474, 835 
vitrified, 1258, 1654, 1657, 1855 
Timber, 422-432, 756-807, 1523 
beam, failures, 344, 360, 420 - 
borers, 781 
built-up members, 775 
classification, 428, 758 
column, formulas, 364, 762 
shortening, 790 
construction, 756-807 
creosoted, life, 781, 1734 
decay,.426 (see Wood, decay) 
defects, 429 
dimensions, 425, 428, 758 
drest, 425, 428 
elastic limit, 325 
expansion, 425 
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Timber, expansion coefficient, 1523 
factor of safety, 321, 756 
fastenings for, 763-768 
flexural strength; 430,-757 
footings, 615 
fracture, 327 
framing, 768-776 

piers, 1744 
friction coefficients, 669, 759, 1500 
guard, 787, 788, 872, 804 
headings, tunnels, 1374 
impact stress; 756 
indentations, 758, 705 
inspection, 428 
joints, 768-776, 707 
glued, strength, 435 
Howe truss, 805, 807 
packing, 784 
knotty, 420, 756, 763 
life, 429 
measure, 462 
modulus of elasticity, 325, 430, 756 
_ modulus of rupture, 359; 439, 756 

names, standard, 424 

notching, beams, 763 

old, strength, 751 

piles, 609, 615 

preservation, 429, 784 
paving, 1650 
strength, 185, 429 
ties, 185 
trolley poles, 281 

properties, 325, 430, 432,.1523 

sawing, 425 

seasoning, 425 

shear, 325, 387, 430, 756, 757 

shrinkage, 426 

sizes, 425, 758 

sound transmission, 1537 

specific gravity, 1523 

strength, 325, 430; 432, 758-761 

stress-deformation diagrams, 324 

trees, classes, 422 

submerged, dowels, 766 
durability, 427, 630 \ 
stresses, 770 

tests, 386, 428 

washers, metal, 767 

weight, 325, 430, 758 
-working stresses, 756-758; 805 

Timbering, shafts, 1366 * 
tunnel, 1374-1380 

Time, caisson labor, 641 
determining, 108 
distance graph, 1484 
equation, to4 
measurement, 104 
-oscillation, 1493 
solar, mean, and apparent, 104 
standard, 106 
unit, 1482 

Tin, 414, 1514, 1524. 
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Tin, alloys, 414-416 : 
conductivity, electric, 1607 
fusion, heat, 1576 
heat protection, 1536 
physical properties, 414, 1524 
pig iron, 392 
plates, 419 
toofing, 414; 816 

Tire, shrinkage, stresses, 339 

Titanium, 1514 
corrosion, 419 
pig iron, 392 x 

Tobin bronze, 414, 416 ‘ 

Toe, masonry, 685 

Token system, signals, 311 

Ton, 1553, 1554, 1558 

Tonnage, shipping, 1812 

Tool, earthwork, 645 
quarrying, 577 
road, 1696, 1608 
stone cutting, 582 


wash boring, 1369 ; ; 
Tooth ax, 584, 585 ‘ 
Topaz, 1523 : 


Topographic surveying, 84-1tor 
Topography, contours, 88, 154 
plane table, 95, 123 
railroad, 123 
signs, 58 
Tore or Torus, 1423 
Torque, 1453 % , 
Torricelli’s theorem, hydrodynamics, 
1077 
Torsion, 366, 370 
disk, stream gaging, 1126 
tests, 375 
Toughness, materials, 326 
test, macadam rocks 375, 386, 1647, 
1648 
Tower, catenary bridge, 975 
crib, I190 
crane, 1809. 
surveying, 117 
suspension bridge, stresses, 959 
* transmission lines, steel, 1623 
viaduct, 960 
specifications, 858, 861, 862 
water, masonry, 1235 
Town surveying, 61-83 
Townships, 78, 79 
Tracings, cleaning, 58 
Track, 180-214, 312-318 P ' | 
body, 215 ; 
bolts, 167,'r90, 388 
classification, 180 TS ’ 
clearances, 314, 857, 875 2 
cross-overs, 210 ye 
cross-sections, standard, ‘18r % 
crossings, 213, 250, 253 
electric railway, 312-318, 787 
Sage, 195, 313 . ae 
laying, cost, 250, 251, 253 “aa 
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Track, on piers, 1755. 
repair, 195,309 
running, athletics, 77 
scale, 215 : 
scales, 221, 253 
subway, 1404 
tank, 219 
trainshed, numbers, 840 
turnouts, 207, 208, 317 
weight, 846, 847 
yard, 214 : 

Traction, electric, systems, 264 


Tractive, effort, electric railroads, 270, 


30 
force, canal boats, 1343 


force, locomotives, 225=231, 243, 270 
resistance, roads, 1644, 1668, 1674, 


| 1676 

| Trade wastes, 1266, 1274 

» sedimentation, 1271 
volume, 1253 

Traffic, canals, 1356 
electric railroad, 264 
roads, 1645 
steam railroad, 236 


Train, acceleration and velocity, 160, 269. 


despatching, signals, 312 
handling, yards, 214 : 
mile, cost, 236, 237 
operating cost, 237, 243 
power-speed, 271 
resistance, 158, 159, 260 
speed, economical, 232 
velocity head, 260 
Training, walls, 1719 
works, tivers, 1719 
Trainsheds, 842 
Trajectory, 1488 
Transcendental equation, 1413 
Transfer bridges, ferry, 1789 
Transformers, 1621 
consumers, 1627 
cost, 1623 
life, 269 
station, 276, 1626 
Transit, adjustments, 45-48 
eccentric bearing, tor 
errors, elimination, 48 
repeating, 118 
solar attachment, 48 
‘survey, 63 
vernier, 43 
Transition, curves,.134, 314 
regions, temperature, 1534 
Translation, body, 1486 
energy of, 1481, 1405 
‘fectilinear, water, 1080 
ission, belt, 1501, 1508 
electric power, 1621-1626 
cost, 267 
locomotive, 30% 
voltage, 1182 
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Transmission, heat, 1534 
. power,'1621-1626 s : 
belting, 1501, 1508 ype 
chains‘and gearing, r508 
Transportation, railroad, cost, 243 
Trap (rock), 420, 574 
aggregate, 409, 508 
paving, 1674 . 
quarrying and crushing, 515 
specific gravity, 500, 1522 
strength, 420 
weight, 420 
Trap (wagon loader), 65x 
Trapezoid area, 1420 
canal section, 1363 
center of gravity, 691, 710, r4yo | 
dam section, 688-691, 710 
law of, 678 - 
moment of inertia, 1476 
Trapezoidal, rule, areas, 69, 1422 
weir, 1102 
Traveler, bridge erection, 790, 877 
cargo handling, 1806 . 
Traverse, closing, 67, 76, 120 
equilateral triangular, 72 
levee, 656 
lines, taping, 65, 9 
plotting, 55, 56 
railroad, 123 
running, 65 
underground, ror 
Tree nail, 766 
Trees, classes, timber, 422 
effect on embankment, 656 
growth, strong timber, 428 
topographical symbols, 59 
Tremie,, 519 
Trenches, backfilling; 647 
braces, 1731 
cut-off, dams, 1286 
drainage, 1654 F 
excavation, 645, 651, 659 
retaining wall, 605 
sheeting, 625, 605 
for tile drains, 1860 
Trenching, machine, drains, 1860 
tools. 1860 
work, 1862 
Trestle, 782-788, 970 
coaling, 220 
construction, 785 
on curve, 782, 784; 
filling, shrinkage, 655 
floors, 787 
.pile, reinforced concrete, 56 
railroad, cost, 249, 253 
reinforced concrete, 560 
“stresses, traction, 857 
_ temporary, vs. culvert, 172 
timber, 782-788 — 
posts,.770 
Triangles, area, 1419, 1420 


é 


i948) Tri—Tun 


Triangles, center of gravity, 1470 
forces, 1451 
moment of inertia, 343, 1476 
tadius of gyration, 343 
right, 1416, 1419 
spherical, 1419, 1420 
triangulation system, 114 
Triangulation, errors, 120 
notes, I19 
stations, 117 
system, 114. 
Trigonometric, functions, 12, 13, 38 
leveling, 87 
relations, 1416-1418 
series, 1412 
Trigonometry, 1416-1420 
Trinitrophenol, r521 
Trochoid, 1444 
Trolley, car, 299 
bridge loads, 854 
controllers, 303 
ear, 284 
frog, 286, 289 
poles, 280 
railroad, 263-318 
systems, 281 
cost, 267 
Troy measure, 1553 
Truck, trolley car, 300 
Trunk, sewer, 1252 
Trunnion bascule, 922 
Truss, 816, 899-947, 1463-1467 
analysis, 819, 902, 924, 941, 1463 
arch centering, 748 
Baltimore, 906 
examples, 900 
Bollman, 899, 901 
bridge, types, 899-902 
camber, 862, 918 
cantilever, 935-946 
combination, 800, 804, 846 
continuous, 923 
deflection, 918 
depth, ratios, 859, 907» 
diagram, 1463 
drawbridge, 924 
erection, 875 
falsework, 788 
fan, 816 
Fink, 816, 820, 899, 901 
Howe, 805-807 
analysis, 1465 
falsework, 789 
floors, 788 
materials, gor 
roof truss, 800 
stress diagram, 1467 
_ types, 809 
king, 777, 
‘king-rod, 800 
lattice, 900 
movable bridge, 921-928 
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Truss, panel, 816, 
economic length, 869 
neutral point, 885 
Parker, 899-901, 907 
partially continuous, 923 
Pegram, 899 
Pennsylvania, 899-901 
pin-connected, 816, 915 | 
uses, 909 
pony, 846, 863 
Pratt, 8992904 
queen, 777 
queen-rod, 800 
redundant member, 909 
Tiveted, 816, 909. 917, 920 
roof, 799-807, 816-826, 1464, 1466 
column connection, 824 : 
combined stresses, 820 
compression member, 822 
cost, 842 
design, 820, 823 t 
erection, 877 i 
loads, 816-819 
steel, stresses, 820, 845 
weight, 819 
scissor, 800 
shear, 1462 
shipping,,826, 875 
statically indeterminate, 908 
stiffening, suspension bridge, 957 
swing-bridge, 924-920 
three-span, stresses, 926 
timber, 799-807 
members, 775 _ 
trainshed, 840 
types, 899 
Warren, 899-901, 905, 909 
weight, 847 
Whipple, 899-901 
Trussed beam, 776 
Tubercules, pipes, 1247 
Tubes, boiler, 464, 1518, 1589 
strength, 329 
test, 390 
Borda’s, 1085 
capillary flow, 1088 
draft, water wheels, 1180 
foundations, 620 
Pitot, 1127, 1188 
porcelain, insulation, 1628 
short, flow, 1084 
Tubular steel poles, 280 
Tumble gate, 1347 
Tungsten, 1514, 1524 
lamps, 1527, 1634, 1635 


steel, 412 
Tunneling, comprest air, without shiel 
I4O1 a8 
methods, 1374-1381, 1390 wn 
rock, 1379 


soft ground, 1375 ' 
Tunnels, 1374-1408 be 
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funnels, gas, 1382, 1303, 1398 
intake, 1190, I191, 1324, 1325 
irrigation, 1824 
lining, 1382-1380, 1396-1390, 1824 
pressure, 1324 
railroad, cost, 249, 251, 253, 1382 
reservoir outlet, 1310 
sections, 1384 
shield, 1390-1396 
topographic symbols, 59 
ventilation, 1381, 1385 

turbidity, sand, 1215 
water, 1205, 1210, 1225 

furbines (steam), 1595, 1617, 1619 

Turbines (water), 1131-1147 
bearings, 1183 
friction, 1145 
life, 269 - - 
manufacturers’ tables, 1140 
Pelton, 1145 
performances, 1138 
reaction, 1135 
runner selection, 1134 
tangential, 1145 
testing code, 1185 
unit power, 1134 
windage, 1145 

furbo-generators, 1617 

furkey, measures, 1551 

furnbuckles, weight, 456 

Turning, point, survey 80 

furnouts, irrigation system, 1834 

_ track, 207, 208, 317 
trolley frog, 289 

furntable, 222, 235, 250 
swing bridge, 927, 929, 931 

turpentine, paint, 436 

type, characteristics, turbines, 1134 
metal, 417 
size, printing, 58 

'yphoid fever, death rate, 1208 


U 


Imbrella, arch falsework, 748 
Inderdrain, sewage, filters, 1282 
water filter, 1222 
Inderground, waters, 1201 
Jndertow, beach, 1710 
Jnguents, friction coefficient, timber, 


EAT 
Iniformity coefficient, 1089, 1214, 1220, 
1222 

Inited States, measures, 1549 
public lands, 78 
Reclamation, Act, 1869 
subdivision, I. C. C., 245 

Jnits, commercial, special, 1551 
dimensions, 1482 
dynamical, 1483 
electric, 1509 
energy, 1574 
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Units, foreign, old, r5s5r 
gravitational, 1476 
hydraulic measure, 1080 
weights and measures, 1548, 1549 
Univalence, 1516 
Upraiser, tunnels, 1380 
Upsets, steel bars, 456 
Uranium, 1514 


V 


V-drain, roads, 1655 
Vacuum, dam, 676, 718, 1298 
thermal insulation, 1536 


Valence, 1516 


Values, future, dollar, 1425, 1426 
most probable, 1449 
turning, 1430 

Valves (see also Gates), 1244-1247 
air, water pipes, 1246 
automatic, trunk sewers, 1262 
butterfly, 1339, 1345, 1349 
canal locks, 1339, 1345, 1349 
flaps, on levees, 1852 
globe, steam, 1618 
head loss, 1099, 1245 
levees, 657, 1852 
operation, 1245 
steel pipe lines, 1242, 1247 

Vanadium, 1514 
iron and steel, 392, 412 

Vandyke paper, 55 

Vaporization, 1581 

Vapors, characteristic, 1582 
combustion, 1519 
law, 1078 
pressure, 1575 

saturated, 1581-1586 
specific heat, 1533 
superheated, 158r 
total heat, 1582 
water, 1580 

Vara, 1551 , 

Variables, algebraic, symbols, 1410 
differential calculus, 1427 
equicrescent, 1427 
indeterminate, 1430 
integration, 1431 

Variations, magnetic, 63 

Varnish, 436 

Vault, sewage disposal, 1252 

Vector, couple representation, 1452 
diagram, 1454 
radius, 1436 
sum, 1482, 1483 

Vegetables, barrel, 155 

Vegetation, on levees, 1849 

Vehicle, paint, 436 

Velocity, 1483 
angular, 1489, 1404 
canal flow, 1364, 1822 
conversion tables, 1554, 1566, 1567 


1949 ” 


" 
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Velocity, descent of fine materials, 1109, 
1213 
distribution, channels, 1104, 1123 
falling bodies, table, 1o8r 
flow, critical, 1088, 1109 
ground-water, 1202, 1215 
head, 1074, 1081, 1087 
open channels, 1105 
_ pipes, variation, 1087 
ratio, machine, 1508 
relative, 1488 
sand and water mixture, 1100, 1218 
scouring, 1109, 1258, 1364 4 
self-cleaning, 1258 C 
sound, 1537 
space graph, 1484. 
spouting, 1181 
steam trains, 160, 228, 260° 
time graph, 1484 
and tractive power, 228, 271 
unit, 1482 
water, low, 1088 
in chutes, 1826 
Vena contracta, 1084, rog8, 1117 
Ventilation, tunnel, 1381, 1385 
Venturi, flume, 1841 
meter, III5, 1250 
Vernier, 43, 47 
Versed sine, 1416 
Versine, 957 
Vertex, railroad curves, 125 
Vertical, cantilever, stresses, 944 
circles, 102 
curve, 75, 136 
hip, 901, 904 
Howe truss, 1465 
prime, 102 
sub-, 901 
truss member, 901, 904, 914, 1465 
Vessels, launching, 1801 
tonnage, 1812 
Viaducts, erection, 790 
steel, 960 
towers, 858, 861, 862, 960 
Vicat apparatus, 485 
Vineyards, effect, percolation, 1262 
Viscosity, 1077, 1106, 1505, 1653 
Viscosimeter, 1653 
Vitrified brick, 596, 1640, 1676 
abrasion test, 375, 378, 1647, £650 
absorption test, 378, 386, 421 
cost, 596, 1650 
footings, 614 ~ 
inspection, 596 
lugs,.1650, 1676 
making, 1650 
masonry, strength, 421 
modulus of elasticity, 42m - © 
modulus of rupture, 421 
sewer invert, 1259 
size, 596, 1676 ; " 
trength, 420, 
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Vitrified brick, test, 386, 1650 
weight, 421, 667, 847 

Vitrified tile pipe, 1258, 1654, 1657, 38 

Voids, aggregate, 496, 501 

determination, 500 

_ test cost, 378 ; 
sand, 490, 496, 501, 1216 > 

Volt, 15900 

Voltage, battery, 1637 
candle-power, relation, 1634 
high, benefits, 1621 

Voltaic couple, 1636 

Voltmeter, 1603 

Volume, center of gravity, 1460, 1472 
constant, thermodynamics, 1575 
earthwork, computing, 137-156 
equivalent units, 1550, 1554, 1565 
geometric solids, 1422 
measures, 1549, 1550 
specific, water, 1525 
spheres, 33, 39, 1422 

Vortices, water, 1080 

Voussoir, 721 
dome, 809 
erection, 748, 796 

’ failure, 727 


Ww 


Wages, railroad, 243 

Wagons, earthwork, 650. 
loading, 650, 650 
sprinkling, 1699 

Wakefield piles, 625, 628 

Wales, piling, 624, 626, 

Wall, 685-704 ; 
basement, 703 the tage 
batter, 685 : 

. bearing, 685, 703 . 
breakwaters, 1708 i) ae 
brest, 698, 703 bli ate 
brick, 695, 703, 845 
building, bearing,.685, 703 

brick, thickness, 838, 845 = 
concrete blocks, 526)... «',. 5. 
cross; 703. , Ix 
fireproof, 837 — ig 
footings, 614 b 
mill building, 827,837 
office building, 838, 845 
openings, 838 
plates, 86x x 
reinforced concrete, 551, $54) 703 
thickness, 703 10 Bul 
concrete, blocks, 526 : 
forms, 554 
joints, 5190 
mix, 504. 
plain vs. reinforced, 564 
thin, 500, 504, 518 
coping, forms, 523 
Core, 1301, 1303, 1308, 1310 
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fall, counterforted, 685, 697 
cut-off, dams, 706 i 
dampness, 1557 

“dock, 567, 699, 780, 1736 
drainage, 696" 

earth pressures, 670-676 
expansion joints, 696, 1729 
face, 685, 698 

failure, 686, 1738 
fire-proof, 837 . 

flood protection, 1723. °* ° 
footings: 556, 614, 604 
foundation pressures, 362, 677 
furring, terra-cotta, 476 
granite, 695 

graving docks, 1761 
grillage, 779 

harbor, 567, 698 

inclined, pressures, 672 
joints, 519, 606 

land ties, 702 

longitudinal, arch, 732 
masonry, 685-704 
measurements, surveys, 70 
overturning moment, 686-601, 1728 
plaster, 432 

pockets, dry rot, 427 
puddle, 624, 1302, 1303 
quay, 565, 699, 1727, 1738, 


Wane, timber, 420 
Warehouse, bonded, 1755 
loads, 610, 835, 843 
wall thickness, 703 
Warren, bracing, centering, 792 
truss, 899-901, 905, 909, 
Wash borings, 605, 1369" 
Washers, 766 .- 
standard cast, 456, 767 
for steelwork, 861, 867 5 
timber construction, 766, 78x. . 
Washington, building law, 666, 703 
* Washt metal, grz 
Waste, irrigation water, 1815 
Wasteways, irrigation canals, 1827, 1829 
Water, air dissolved, 1075 
alkaline, rusting efiect, 418 
alkalinity, 1209 : = 
analysis, 1205 
attesian, 1201 
bacteria, 1207, 1212, 1213; 1225 
bacteriological examinations, 1207 
bleaching, storage, 1198 : 
boiling point, 1526, 1531 
capillary, 1814 
carrying capacity, 1100, 1109; 1218 
carts, 1699 « 
cement tests, 485, 404 
clay soils, 606 


. 


reinforced concrete, buildings, ‘551, coagulation, 1210, 1272 ay 
554, 703 collection, r190-1209 : 
harbor, 567 color, 1206 


coagulants, 1210 
storage, 1198 
column, 1130 
pneumatic process, 638 
compressibility, 1074 
concrete mixing, 507, 515 
conductivity, electric, 1255 
consumption, 1227-1231 
unaccounted for, 1249 
corrosive action, 418, 449, 1207, 4208 
crops, 1817; 1818 
. density, 1074, 1075, 1525 
disinfection, 1211 
disposal, irrigation, 1814 
distribution, 1226-1251 
irrigation, 1833, 1840 ‘ 
diversion, 1829 
dust palliative, 1666 - 
duty, 1818 
in earth headings, 1374 
» and earth, pressure, 1727 
elements, 1515 
equivalent of body, thermal, 1533 
evaporation (see Evaporation) 
expansion, freezing, 1536 
feed, 216, 1208, 1504 
* filtration, 1214-1225 
flow, 1084-1110 
fresh, weight, 667 
gas, 1519 ‘ 


retaining; 562, 607 
Telieving arches, 685, 697 
reservoir, 1232 
resisting moment, 600, 695 
retaining, 685-703 

on arch, 732 

comparison, 697 

cost, 709 

design, 693 

moments, 688 

reinforced concrete, 562 

stability, 687, 606 

top width, 608 

on piles, 695 
sandstone, 605 
sea, 567, 1711 

curved face, 697 
shearing stress, 679 
slope, 587 
spandrel, 560 
stresses, 677, 690 
supported, top and bottom, 1232 
training, 1719 
trapezoidal section, 688, 692 
water pressure, 676 
waterproofing, 696 

ing, 176” 

424° 

shrinkage, 426 _ 
strength and weight, 430 © 


_ 
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Water, gas dissolved, 1075, 1207, 1526 
gravity, 1814 
ground, 1201 
flow, 1088 
level, 1853 
pumping, 1204 
sewers, 1253 
handling, shafts, 1366, 1367 
hardness, 1205, 1206, 1208 
classification, 217 
heat absorption, 1532 
hygroscopic, 1814 
impurities, effect, 
T1074 
intakes, 1190, 1324, 1325, 1828 
irrigation (see Irrigation) 
jet, aeration, 1210 
. borings, 605 . 
fountain, water measured, 1126 
hydraulic caisson, 621 
impulse, 1078 
losses, 1088 
pile driving, 618 
pump, I152 
reaction, 1078 
sewage, 1281 
shaft sinking, 1367 
suction dredge, 658 
well driving, 1204 
lake, filtration, 1225 
bacteria, 1208 
filter rates, 1223 
laws, states, 1867 
in locomotive tender, 225 
loss, canals, 1337, 1340, 1364, 1818 
mean high and low, harbors, 1702 
measurement, 1112-1130, 1551, 1841 
meters, domestic, 1248 
microscopical examination, 1207 
motor, 1152 
in moving vessel, 1080 
muddy, 1205 
odor, 1206 
removal, 1210, 1225 * 
oxygen, content, 1075, 1207, 1267, 
1526 
payment, 1841 
percolating, 1201, 1203, 1815 
physical properties, 1074, 1525, 1526 
polluted, bacteria, 1205 
potable, tests, 1205 
power, 1158-1185 
pressure, 1076 . 
arch dams, 740 
back of dams, 676 
center, 1076 
equivalents, 1555 
hydrostatic, 1076 
linear arch, 723 
‘prior rights, 1821 
quay walls, 1726 
pumping, 1147-1158 


specific gravity, 
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Water, pumping, foundations, 628, 1153 
irrigation, 1835 
tailroad supply, 218 
wells, 1154, 1204 
_ purification, 1209-1225 
railroads, chemical treatment, 216 
requirements, irrigation, 1816 
tight, legislation, 1866 
river, bacteria, 1207 
dilution, 1268 
filtering rate, 1223 
purifying, cost, 1225 
source, 1715 
sale by meter, 1249 
salt, weight, 667, 1075, 1728 
fire service, 1227, 1232 
samples, 1205 
screening, 1190, 1210 
sea, weight, 667, 1075, 1728 
seasoning, wood, 426 
sedimentation, 1212 
seepage, 1337-1340. 1364 
silty, pumping, 1147 
sludge, 1274 
sluicing, amount, 1308 
soft, 1208 
lead poisoning, 1250 
softening, 217, 1209, 1211, 1225 
plants, 1207 5 ‘ 
sound transmission, 1537 7 
specific gravity, 1074, 1075, 1077 
specific heat, 1525, 1533, 1582 
spring, specific grayity, 1075 
stagnation, 1200 
station, railroad, 216, 250, 253 
storage, 1176-1178, 1192-1201 
supply, 1190-1251 
irrigation, 1820 
railroads, 218 
surface, 1207 
system, size, 1226 
table, 1201 
marsh, 1850 
tank, 219, 969 
temperature effects, weight, 1075 
tension, surface, 1077 
topographical symbols, 60 
transporting power, I100, 1109, r218, 
1717 
tube boilers, 1588, 1619" 
turbidity, 1205, 1210, 1225 
users’ associations, 1872 
viscosity, 1077 : 
volume, specific, 1525 
volumetric measurements, 1112 
waste, 1229, 1249, 1257 
weight, 667, 1075, 1113, 1726 — 
wheels, 1146 (see Turbine) 
water measured, 1125 
Waterproofing, brick masonry, 604, 
1401 
concrete, 521 
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Waterproofing, mortar, 492, 521 
shield tunnels, r40r ‘l 
Watershed, yield, 
American, 1167-1175 
economics, 1196 
influences, 172, 1160, 1193 
storage relation, 1192 
Waterways, canal crossings, 1826 
culverts, 171, 173 - 
Waterworks system, 1226 
cost data, 1189 
services classified, 1249 
Watt, 1600 
consumption, lamps, 1634 
-hour, 1480, 1600 
efficiency, batteries, 1638 
meter, 1631 
meter, 1603 
-second, 1600 
value, 1481, 1600 
Wave, action, 1705 
atmospheric, 1539 
energy, 1705 
* force, 565, 1727 
formation, 1704 
heat, 1534 
height, 1304, 1704 
light, 1527, 1540 
ocean, 1704-1706 
sound, 1537 
standing, 1112 
velocity, 1704 
Ways, marine, railway, 1759 
shipbuilding, 1797 
Wear, coefficient, paving, 1647, 1648 
Weather, observations, 1540-1544 
signals, 1538 
Web (structures), 879, 911 
compression members, 91r 
plate girder, 887-890 
shear, 837, 887 
building laws, 845, 858 
solid, arch rib, 947 
specifications, 859, 866 
splice, 889 
stiffener, specifications, 862 
structural shapes, thickening, 437 
thickness, 887 
Wedges, center of gravity, 1472 
falsework, 797 
machine, 1508 
Wegmann’s practical profile, dams, 715 
Weight, 1470 
equivalent units, 1550, 1553, 1558, 
1559 
measures of, 1549, 1550 
Weights and measures 1548-1571 
Weights of materials (see name of the 
material in question) 
Weirs, rro1—1104, 1118-1122 
compound, 1122 
contraction, 1102, 1119 
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Weirs, crest, 1103, 1122 
discharge, 1102, 1118, 1119 
temperature effect, 1089 
diversion, 1829 
collapsible, 1829 
faces, 1103 
flat-topped, 718, 1103, 1121 
formula, 1102, 1118, r1I9 
head observations, 1123 
irrigation canals, 1834 
location, 1187 
masonry dams, 1296 
sharp-edged, rror, rrr8 
submerged, r103 
trapezoidal, 1102 
triangular, or V-shaped, 1102, 1122 
vertical pipe, 1126 
waste, 1336, 1340 
Weld, butt and lap, pipes, 463 
chains, 469 
steel and iron, 411, 867 
Welding, electric, 312 
rail bonds, 297 
_ Tails, 196, 312 
thermit, 312, 412 
Wells, 1203-1205 
artesian, r20r 
deep, 1201, 1204 
deep foundations, 620 
flow, 1202 
interference, 1202 
pumping, 1154, 1204. 
shallow, 1201, 1204 
sinking, 1367 
Wet, docks, 1758 
Tot, 427 
Wharf (see Pier, boat iandine 
Wheat, angle of repose, 973 
weight, 973 
Wheel, cast-iron, 393, 395 
electric locomotive, 300 
friction, 158 
guard, etees 787 
loads, 225, 302, 848, 886 
distribution, 856, 870 
locomotive, 225 
adhesion to rail, 271 
base, 226 
pit, power plant, 1180 
revolving, stress, 330, 1496 
rolling friction, 1506 
scoop, 1158 
skidding, friction coefficient, 1503 
solid, stresses, 339 
spiral, 1346 
tires, friction coefficient, 1502 
water, 1146 (see Turbine) — 
measuring water, 1125 
Wheelbarrows, 649 
earthwork settlement, 655 
Wheel scraper, 647, 655 
Whirlwind, 1540 


1954 Whi—Wor 


Whistle signals, weather, 1538 
. Whitewood, 424, 435, 1523 » 
Wickets, movable dams, 1314, 3315, 
1319, 1352 
Williot diagram, 945 
Willow, 1523 
Wind, bracing, steel structures, 833, 
844, 86a 
directions, 1539 
loads, 837 
bridges, 
buildings, 830, 835, 844 
chimneys, 569, 570, 613, 683 
lighthouse, 572, £727 
roofs, 801, 818 
unit, 667, 818, 835 
pressure, amount, 571, 572, 613, 835 
buildings, 830, 835, 844 
experiments, 571 
inclined surfaces, 818 
roofs, 818 
stand-pipes, 967 
value for design, 667, 818, 835 
velocity relation, 571, 572, 1544 
sea erosion, 1709 
velocity, 572, 1544 
water currents caused, 1200 
weather indicators, 1539 
Winding, armature, 1612 
motor, 1610 
Windmills, for drainage. 1845 
Windows, mill buildings 338 
Wire, aluminum, 413, 160% 
branze, 416 
carrying capacity, 
1629 
conductor, 1607, 1621, 1627 
aerial, 280 
conduit, 277, 1628 
copper, 413, 470, 1607, 1630 
weight, 471, 1608: 
fastenings, trolley, 284 
fence, 165, 167, 168 
gages, 470, 471 s 
galvanizing, 166 
gatehouse screens, 132] 
grooved, 285 
guy, 281 
iron, 470, 472, 1607 
phosphor bronze, 416 
reinforcement, 530, 558 
resistance, electric, 1607~1609, 1630 
rope, 472 
tests, 382, 387 
stay, fence, 165 
steel, ’ 
- concrete reinforcement, 530, 558 
conductivity, 1607 
dimensions, 472 
strength, 402, 404, 472 
“testing, 380: © 
weight, 470, 472 


amperes, 1627- 
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Wire, suspension cables, 403, 956 7 
trolley, 280, 285, 286, 290 
weight, 470, 472 a 
wrought-iron, 398, 472 


' Wiring, 1630 


buildings, safe, 1629 
on curves, 287; 288 
Wisconsin state railroad appraisal, 253 
Wohler, fatigue laws, 331 
Wood (see also Timber), 422-432,.7 756- 
807 
chemical composition, 422, 1518 
decay, 426 
air circulation, 781, 784 
bark effect, 422, 78 
forms, 420 
trestle sills, 782 
ventilation, 781, 784 
durability, water, 426, 630 
expansion, 425 
expansion coefficient, 1523 
fire-resistant, 432 
friction coefficient, 660, 759, 1500 
fuel, 231, 1517, 1619 
growth, 422 
hard, 422 
kinetic coefficient, 1503 
life, posts, 167 
moisture, 426 
paving, 1650, 1679 
compared with ideal, 1642 
expansion, 426 
highway bridge, 869 
preservation, 1650 
weight, 667 
restitution coeflicient, 1498 
safety factor, 321, 756 
seasoning, 425 
soft, 422 
specific gravity, 1523 
stave pipe, 1244, 1327 
flow, 1097 
life, 1873 
pressures, 1823 
staves, 1327 
test, 386, 428 
thermal conductivity, 1535 
Work, 327, 1480 
adiabatic change, 1586 
energy, principles, 1483, 1490 
external, 327, 359 
fusion, 1574 
impact, 333, 1498 
internal, truss, 909 
jet, 1079 
least, 900 
pump, 1147 
rupture, 328 
thermodynamic, 1576, 1578 
turbine, 1132 cet 
unit, 1480, 1600 ’ 
vaporization, 1574 > Geo 


| Wrecks, | 


. 
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Work, virtual 1456 
Worms, timber attacked, 427 
Worth, one dollar, future, 1425, 1426 
marine, marking location, 
1724 
Seed flange connections, 466 
rought iron, 396-401, 411 
bar weight, 453 
carbon content, 396, 401, 405 
column, formulas, 364, 844 
composition, 396 
compression, 325, 398, 401 
conductivity, 397 
corrosion, 419, 1658 
distinguished from soft steel, 397 
elastic limit, 325, 398, 405 
elongation, 398, 405 
expansion coefficient, 397 
fatigue, 332 
flexure, 40r 
fractures; 327, 399 
grades, 397 
malleable, 401, 411 


_~ manganese content, 396, 405 


melting temperature, 397 — . 
metallurgy, 397 
modulus of elasticity, 325, 308 
modulus of rupture, 325 
physical properties, 325, 397 
phosphorus, 396 ' 
plates, 398, 453 
Poisson’s ratio, 335 
puddling, 397, 410 - 
reduction of area, 398, 405 
rupture, repeated loads, 332 
shear, 325, 398, 401 
- shortness, 391, 392 
sound, transmission, 1537 
specific gravity, 397, 401 
specific heat, 397 
specifications, 400, 865 
strength, effect of rolling, 398, 399 
stress, building laws, 844, 845 
tension strength, 325, 397: 499, 401, 
405 
tests, 399, 400 
cold bend; 3809, 865 
hot bend, 390 
nick bend, 390, 865 
torsion, 360, 398, 40% 
weight, 323 
wire, 398, 472 
working stresses, 401, 844, 845 
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* 
Wrought iron, yield point, 864 
Wye level, 50 


x 


Xenon, 1514 i 
LY, 
Y, pipe, head lost, 1098 
railroad, 250 
Yard, cubic, equivalents, vet 
_ linear measure, 1549 
railroad, 214, 215 
third rail, 292 
square to square meters, 1563 
stock, 216 
U. S. equivalents, 1552 
Yield, ground water, 1203 
point, 324 
vs. elastic limit, 324, 377 
reinforced concrete, 548 
steel castings, 407 
watershed, 
American, 1167-1175 
economics, 1196 
influence, 172, 1160, 1193 
storage relation, 1192 
Young’s modulus, 323 
Ytterbium, 1514 
Yttrium, 1514 


Z 


Z-bars, cost, 878 
properties, 451 
purlins, 821 
weight, increased, 437 
Zenith, 48, 102 
_ distance, 103 
Zero, absolute, 1530 
Zinc, 414 
alloys, 415-417 
boiling point, 1531 
chemical element, 1514 
conductivity, 1607 
electrode, 1636 
heat of fusion, 1576 
physical properties, 416, 1524 
trust inhibitive, 418, 419 = 
white, 436 


' Zirconium, 1514. 


Zone, center of gravity, 1473 
volume, 1422 
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